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PREFACE
This continuing series gathers and presents original research results on the leading edge
of medicine and biology. Each article has been carefully selected in an attempt to present
substantial topical data across a broad spectrum. Topics discussed in this compilation include
a review on the optimization of the formulations of metronidazole through a different
administration route; the use of metronidazole in cancer gene therapy and targeted cell
ablation; protective roles of glutathione peroxidases in diabetes; stem cell disorders and bone
marrow transplantation; catalase gene mutant mice; what animal models of inflammatory
arthritis teach us about bone damage; methylprednisolone use in autoimmune diseases; the
clinical use of methylprednisolone in oncology; how pretreatment with methylprednisolone
reduces adverse clinical effects of inflammatory response induced by heart surgery and
cardiopulmonary bypass; and the potential side effects of methylprednisolone.
Chapter 1 - Metronidazole (MTZ), as a model hydrophilic drug with intermediate
polarity, is a nitroimidazole anti-infective medication used mainly in the treatment of
infections caused by susceptible organisms, particularly anaerobic bacteria and protozoa. It
has been reported that a lot of adverse drug reactions (>1% of patients) associated with
systemic or topical MTZ therapy, for example, nausea, diarrhea, metallic taste in the mouth,
thrombophlebitis, leukopenia, neutropenia, peripheral neuropathy and/or CNS toxicity, local
redness, dryness, and/or skin irritation. Furthermore, MTZ is listed by the International
Agency for Research on Cancer (IARC) as a potential human carcinogen. Therefore,
reduction of side effects of MTZ while maintaining the treatment effects by using optimized
forms is highly desirable. In recent decades, there are many novel methods used to optimize
the formulations of MTZ, such as loading MTZ in novel carriers to produce controlled forms,
adding penetration modifiers in topical formulations of MTZ, development of prodrugs and
so on. For different administration route, i.e. topical, oral, intravenous and vaginal, the recent
work in the field of new technologies to optimize the final formulation are described in this
chapter, and the future directions are currently being explored.
Chapter 2 - The synthetic 5-nitroimidazole compound metronidazole has been used in the
clinic for over half a century as a highly effective anti-bacterial and anti-protozoal agent.
More recently applications in cancer gene therapy and cell ablation have started to be
explored. Metronidazole requires activation via nitroreductase enzymes, and several bacterial
enzyme families have been identified that enable either one- or two-electron reduction of the
prodrug, generating cytotoxic metabolites that cause DNA and protein damage. Gene
modification of vertebrate, mammalian and human cells with bacterial nitroreductases has
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rendered these cells highly susceptible to metronidazole. This has led to impressive tumour
control by metronidazole in animals bearing gene-modified tumours. However, the active
metabolites tend to remain within the cell of origin and do not kill surrounding cells. While
this ‗low-bystander effect‘ would generally be regarded as disadvantageous for cancer
therapy, it has been exploited in the context of vascular destruction, with the aim to cause
widespread tumour vascular collapse and tumour infarction due to selective killing of
nitroreductase-modified endothelial cells. In a slightly different cancer gene therapy
application, the large differential in susceptibility to metronidazole between human and
bacteria can be exploited to remove therapeutic bacterial vectors from circulation as a safety
mechanism. Thus far the application of metronidazole in cancer therapy has only been in
experimental models, but its future use in clinical trials is likely, due to its impressive safety
record worldwide in patients. Nitroreductase-mediated activation of metronidazole has also
successfully been utilised in targeted eukaryotic cell ablation studies. In this context, the
application of metronidazole and nitroreductases under tissue-specific promoter control to
precisely ablate target cell lineages in a spatially and temporally controlled manner provides a
highly effective genetic tool for the study of normal as well as pathological development in
transgenic model organisms.
Chapter 3 - The focus of this chapter is on the effect of glutathione peroxidases in
combating reactive oxygen species (ROS) in diabetes. Diabetes mellitus (DM) is a common
disease characterized by disordered metabolism and hyperglycemia. The underlying reason
for DM is either because the pancreas does not produce enough insulin or cells do not respond
to the insulin. These conditions lead to elevated blood glucose and free-radical generation via
different biochemical reactions including glucose oxidation and protein glycation. Numerous
experimental studies have demonstrated that the level of glutathione peroxidase expression is
low in cells of diabetic patients, leading to micro and macrovascular complications.
One of the main biological roles of the peroxidase enzyme family is to protect the
organism from oxidative damage. Experimental and clinical studies have demonstrated that
oxidative stress plays a key role in the pathogenesis and development of complications related
to both types of diabetes. Diabetes-induced vascular endothelial dysfunction is thought to be
an important mechanism involved in the pathogenesis of diabetic nephropathy and diabetic
retinopathy. Abnormally high levels of free radicals and the decline of antioxidant defense
mechanisms can lead to damage of cellular organelles and enzymes, increased lipid
peroxidation, development of insulin resistance, and worsening long-term outcomes of the
disease. In parallel, other studies suggested GPx1 and GPx3 play protective roles in diabetesinduced complications such as atherosclerosis and microvascular diseases.
Modifiers of GPx1-GPx8 isozymes activites could potentially be tested in clinical trials
for patients with diabetes. One such compound is soy isoflavanoid daidzein, which increases
the glutathione expression in mitochondria (Mahn 2005) and protects cells from oxidative
insult. Thus, food supplemented with flavonoids could increase the expression of GPx
enzymes and minimize patho-physiological changes in diabetes.
Chapter 4 - Bone marrow transplantation (BMT) is a powerful strategy for the treatment
of leukemia, aplastic anemia, immunodeficiency disorders and autoimmune diseases (ADs).
Because ADs can be transferred into normal mice by BMT, it has been proposed that they are
hemopoietic stem cell (HSC) disorders. There are two main types of cells, HSCs and
mesenchymal stem cells (MSCs), in the bone marrow. Intra bone marrow-BMT (IBM-BMT)
has been proven to be the most effective approach to BMT, because it can replace both the
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HSCs and MSCs, thereby preventing the risk of graft rejection and allowing the use of a mild
conditioning regimen. IBM-BMT is ideal for allogeneic BMT, since 1) no GVHD develops
even if whole BM cells are injected; 2) no graft failure occurs even if the radiation dose is
reduced; 3) hemopoietic recovery is rapid, and 4) the restoration of T cell functions is
complete even in donor-recipient combinations across MHC barriers. In this chapter, the
authors summarize the ADs treatable with IBM-BMT.
Chapter 5 - Acatalasemic (C3H/AnlCsbCsb) and hypocatalasemic (C3H/AnlCscCsc)
mouse strains were established by Feinstein and his co-workers through a large scale
screening of the progeny of irradiated C3H mice at Oak Ridge National Laboratory (TN,
USA) in 1960th. They found that the catalase activity in blood and liver of acatalasemic mice
was only a small fraction of the activity in wide-type mouse strain. A point mutation from
glutamine to histidine at amino acid 11 of acatalasemic mouse catalase gene was suggested to
be responsible for the catalase deficiency of the acatalasemic mice. The molecular structure of
mutant catalase from acatalasemic mice is more vulnerable and easier to be separated when
compared with that from the wide-type. This article aims to give a brief overview of the
findings of the last 20 years using either the acatalasemic mice themselves or other types of
systems, including catalase mutant E. coli and primary cultured hepatocytes of the
acatalasemic mice in oxidative stress researches.
Chapter 6 - Inflammatory arthritic diseases have been primarily driven by the exacerbated
immune responses towards self antigens. Rheumatoid arthritis (RA) is a systemic
autoimmune disease, which manifests in the formation of extensive erosions in the cortical
bones. Interestingly, in contrast with RA, psoriatic arthritis (PsA) has been characterised by
the extensive formation of a new bone tissue of pathological structure alongside with cortical
bone erosions. Hence, although caused by prolong inflammatory reactions these two
autoimmune diseases vary in the key clinical symptoms of bone damage. Animal models of
arthritic diseases have proven to be particularly useful in the deciphering of pathological
mechanisms leading to the joint pathology and development of biological therapy. Therefore,
in that chapter current knowledge about mechanisms leading to the bone damage in RA and
PsA has been summarised.
Chapter 7 - Glucocorticoids are drugs that may be used in the treatment of many acute
and chronic autoimmune conditions. They exert their mechanism of action in different ways.
Among them, anti-inflammatory effects are the most known ones and they are due to the
inhibition of polymorphonuclear leukocytes migration to the inflammatory foci and the
reduction of capillary permeability. Apart from that, they modulate gene expression and
biomolecules metabolism. Methylprednisolone can be administered intralesional,
intraarticularly or directly injected in soft tissues in case of local inflammation such as skin
lesions or arthritis, orally, intramuscular or intravenously. Its dosage and route of
administration depends on the severity, prognosis and duration of the autoimmune disease.
Generally, intravenous administration is the preferred one in case of severe clinical
presentation or vital organ involvement such as central nervous system, renal, cardiac or
pulmonary involvement. It can be administered from dose of 0,8-1,2 mg/kg/day to
intravenous pulses of 500-1000 mg daily during 3 to 5 consecutive days. Cases of this way of
administration are, for instance, severe lupus flares, relapses of vasculitis, interstitial
neumopathy associated to autoimmune conditions, multiple sclerosis, myasthenia gravis,
acute presentation of Guillain-Barré syndrome, Grave´s orbitopathy, Hashimoto´s
encephalopathy, severe nephropathies, neuromyelitis optica, lymphocythic hypophysitis,
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penphigoid conditions or fibrosclerosing disease. After achieving clinical remission, longterm progressive tapering doses of oral steroids must be maintained and they may be
associated to immunosuppressive drugs for steroids withdrawal. In case of non lifethreatening diseases or moderate to mild symptoms, oral steroids may be the initial treatment.
Methylprednisolone has the great advantage that it starts acting as soon as it is administered
but it also exhibits serious adverse side effects such as endocrinological, ostheomuscular,
dermatological, digestive, neuropsychiatric, cardiovascular and infectious ones. For these
reasons clinical indications and duration of treatment may be seriously considered in order to
make a reasonable use of this drug.
Chapter 8 - Glucocorticoids powerful anti-inflammatory action makes them essential in
the treatment of cancer, especially when inflammation is the cause of the symptoms. Steroids
are widely used in oncology but they are particularly indicated in the management of tumoral
hypercalcemia, spinal cord compression, superior cava vein syndrome, lymphangitis and
meningeal carcinomatosis, brain metastases, bone pain, airway obstruction, malignant pleural
effusion and in the improvement of appetite and mood. Apart from that, they have also a
relevant role in palliative care. Dexamethasone and methylprednisolone are steroids most
used in oncology. Oral bioavailability is as high as 90% which makes it the preferred route of
administration in chronic treatments but they may be administered intramuscular or
intravenously if necessary. After this, they suffer a liver-mediated drug metabolism. This fact
may be taken into account because it can be influenced by certain drugs that are frequently
used in oncologic patients such as phenytoin and antibiotics that could modify steroids
plasmatic levels. For this reason, in some cases dose adjustment is required. Despite short life
expectancy of some of these patients makes less likely to present long-term side effects from
prolonged steroids use (osteoporosis, muscle wasting and weakness, etc.), they may suffer
from diabetes and even more bothersome symptoms such as insomnia, agitation and
psychosis. This is why custom steroids regimen may be considered in each patient depending
on the severity, prognosis and the type of cancer.
Chapter 9 - Surgical trauma during open heart surgery and blood exposure to artificial
surfaces of cardiopulmonary bypass circuit initiate complex systemic inflammatory response
(SIR). The association between SIR and postoperative adverse outcomes is well established.
This commentary was aimed to present substantive information concerning clinical studies in
which methylprednisolone was used to reduce negative clinical effects of SIR in adult cardiac
surgery. Alternative pharmacological strategies, innovative ideas and developments were
evaluated.
Pretreatment with methylprednisolone in heart surgery patients was associated with
beneficial effects on myocardial function, improved hemodynamics (particularly in patients
with impaired left ventricular function), reduced de novo trial fibrillation, shorter intensive
care unit stay and shorter hospital stay. Methylprednisolone can induce hyperglycemia
requiring insulin infusion. Low dose prophylaxis seems to be as effective as high doses
protocols, but with fewer potential side effects.
A brief literature review of relevant studies and own investigations in this field led us to
conclusion that short term prophylaxis with methylprednisolone effectively reduces SIR and
adverse clinical reactions triggered by cardiac surgery and cardiopulmonary bypass.
Chapter 10 - Methylprednisolone is a synthetic glucocorticoid used mainly as an antiinflammatory and immunosuppressant agent for hematologic, allergic, inflammatory,
neoplastic, and autoimmune diseases. It is generally used via intramuscular, intravenous and
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oral route; but also it could be applied locally to synovial spaces, the conjunctival sac, skin,
and respiratory tract. At the site of inflammation glucocorticoids can inhibit leukocyte
infiltration so it interferes with inflammatory response mediators and suppress immune
responses. Glucocorticoids like methylprednisolone are used for various conditions such as
replacement therapy in acute and chronic adrenal insufficiency, congenital adrenal
hyperplasia; also non-endocrine diseases such as rheumatic disorders, renal diseases
(nephritic syndrome, glomerulonephritis etc.), allergic diseases, bronchial asthma and other
pulmonary conditions; additionally infectious, ocular, gastrointestinal, hepatic diseases,
malignancies and cerebral edema. Furthermore it is used for its neuroprotection effects in case
of acute traumatic spinal cord injury and graft-versus-host disease. Besides its useful effects
on numerous conditions, it has many side effects. Its side effects include hyperglycemia,
increased skin fragility, osteoporosis, weight gain, adrenal insufficiency, muscle weakness,
menstrual period irregularity, growth failure, delayed puberty. Methylprednisolone has
somewhat greater glucocorticoid activity and somewhat less mineralocorticoid activity than
prednisolone. Its mineralocorticoid effects can cause salt and water retention, hypertension,
potassium depletion and metabolic alkalosis. Additionally use of high-dose steroids for more
than a week cause in depletion of adrenal glands because of the suppression of hypothalamic
corticotrophin releasing hormone and pituitary adrenocorticotropic hormone. Abrupt
cessation of glucocorticoids after prolonged therapy can cause adrenal insufficiency due to
suppression of the hypothalamic-pituitary-adrenal axis, which may be fatal. To prevent this
effect treatment should be stopped step by step.
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Chapter 1

REVIEW ON OPTIMIZATION OF THE FORMULATIONS
OF METRONIDAZOLE THROUGH DIFFERENT
ADMINISTRATION ROUTES
Nan Li, Fengping Tan and Jerry Zhang
School of Pharmaceutical Science and Technology,
Tianjin University, Tianjin, PR China

ABSTRACT
Metronidazole (MTZ), as a model hydrophilic drug with intermediate polarity, is a
nitroimidazole anti-infective medication used mainly in the treatment of infections caused
by susceptible organisms, particularly anaerobic bacteria and protozoa. It has been
reported that a lot of adverse drug reactions (>1% of patients) associated with systemic or
topical MTZ therapy, for example, nausea, diarrhea, metallic taste in the mouth,
thrombophlebitis, leukopenia, neutropenia, peripheral neuropathy and/or CNS toxicity,
local redness, dryness, and/or skin irritation. Furthermore, MTZ is listed by the
International Agency for Research on Cancer (IARC) as a potential human carcinogen.
Therefore, reduction of side effects of MTZ while maintaining the treatment effects by
using optimized forms is highly desirable. In recent decades, there are many novel
methods used to optimize the formulations of MTZ, such as loading MTZ in novel
carriers to produce controlled forms, adding penetration modifiers in topical formulations
of MTZ, development of prodrugs and so on. For different administration route, i.e.
topical, oral, intravenous and vaginal, the recent work in the field of new technologies to
optimize the final formulation are described in this chapter, and the future directions are
currently being explored.



Corresponding author: Zyleris PharmaTech, 11 N. Skokie Hwy, Suite G-16, Lake Bluff, IL 60044, USA. Tel.: +1
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1. INTRODUCTION
Metronidazole (MTZ) [1-(-hydroxyethyl)-2-methyl-5-nitroimidazole], a synthetic
derivative of the nitroimidazole class is a known antibacterial and antiprotozoal agent. It is an
effective agent in the therapy against protozoa such as trichomonas vaginalis, amebiasis, and
giardiasis [1-2]. In addition, it is one of the most effective drug available against an aerobic
infection. It is also useful in treating Crohn‘s disease, antibiotic-associated diarrhea, and
rosacea (especially during pregnancy).
However, common adverse drug reactions (1% of patients) associated with systemic
MTZ therapy include: nausea, diarrhea, and/or metallic taste in the mouth. Intravenous
administration is commonly associated with thrombophlebitis. High doses and/or long-term
systemic treatment with MTZ is associated with the development of black hairy tongue,
leukopenia, neutropenia, increased risk of peripheral neuropathy and/or CNS toxicity [3].
Common adverse drug reactions associated with topical MTZ therapy include local redness,
dryness, and/or skin irritation; and eye watering (if applied near eyes). MTZ is listed by the
International Agency for Research on Cancer (IARC) as a potential human carcinogen.
Although some of the testing methods have been questioned, it has been shown to cause
cancer in experimental animals. Yet, MTZ is shown to be safe in humans. It appears to have a
fairly low potential for cancer risk and under most circumstances the benefits of treatment
outweigh the risk.
Therefore, reduction of side effects of MTZ while maintaining the treatment effects by
using optimized forms is highly desirable. In recent decades, there are many novel methods
used to optimize the formulations of MTZ, such as loading MTZ in novel carriers to produce
controlled forms, adding penetration modifiers in topical formulations of MTZ, development
of prodrugs and so on. For different administration route, i.e. oral, transdermal, mucoadhesion
and intravenous, the recent work in the field of new technologies to optimize the final
formulation are described in this chapter, and the future directions are currently being
explored.

2. OPTIMIZATION OF THE FORMULATIONS OF METRONIDAZOLE
THROUGH DIFFERENT ADMINISTRATION ROUTES
2.1. Oral Route
The oral route has always been considered the most convenient way for drug
administration. The advantages that oral administration shows in comparison with other
routes including high patient acceptance and a high degree of flexibility in dosage form
design as well as on dosing [4]. MTZ is one of the most preferred drug of choice for intestinal
amoebiasis, giardiasis, trichomoniasis, bacterial vaginosis, surgical infections and duodenal
ulcer associated with Helicobacter pylori infections, etc. [5-6]. Different formulations have
been investigated to improve the therapeutic effects and patients compliance (Table 1).
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Table 1. Oral delivery systems for MTZ
Formulation
Microspheres

Composition
Osmotic core coated with semipermeable membrane containing
guar gum as pore former, coated
with enteric coating
MTZ-glutaryl- and MTZsuccinyl-chitosan conjugates
Guar gum

Function
Colon targeted

Treatment
Intestinal
amoebiasis

Ref.
7

Colon targeted

Intestinal
amoebiasis
Intestinal
amoebiasis

4

Pectin microspheres coated with
Eudragit S-100
Guar gum

Colon targeted

9

Bacterial bio-film
targeted
Helicobacter pylori
targeted
Controlled release

Helicobacter
pylori infection
Model drug

12

Magnetic
nanosuspension

Mannosylated liposomes
anchored with cholesteryl
mannan and sialo-mannan
DPPC–cholesterol or epikuron–
cholesterol
Chitosan coated with an enteric
polymer, Kollicoat® MAE 30
DP
PVP and MEC as suspending
agents, span 60 as surfactant

Intestinal
amoebiasis
Intestinal
amoebiasis
Antibacterial

Infectious GI
disorders

25

Hydrogel

Chitosan and Xanthan Gum

Model drug

26

Hydrophilic matrix
tablets
Swelling-controlled
release systems
Floating beads

Alginates

Magnetic-targeted
and polymericcontrolled release
Bioadhesive
controlled release
Controlled release

Model drug

27

Gellan gum

Controlled release

Model drug

24

Chitosan with MEC, Carbopol
934P or  -carrageenan
Methocel K4M

Intragastric floating

30

Sustained release,
intragastric floating
Sustained release

Helicobacter
pylori infection
Helicobacter
pylori infection
Antibacterial

Controlled release,
intragastric floating
Biodegradable

Helicobacter
pylori infection
Model drug

33

Polymeric prodrug
Multilayer,
compression coated
tablets
Microspheres
Microspheres
Vesicular systems

Liposome
Coated pellets

Floating tablets
Lipid matrix tablets

Floating tablets
Self microemulsifying
drug delivery
systems

Carnauba wax, Beeswax, Stearic
acid, Cutina HR, Precirol® ATO
5, and Compritol® ATO 888
MCC and cross-linked CMC-Na
Homolipid from Capra hircus
and Tween 65

Colon targeted

Colon targeted

8

10
11

23

32
31

34

2.1.1. Targeting Systems
Improved targeting formulations have been the primary focal points of MTZ for oral
delivery due to its systematic toxic effect. As a result, formulation of delivery systems
capable of reaching the specific site of drug activity is required. There are many reports on
targeting delivery systems of MTZ, such as colon targeted [4, 7-10], bio-film targeted [11-12]
and so on.
In 2008, Kumar et al. [7] investigated colon targeted delivery systems of MTZ based on
osmotic technology. The developed systems consisted of osmotic core (drug, osmotic agent
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and wicking agent), coated with semipermeable membrane (SPM) containing guar gum as
pore former, coated core were then further coated with enteric coating to protect the system
from acidic environment of stomach (Figure 1). MTZ release was inversely proportional to
SPM thickness, but directly related to the level of pore former, wicking agent and osmotic
agent. The drug release from the developed formulations was independent of pH, and
agitation intensity, but dependent on the osmotic pressure of the release media. The thickness
of enteric coating could prevent formation of delivery pores before contact with simulated
colonic fluid, but had no effect on drug release. Result of SEM studies showed the formation
of in-situ delivery pores in the membrane from where the drug release occurred, and the
number of pores formed were directly related to the initial level of pore former (guar gum) in
SPM. The manufacturing procedure was found to be reproducible and formulations were
found to be stable during 3 months of accelerated stability studies.
Mura et al. [4] developed a colon targeted delivery system for MTZ using polymeric
prodrug formulation. Two chitosan amide conjugates of MTZ were prepared by using two
different spacers to covalently link the drug to the amino group of the chitosan glucosamine
units. Glutaric and succinic hemiesters of MTZ were thus prepared and then coupled to
chitosan to obtain metronidazole-glutaryl- and metronidazole-succinyl-chitosan conjugates.
Results of drug release showed that both prodrugs were adequately stable in acid
environment, while the succinyl conjugate was more stable than the glutaryl one in alkaline
buffer. Both the prodrugs released the drug in cecal and colonic content, showing that the two
systems could serve as colon specific delivery systems of MTZ.
Krishnaiah et al. [8] used various proportions of guar gum as a carrier to develop colon
targeted drug delivery systems for MTZ. The compression coated tablet with 275 mg of guar
gum coat released less than 1% of MTZ in the physiological environment of stomach and
small intestine, however, they released another 61% of MTZ in simulated colonic fluids after
degradation by colonic bacteria at the end of 24 h of the dissolution study. The results of the
study showed that compression coated MTZ tablets with 275 mg of guar gum coat is most
likely to provide targeting of MTZ for local action in the colon owing to its minimal release
of the drug in the first 5 h. The MTZ compression coated tablets showed no change either in
physical appearance, drug content or in dissolution pattern after storage at 40 °C/75% RH for
6 months.
A recent report by Vaidya et al. [9] described a multiparticulate system having pHsensitive property and specific enzyme biodegradability for colon-targeted delivery of MTZ
(Figure 2). The pectin microspheres were coated with Eudragit1 S-100 using oil-in-oil solvent
evaporation method. The in vitro drug release studies exhibited no drug release at gastric pH,
however continuous release of drug was observed from the formulation at colonic pH.
Further, the release of drug from formulation was found to be higher in the presence of rat
caecal contents, indicating the effect of colonic enzymes on the pectin microspheres. The in
vivo studies also exhibited the potentiality of formulation for colon targeting. Hence, it can be
concluded that Eudragit coated pectin microspheres can be used for the colon specific
delivery of drug.
Another study on optimization the colon targeting delivery of MTZ had been reported by
Shukla et al. in 2012 [10]. The effect of varying the relative percent of the four factors used,
that is guar gum, glutaraldehyde, swelling time, and stirring speed, has been systematically
investigated for identifying their best values to optimize the drug release and encapsulation
efficiency. Different batches were prepared according to 24 factorial designs and randomly
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evaluated for drug release and drug encapsulation efficiency. The optimum conditions are 4%
(w/v) guar gum, glutaraldehyde 1.5 mL, swelling time 2 h, and stirring speed 500 rpm. The
optimized formulation has the % in vitro drug release in simulated gastrointestinal fluid of
20.23 with 72.88% encapsulation efficiency.

Figure 1. Schematic Representation of Microbially Activated Osmotic Delivery System [7].
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Figure 2. The shape and surface morphology of pectin microspheres [9].

A bacterial bio-film targeting formulation for MTZ was developed using mannan
(cholesteryl mannan and sialo-mannan) coated vesicles by Vyas et al. in 2007 [11]. This
paper elaborated upon the role of the inherent characteristics of the carrier system and further
envisages the role of anchored ligands in navigating the contents in the vicinity of bio-films.
Results suggested that mannosylated vesicles could be effectively targeted to the model
bacterial bio-films, compared with plain vesicles. Moreover, the sialo-mannan coated
liposomes recorded superior targetability as reflected in the significantly higher percentage
growth inhibition when compared with cholesteryl mannan coated liposomes.
In 2008, Bardonnet et al. [12] developed the formulation of targeted liposome against
Helicobacter pylori loaded with MTZ. The encapsulation of MTZ drastically decreased in
epikuron 170 liposomes compared to 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
ones. Furthermore, as observed with X-ray diffraction measurements, the presence of MTZ
results in the disorganisation of the phospholipid bilayers. Concerning the liposome–bacteria
interactions, it has been observed that the incorporation of fucosyled glycolipids in the vesicle
membrane leads to liposomes that are able to interact with the bacteria either in their spiral or
in their coccoid forms.
In summary, a number of targeting formulations have been used to improve MTZ
targeted effect and stability. The targeting of MTZ to the colon may provide an effective
treatment of intestinal amoebiasis (with lower dose) with minimal or no systemic side effects
[13]. An ideal colon targeted drug delivery system should not only protect its drug from being
released in the physiological environment of stomach and small intestine but also deliver its
drug to the colon [14-17]. Polysaccharides such as chitosan, pectin, inulin, and guar gum have
been explored for their potential in colon specific drug delivery [18-20].
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2.1.2. Controlled Release Systems
Controlled delivery systems provide an alternative approach to regulating the
bioavailability of therapeutic agents, because the drug released can be maintained in an
appropriate concentration for an adequate period of time [21]. In controlled drug delivery
systems, the drug can be incorporated into a polymeric structure and released from the
excipient in a predefined form [22].
Improved stability and controlled release have been the primary focal points for MTZ
delivery. Ferrari et al. [23] used chitosan (CS) coated pellets to encapsulate MTZ for
controlled drug delivery. Pellets were coated with an enteric polymer, Kollicoat® MAE 30
DP, in a fluidized-bed apparatus and the coating formulations were based on a factorial
design (Figure 3). The dissolution rate of the coated pellets containing CS was lower than that
of coated pellets without CS as a consequence of the decreased drug diffusion from pellets
caused by CS swelling. It was also demonstrated by in vitro model studies that the CS
presence caused a decrease on the MTZ permeability through intestinal segment. Thus, pellets
containing CS show potential as a system for controlled drug delivery.

A

B

Figure 3. Scanning electron microscopy of pellets: (A) uncoated pellets without CS; (B) uncoated
pellets with CS (75 and 3500×) [23].

A recent report by Emeje et al. [24] described oral MTZ delivery with tablets using gellan
gum. The fluid uptake (swelling) kinetics and disintegrant properties of gellan gum in MTZ
tablets were evaluated in both simulated gastric and intestinal fluids (SGF and SIF
respectively) without enzymes. Results showed that, swelling was faster and higher in SIF
than SGF with the minimum and maximum swelling rates of the gum being 0.365 and 6.900
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mm3/min respectively in SGF, while the corresponding values in SIF were 0.277 and 7.600
mm3/min respectively. The gum was most effective as a disintegrant for MTZ tablets at an
optimum concentration of 0.2% (w/w) when incorporated extra-granularly.
A nanosuspension of magnetically tagged MTZ has also been developed by the solvent
displacement method coupled with ultrasonication as MTZ carrier [25]. The in-vitro MTZ
release was steady, stable and in a controlled fashion at pH 1.2 and was found to have a burst
and enhanced release at pH 7.0. The data fitting forvarious kinetic equations resulted a
highest correlation coefficient at pH 1.2 with zero order and at pH 7.0 with Higuchi model.
The drug released from MTZ magnetic nanosuspension followed a combination of zero-order
and diffusion-controlled release. Thus, the developed MTZ magnetic nanosuspension showed
potent, controlled and targeted drug action and might be a good therapeutic avenue in
combating infectious GI disorders.
Another controlled released formulation of MTZ was using hydrophilic polymer matrix
composed of chitosan xanthan gum mixture as carriers [26]. The in vitro drug-release profiles
of MTZ preparation and CMZ (commercial formulation of MTZ) showed a similar
detachment force to sheep stomach mucosa, while the bioadhesion of the MTZ preparation
was higher three times than CMZ to sheep duodenum. The results of in vivo study indicated
that the absorption of MTZ from the preparation was faster than that of CMZ. Formulating
chitosan-xanthan gum mixture as a hydrophilic polymer matrix resulted in a superior
pharmacokinetic parameters translated by better rate and extent of absorption of MTZ.
Hydrophilic matrix tablets based on the alginate system have been used in relation to
their possible function in modified drug delivery formulations containing MTZ [27]. The
alginate-based matrix tablets swelled or eroded while in contact with the aqueous medium
and formed a continuous gel layer or underwent combination of swelling and erosion. The
swelling action of alginate matrices was controlled by the rate of its hydration in the medium.
The presence of ammonium or calcium salts induced tablet disintegration in acidic medium.
However, incorporation of calcium acetate and sodium bicarbonate can alter the tablet
swelling in acidic medium. Most of the release data in acidic medium showed a good fit into
Korsmeyer–Peppas equation but fitted well with zero-order release model in neutral medium.
Compressed hydrophilic matrices such as chitosan, alginate, xanthan gum and so on are
commonly used as oral drug delivery systems and being increasingly investigated for
controlled-release applications because of their good compatibility. Depending on the drug
delivery system and the administration route, the drug release time may be anywhere from
less than a minute to weeks [22].

2.1.3. Floating Systems
The prolongation of the local availability of the antibacterial agents has been reported to
be an important factor to increase the effectiveness of H. pylori treatment [28]. Floating drug
delivery systems with low bulk density will remain buoyant in the stomach without being
affected by the gastric emptying rate for a prolonged period of time [29].
MTZ was prepared by Ishak et al. [30] in chitosan-treated alginate beads by the
ionotropic gelation method. Formulating MTZ as floating alginate beads with the use of 0.5%
-carrageenan, 0.4% chitosan and 5% magnesium stearate, had a 92.09% drug encapsulation
efficiency, immediate buoyancy for all beads with 100% drug release after 4 h. Complete
clearance of H. pylori was observed when used the optimized formula at a lower dose than
the drug suspension. The histopathological examination showed that groups receiving MTZ

Complimentary Contributor Copy

Review on Optimization of the Formulations of Metronidazole …

9

in the form of floating alginate beads at doses 10, 15 and 20 mg/kg were better than the
corresponding suspension form, regarding eradication of H. pylori infection. The in vivo H.
pylori clearance tests showed that MTZ floating beads with a dose of 15 mg/kg provided
100% clearance rate whereas the MTZ suspension with a dose of 20 mg/kg gave only
33.33%.
In 2006, Ozyazıcı et al. [31] prepared MTZ lipid matrix granules using Carnauba wax,
Beeswax, Stearic acid, Cutina HR, Precirol®ATO 5, and Compritol®ATO 888 by hot fusion
method and pressed the tablets of these granules (Figure 4). Stearic acid showed the highest
and Carnauba wax showed the lowest release rates in all formulations used. Swelling ratios
were calculated after the dissolution of tablets as 9.24%, 6.03%, 1.74%, and 1.07% for Cutina
HR, Beeswax, Precirol®ATO 5, and Compritol®ATO 888, respectively. According to the
power law analysis, the diffusion mechanism was expressed as pure Fickian for Stearic acid
and Carnauba wax and the coupling of Fickian and relaxation contributions for other Cutina
HR, Beeswax, Precirol®ATO 5, and Compritol®ATO 888 tablets.

A

B

Figure 4. (A) The Fickian release fractions obtained from metronidazole lipid matrix tablets. (B) The
values of Relaxation/Fickian (R/F) ratio versus released fraction for metronidazole lipid matrix tablets
[31].
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MTZ has been formulated into floating tablets by Lara-Hernández [32] for recent years.
The properties of MTZ/Methocel K4M sustained release floating tablets have been studied
varying the proportion of the lubricant, stearic acid, on formulations with and without sodium
bicarbonate. The presence of stearic acid and sodium bicarbonate improved the floating
behaviour for more than 8 hours. The presence of sodium bicarbonate extended the
differences in dissolution produced by stearic acid. The presence of sodium bicarbonate
produced carbon dioxide bubbles. These bubbles obstruct the transport throughout the matrix,
reducing the drug dissolution rate, in spite of a lesser proportion of the polymeric phase.
However, these bubbles also enlarge the matrix volume, allowing an increase in the drug
release rate.
Several floating formulations of MTZ have been investigated for recent years for the
treatment of H. pylori in stomach. MTZ will slowly release at a desired rate while the system
is floating on the gastric contents.

2.2. Transdermal Route
Fungating tumors, pressure ulcers, and other chronic wounds are frequently the source of
offensive odours due to anaerobic bacteria. There is widespread agreement among wound
care professionals that topical MTZ is effective in controlling wound odour [35]. The
deodorizing effect of MTZ has been shown to correlate with eradication of anaerobic
infection but systemic administration is often associated with adverse events, such as nausea
and vomiting [36-39]. Topical drug delivery is frequently utilised for the treatment of
localised disorders, e.g. rosacea, periodontal disease, infection within the oral cavity, bacterial
vaginosis. The main advantages of topical drug delivery are the ability to deliver the bioactive
agent directly to the site and the maintenance of the required concentration of drug at the site
for a prolonged period [40]. Reports on topical delivery systems for MTZ were listed in
Table 2.

2.2.1. Transdermal Route
In the 1980s, it was shown for the first time that topical MTZ can be used successfully in
the treatment of rosacea. This is the first compound authorized by FDA for local acne rosacea
therapy [41]. Today, MTZ is considered the first choice for the topical therapy of rosacea.
Majority of patients respond to oral administration of an antibiotic complemented with topical
application of MTZ. The available MTZ products involve 0.75—2% ointments and gels [42].
To achieve good compliance, MTZ products need to be characterized by prolonged release of
the compound, which can be achieved, for instance, by binding the drug in a polymer bed,
although, the amount of drug released should enable bactericidal activity of MTZ [43].
Work has been done by Witold [43] for evaluating the effect of various acrylic acid
polymers in composition with methylcellulose on MTZ release rate from hydrogels.
Compositions of Carbopol 971P and methylcellulose revealed an increase in viscosity with
increasing concentration of methylcellulose in the range of 17200-26166 mPa s. Among
bipolymeric formulations, the highest first-stage release rate of 9.18×10-3 min-1 was
determined for the gel consisting of 2.00% Carbopol 980NF with 1.00% methylcellulose. The
second-stage release rates ranged between 2.88×10-3 and 8.00×10-3 min-1.
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Table 2. Topical delivery systems for MTZ
Formulation
Hydrogels
Xerogels
Gels
Films

Gels
Mucoadhesive
tablets
Binary polymeric
systems
Nanofibers

Electrospun
membrane

Mucoadhesive
tablets

Gels

Composition
Various acrylic acid polymers
in composition with MC
SiO2–CaO, SiO2–PDMS and
SiO2–CaO–PDMSa
Anionic emulsifying wax
Eudragit E-100

Route
Transdermal

Treatment
Acne
rosacea
Model drug

Ref.
43

Rosacea
Anaerobic
infections in
chronic wounds
Acne rosacea

37
25

HPC, 1,2-hexanediol, 1,4cyclohexanediol
Mixture of cellulose and
polyacrylic derivatives
Poloxamer (P407) and
poly(acrylic acid, C974P)

Transdermal

Periodontal
disease
Infection within
the oral cavity
Periodontal
disease

52

Poly -caprolactone solutions
in different mixtures of
DCM:DMFb
PLCLc layer surrounded by
two composite layers
composed of a protein/polymer
ternary blend
(PLCL:PLA:GEL)
Chitosan (FG90C),
polyvinylpyrrolidone
(PVPK90) and polycarbophil
(PCPAA1),
HEC alone or mixed with
chitosan or its derivative 5methylpyrrolidinone- chitosan
(MPCS)

Mucoadhesion

Mucoadhesion

periodontal
regeneration

57

Mucoadhesion

Bacterial
vaginosis

55

Mucoadhesion

Bacterial
vaginosis

56

Transdermal
Transdermal
Transdermal

Mucoadhesion
Mucoadhesion

46

48

53
54

a

PDMS: polydimethylsiloxane.
DCM:DMF: dichloromethane/N,N-dimethylformamide.
c
PLCL: Poly(DL-lactide-co-  -caprolactone).
b

In 2007, Elewski [44] evaluated the in vitro percutaneous absorption pharmacokinetics of
MTZ in different vehicles and concentrations as the active agent in 6 topical formulations
using human cadaver skin. Data showed the general ranking of delivery of similar
concentrations of MTZ according to vehicle as cream > lotion > gel. The 48h penetration of
MTZ was greatest with cream formulations and lowest with gel formulations. The greatest
mean total skin penetration was achieved with generic MTZ cream 0.75% and MetroCream
0.75%, and the lowest mean total skin penetration was achieved with MetroGel 0.75%. These
results revealed the importance of the vehicle selected for penetration of MTZ into the skin.
Elgindy et al. [45] prepared self-adhesive MTZ films with optimal properties for
controlling anaerobic infections in chronic wounds. The mechanical properties of casted
Eudragit E-100 films were tested for the combined effect of two cohesion promoters (succinic
or citric acid) and triacetin as a plasticizer. Films containing 7% (w/w) succinic acid and 45%
(w/w) triacetin gave the highest elongation of the tested films at any given stress with a
maximum of 1050% elongation. Both cohesion promoters were seen to improve MTZ release
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from the films with the maximum drug flux (0.334 mg·cm−2·h−1) observed with 1.75% (w/w)
succinic acid. The highest MTZ release was observed with 20% (w/w) Eudragit RL which
gave 0.77mg·cm−2 released after 3 h compared with only 0.34 mg·cm−2 for plain films.
A recent report by Czarnobaj [46] described topical MTZ delivery with xerogels using
silica (SiO2), SiO2 / polydimethylsiloxane (PDMS) and SiO2 / PDMS / calcium (Figure 5).
Using tetramethoxysilane (TMOS) as a precursor of SiO2 matrix and PDMS and calcium ions
as additives, xerogels with different morphology and physical properties were obtained. The
applied modifications diminished the porosity and hydrophilicity of the SiO2 matrix as well as
reduced the release of drug. Based on the presented results of this study, it may be stated that
applied xerogel matrices, pure SiO2 and modified SiO2 (SiO2–CaO, SiO2–PDMS and SiO2–
CaO–PDMS), could be promising candidates for the formulation in local delivery systems.

Figure 5. SEM micrographs for a SiO2 and b SiO2–PDMS xerogels. The 10-division scale equals 5.0
µm [46].

In 2011, Jelvehgari et al. [47] described topical MTZ delivery with gel which contains
anionic emulsifying wax, glycerin and lactic acid in different proportions. The findings
showed that there exists a strong negative correlation between the spreadability of a
formulation and its cohesiveness, the spreadability of a formulation is inversely proportional
to its cohesiveness. In addition, drug release was significantly reduced as the concentration of
anionic emulsifying wax increased and the concentration of lactic acid decreased. The
maximum MTZ release was achieved at a pH of 4-6. The results showed that all the gel
formulations showed good extrudability, viscosity, cohesiveness, homogeneity and
spreadability.
Another example of topical formulation for reducing the side effects of MTZ was using
penetration retarder. Li et al. [48] investigated the topical formulations containing a
combination of 1,4-cyclohexanediol and 1,2-hexanediol as synergistic retarders. Based on the
flux values and retardation ratio (RR), a synergistic retardation effect of MTZ was observed
for the formulations containing a combination of 1,4-cyclohexanediol and 1,2-hexanediol
(RRs are 0.40 for 375 µg dose and 0.69 for 750 µg dose, respectively). Interestingly, retention
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of MTZ in epidermis and dermis layer showed no significant differences (p>0.05). These
observations provided insight in formulating superior topical formulations with minimized
potential systematic toxicity while maintaining therapeutic efficiency.

2.2.2. Mucoadhesion Route
Mucoadhesive with different matrices of MTZ were always used for the antimicrobial
therapy to periodontal and vaginal diseases. It has the benefit of putting more drugs at the
target site while minimizing exposure of the total body to the drug [49].
Periodontal disease is one of the world‘s most prevalent chronic diseases with 36.8% of
adult Americans estimated to have the disease [50]. In the US alone, an estimated $18.6
billion dollars in annual expenditures is accounted for treating periodontal disease itself and
the consequences of tooth loss due to this disease [51]. Periodontal disease is a localized
inflammatory response due to infection of a periodontal pocket arising from the accumulation
of subgingival plaque. Untreated periodontitis results in the loss of the supporting structures
of the tooth through resorption of alveolar bone and loss of periodontal ligament attachment.
In 2004, Perioli et al. [52] prepared mucoadhesive tablets using different mixture of
cellulose and polyacrylic derivatives in order to obtain new formulations containing MTZ for
periodontal disease treatment. The best mucoadhesive performance and the best in vitro drug
release profile were achieved by using hydroxyethyl cellulose (HEC) and carbomer 940 2:2
ratio. The chosen tablet, containing 20 mg of MTZ, performed 12 h drug sustained release
with buccal concentrations with a remarkable reduction of the daily drug dosage (more than
15 folds) if compared to traditional systemic therapies (40 mg pro-die vs. 600 mg). These
results guarantee the achievement of therapeutic concentration in the action site, the decrease
of drug side effects and the improvement of patient‘s compliance.
Jones et al. [53] investigated novel mucoadhesive of thermoresponsive, binary polymeric
systems composed of poloxamer (P407) and poly (acrylic acid, C974P) containing MTZ.
Monopolymeric and binary polymeric formulations were prepared containing 10, 15 and 20%
(w/w) poloxamer (407) and 0.10–0.25% (w/w) poly (acrylic acid, 934P). Formulations
containing 15 or 20% (w/w) Pluronic P407 and C934P exhibited a sol–gel temperature Tsol/gel,
were viscoelastic and offered high elasticity and resistance to deformation at 37 °C.
Importantly, formulations composed of 20% (w/w) P407 and C934P exhibited pronounced
mucoadhesive properties. The ease of administration (below the Tsol/gel) in conjunction with
the viscoelastic (notably high elasticity) and mucoadhesive properties (at body temperature)
render the formulations composed of 20% (w/w) P407 and C934P as potentially useful
platforms for mucoadhesive.
Recently, novel nanofibers were evaluated using poly -caprolactone (PCL) containing
metronidazole benzoate (MET) for periodontal diseases [54] (Figure 6). Solutions of 10.5%
w/v PCL and 5–15% w/w MET in mixtures of dichloromethane (DCM)/N,
N-dimethylformamide (DMF) with different ratios were prepared, and the nanofibers were
produced by electrospinning technique. Results showed that an increase in the DCM:DMF
ratio led to a decrease in the solution conductivity and an increase in the solution viscosity as
well as in the nanofibers diameter. In vitro drug release studies in phosphate buffer solution
(pH 7.4) showed that the drug release rate was affected by the solvents ratio and the drug
concentration. Moreover, the burst release was low, and sustained drug release was prolonged
to at least 19 days.
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Figure 6. SEM photographs of electrospun PCL nanofibers (DCM:DMF 80:20 v/v) as a function of
drug concentration (% w/w): (a) 0%, (b) 5%, (c) 10%, and (d) 15% [54].

Mucoadhesion administration of the antibacterial represents the most common therapy in
the treatment of bacterial vaginosis (BV). Vaginal mucosa is often affected by some
infections or inflammations able to change the physiological environment of this area. MTZ is
the drug of choice in BV treatment and it is formulated in many marketed products for local
treatment namely creams, gels, vaginal lavages and vaginal suppositories [55].
In 2009, Perioli et al. [55] developed a novel dosage form of MTZ by including
bioadhesive polymers as chitosan (FG90C), polyvinylpyrrolidone (PVPK90) and
polycarbophil (PCPAA1), blended in different ratios. Tablets mixed of FG90C and PCPAA1
in different ratios showed high hardness, low friability, high hydration, high mucoadhesion
and good drug release. Tablets mixed with FG90C and PVPK90 in different ratios presented
more friability, lower mucoadhesion values and slow hydration. The last characteristic
permitted a controlled drug release and, at the same time, allows the gradual adaptation of
tablets on the mucosal surface (without dehydration) by producing a final swelled product
with acceptable dimension. In this context and in consideration of high in vitro adhesion time
(23 h) and highest inhibition zone diameter presented, tablet consisted of FG90C/PVPK90 1:1
has been considered the best formulation.
Another report on new mucoadhesive formulations for vaginal therapy was gels using
hydroxyethylcellulose (HEC) alone or mixed with chitosan (CS) or its derivative 5methylpyrrolidinone-chitosan (MPCS) and were loaded with the antibacterial MTZ (0.75%)
[56]. All formulations showed pseudoplastic flow and viscosity increase was observed
proportionally to chitosan content (CS > MPCS). Mucoadhesion force studies permitted to
point out that: (i) CS decreased mucoadhesion force; (ii) MPCS addition increased the
mucoadhesion force at high percentage; (iii) all gels containing chitosan showed better
mucoadhesive performances than Zidoval® (a marketed product). MPCS improved gel
characteristics in terms of mucoadhesion force, rheological behavior and drug release
pointing out that this modified chitosan is very suitable to obtain manageable and more
acceptable vaginal formulation.
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Recently, Bottino et al. [57] reported a periodontal membrane with a graded structure to
optimize periodontal regeneration (Figure 7-8). In this work a novel functionally graded
membrane (FGM) was designed and fabricated via sequential multilayer electrospinning. The
FGM consists of a core layer (CL) and two functional surface layers (SLs) interfacing with
bone (nano-hydroxyapatite, n-HAp) and epithelial (MTZ) tissues. The CL comprises a neat
poly (DL-lactide-co-e-caprolactone) (PLCL) layer surrounded by two composite layers
composed of a protein/polymer ternary blend (PLCL:PLA:GEL). Electrospinning parameters
involved in fabrication of the individual layers (i.e. neat PLCL, ternary blend, PLA:GEL +
10%n-HAp and PLA:GEL + 25%MET) were optimized to obtain fibrous layers free of beads.
The CL structure demonstrated higher strength (8.7 MPa) and a more elastic behavior (strain
at break 357%) compared with the FGM (3.5 MPa, 297%). Incorporation of n-HAp to
enhance osteoconductive behavior and MTZ to combat periodontal pathogens led to a novel
FGM that holds promise at solving the drawbacks of currently available membranes.

Figure 7. Cross-section SEM micrographs of the FGM processed via multilayering electrospinning. (A)
General view of the FGM; (B) n-HAp-containing layer/PLCL:PLA:GEL interface; (C) CL structure;
(D) MET-loaded layer/PLCL:PLA:GEL interface [57].

2.3. Other Administration Routes
Injectable route has also been investigated for MTZ delivery in treatment of tumors or for
the use of transplant.
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Sosnik et al. [58] investigated an injectable, in situ generated biomedical system of MTZ
by crosslinking ethoxysilane-capped poly (ethylene oxide)–poly (propylene oxide)–poly
(ethylene oxide) triblocks in aqueous solutions at physiological conditions. Pluronic F127
(PEO99–PPO67–PEO99) was functionalized with (3-isocyanatopropyl) triethoxysilane
(IPTS) by reacting its terminal hydroxyl groups with the isocyanate. It was found that the
higher the pH, the faster the process and the higher the viscosity levels attained. While a 30%
F127 gel at 37°C delivered MTZ within less than 3 days, F127di-IPTS gels completed the
process at a much slower rate (up to 15 days).

Figure 8. Schematic illustration of the spatially designed and functionally graded periodontal
membrane. (A) Membrane placed in a guided bone regeneration scenario. (B) Details of the core layer
(CL) and the functional surface layers (SLs) interfacing bone (n-HAp) and epithelial (MET) tissues.
Note the chemical composition step-wise grading from the CL to SLs, i.e., polymer content decreased
and protein content increased [57].

There were several reports on using radiosensitizers for conjugation with nitroimidazole
in treatment of hypoxic tumors. A cysteine-based bifunctional chelating agent viz. N-(2‘hydroxybenzyl)-cysteine with a free carboxylic acid group (CAA) was synthesized coupling
to MTZ [59]. The 99mTc labeling studies of the novel agent (MTZCAA) thus obtained, was
carried out and the radiolabeled product was subsequently purified. It was observed that
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tumor/blood activity ratio was moderately increased from 0.43 at 30 min post-injection to
0.82 at 3 h post-injection while the tumor/muscle ratio increased very significantly from 2.98
to 14.67 between the same time points. High tumor/muscle ratio of the novel agent indicated
considerable promise towards further evaluation [60-61].

CONCLUSION AND OUTLOOK
The field of MTZ delivery systems has progressed over the last dozen years and several
approaches were reported to improve performance of MTZ. They included bioadhesive,
swelling, floating, targeted systems, topical systems, pH-dependent systems, delayed gastric
emptying devices, timed-release dosage forms and the use of carriers that are degraded by
colonic bacteria. Increasing the effective of treatment while reducing the side effects were
absolutely critical to the improvement of MTZ delivery. Equally important was an
understanding of the interactions of formulation matrix with the active agent.
Two of the most widely used administration routes for MTZ are oral and topical. Novel
formulations to load and release MTZ such as multilayer compression coated tablets, self
micro-emulsifying drug delivery systems and magnetic nanosuspension were discussed. We
also discussed the effects of each formulation after administration. The architecture of some
polymetic nanocarriers can now be specifically controlled and this has improved our ability to
control release profiles, targeted drug delivery and drug carrying capacity.
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ABSTRACT
The synthetic 5-nitroimidazole compound metronidazole has been used in the clinic
for over half a century as a highly effective anti-bacterial and anti-protozoal agent. More
recently applications in cancer gene therapy and cell ablation have started to be explored.
Metronidazole requires activation via nitroreductase enzymes, and several bacterial
enzyme families have been identified that enable either one- or two-electron reduction of
the prodrug, generating cytotoxic metabolites that cause DNA and protein damage. Gene
modification of vertebrate, mammalian and human cells with bacterial nitroreductases
has rendered these cells highly susceptible to metronidazole. This has led to impressive
tumour control by metronidazole in animals bearing gene-modified tumours. However,
the active metabolites tend to remain within the cell of origin and do not kill surrounding
cells. While this ‗low-bystander effect‘ would generally be regarded as disadvantageous
for cancer therapy, it has been exploited in the context of vascular destruction, with the
aim to cause widespread tumour vascular collapse and tumour infarction due to selective
killing of nitroreductase-modified endothelial cells. In a slightly different cancer gene
therapy application, the large differential in susceptibility to metronidazole between
human and bacteria can be exploited to remove therapeutic bacterial vectors from
circulation as a safety mechanism. Thus far the application of metronidazole in cancer
therapy has only been in experimental models, but its future use in clinical trials is likely,
due to its impressive safety record worldwide in patients. Nitroreductase-mediated
activation of metronidazole has also successfully been utilised in targeted eukaryotic cell
ablation studies. In this context, the application of metronidazole and nitroreductases
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under tissue-specific promoter control to precisely ablate target cell lineages in a spatially
and temporally controlled manner provides a highly effective genetic tool for the study of
normal as well as pathological development in transgenic model organisms.

Keywords: Cancer gene therapy, nitroreductase, GDEPT, prodrug, bystander effect, cell
ablation

INTRODUCTION
Metronidazole (2-(2-methyl-5-nitro-1H-imidazol-1-yl)ethanol, trade name: Flagyl) is a
synthetic 5-nitroimidazole drug that has been used as an anti-protozoal and anti-bacterial
agent in the clinic since the 1960s (Edwards 1993). Metronidazole is one of the most effective
drugs available to counter anaerobic bacterial infections. In anaerobic or microaerophilic
organisms, under hypoxia, one-electron reduction of the metronidazole nitro group is
mediated by enzymes such as ferredoxin oxidoreductases, hydrogenases, type II
nitroreductases (one-electron, oxygen sensitive), or thioredoxin reductases (Edwards 1993,
Santangelo 1991, Jeong 2001, Leitsch 2009). In one early example, two reductases from the
obligate anaerobe, Clostridium acetobutylicum, were identified via screening of a gene library
in an Escherichia coli recA (DNA repair deficient), reductase-deficient mutant for increased
sensitivity to metronidazole (Santangelo 1991). The enzyme-encoding genes were identified
as a flavodoxin and a hydrogenase.

Figure 1. Proposed activation of metronidazole via one and two electron reductases. ArNX, aromatic
nitrocompounds, ArNO2 = metronidazole (modified from Viode 1999).

One-electron reduction of metronidazole leads to generation of a short-lived nitro radical
anion (Figure 1), which, upon protonation, can cause oxidation of DNA, strand breaks, DNA
fragmentation, and DNA unwinding, as well as oxidative damage to proteins (Muller 1983,
Edwards 1993, Sisson 2000, Leitsch 2009). In the presence of oxygen, the one-electron nitro
radical anion is rapidly converted back to the parent compound, with formation of superoxide,
due to futile cycling, leading to relative resistance of aerobic cells to the action of
metronidazole (Edwards, 1993).
However, type I nitroreductases (two-electron, oxygen insensitive reductases) are also
able to convert metronidazole to a toxin under aerobic conditions (Viode 1999, Roldan 2008)
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(Figure 1). Type I nitroreductases are represented by the homodimeric NAD(P)H-consuming,
flavin-cofactor-dependent enzymes commonly found in bacteria which catalyse a two-step,
four (or six) electron reduction of the nitro group, resulting in DNA damaging and mutagenic
hydroxylamine adducts (Martínez-Júlvez 2012).
The concentrations of metronidazole required to kill anaerobic bacteria, e.g. Bacteroides
fragilis Bf-2 (minimum inhibitory concentration 5.8 M), facultative bacteria in air, e.g. E.
coli AB1157 (minimum inhibitory concentration 5.8 mM) and mammalian cells, e.g. human
T24 bladder carcinoma cells (inhibitory concentration to reach 50% cell viability 17 mM),
vary exponentially (Wehnert 1992, Dachs 1995, Hunt 2012). However, under hypoxic
conditions, mammalian cells also become more susceptible to metronidazole-induced
chromosomal damage, most likely due to the influence of mammalian one-electron reductases
(Mohindra 1976, Foster 1976, Korbelik 1980, Menendez 2001, Celik 2006).

Gene Directed Enzyme Prodrug Therapy
Gene directed enzyme prodrug therapy (GDEPT) is a form of targeted cancer therapy.
Gene delivery to tumour cells is followed by administration of a non-toxic prodrug (Figure 2).
The therapeutic gene encodes an enzyme that converts the prodrug to a cytotoxin, leading to
cell death. Surrounding cells may also be killed due to a bystander effect, relying on transfer
of toxic metabolites from the original site of activation (Dachs 2009).
Bacterial type I nitroreductase enzymes hold great potential for GDEPT, in part due to
their catalytic promiscuity (Roldan 2008), which offers scope for their prodrug partners to be
chemically engineered to optimise properties such as cytotoxicity and bystander effect of the
activated drug. To date, the majority of nitroreductase GDEPT studies have focused on the
prodrug CB1954 (5-(aziridin-1-yl)-2,4-dinitrobenzamide) in partnership with E. coli NfsB.
This combination indicated some promise in Phase I/II clinical trials employing adenoviral
vectors (Patel 2011), but it was also demonstrated that the highest achievable plasma
concentration of CB1954 was less than one eightieth of the lowest reported Km for E. coli
NfsB (Anlezark 1992). This finding highlighted a need for catalytically superior
nitroreductases, as well as spurring interest in alternative prodrugs. Prosser et al. (2013)
created a large gene library of type I nitroreductase candidates and showed that these could be
rapidly screened for activity with different prodrug partners in a specialised E. coli reporter
strain containing a lacZ reporter gene under control of the SOS (DNA damage responsive)
promoter sfiA. When they screened their gene library against CB1954 and PR-104A
(2-((2-bromoethyl)-2-{((2-hydroxyethyl)amino) carbonyl}-4,6-dinitroanilino)ethyl methanesulfonate, a next-generation dinitrobenzamide mustard prodrug) (Patterson 2007) they
identified 14 alternative nitroreductases as being more active than E. coli NfsB with each
prodrug (Prosser 2013). In optimising their screening technology they also tested a subset of
their gene library with metronidazole, this time identifying three alternative nitroreductases
(NfsA from E. coli, NfsA from Klebsiella pneumoniae and YfkO from Bacillus subtilis) as
being more active than E. coli NfsB in their system (Prosser 2010).
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Figure 2. Schematic of gene directed enzyme prodrug therapy (GDEPT). In this example, the E. coli
NfsB-encoding gene is delivered in step 1 to selected cancer cells. Cells are treated with metronidazole
in step 2. Only cells expressing nfsB are able to convert metronidazole to a cytotoxin, and are killed.
Bystander cells that are not gene-modified are spared.

Although GDEPT research to date has primarily focused on prodrugs that have a strong
bystander effect, metronidazole also holds potential for anti-cancer gene therapy. Bridgewater
et al. (1997) tested E. coli NfsB/ metronidazole on normoxic NIH3T3 fibroblast cells and
found that this enzyme prodrug combination was able to kill cells effectively, but without a
bystander effect mediated either by diffusion or by gap junction-dependent toxin transfer. A
population of human bladder carcinoma cells (T24), stably gene-modified to express E. coli
NfsB, were sensitised >100-fold to metronidazole (Figure 3, Table 1), compared with EGFPmodified T24 cells (EGFP is a reporter gene with no enzymatic function used as a control)
(Hunt 2012). E. coli NfsB/metronidazole was also tested in transiently modified cancer and
endothelial cells (Table 1), demonstrating variability between cell types, and between
transiently (mixed populations) and stably (homogeneous populations) gene-modified cells
(Hunt 2012).
A recent study described the first use of E. coli NfsB/metronidazole in vivo (McCormack
2013). Human promyelocytic leukaemia cells (NB4) that had been stably gene-modified to
express E. coli NfsB, and which showed increased levels of nuclear damage, apoptosis and
reduced proliferation following metronidazole treatment in vitro, were implanted
subcutaneously into immunodeficient mice.
Treatment of tumour-bearing animals with 50 mg/kg metronidazole twice daily for 10
days demonstrated a significant reduction in tumour growth, but only in those tumours
expressing E. coli NfsB and not in those expressing a GFP reporter (McCormack 2013).
These data in vitro and in vivo have shown that nitroreductase-activated metronidazole is
highly effective in killing human cancer cells when most or all cells express the transgene.
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Figure 3. Viability assay of gene-modified bladder carcinoma cells treated with increasing doses of
metronidazole. Expression of E. coli NfsB (T24.NTR1) renders the human cancer cells more
susceptible to metronidazole, compared to cells expressing a reporter gene (T24.EGFP). The
concentrations of metronidazole required to kill 50% of cells are indicated (Ic50, downward arrows)
(Hunt, Dachs, unpublished).

Metronidazole Bystander Effect and Vascular Targeting
The main hurdle to overcome in GDEPT is the efficient delivery of genes to enough
tumour cells to cause tumour regression, which is particularly important as gene transfer
efficiencies in the clinic are still unlikely to exceed 10% of the target tissue (Rainov 2000).
This explains why current GDEPT systems generally strive for maximum diffusion of the
prodrug, and maximum ability of the activated metabolites to spread to surrounding nonmodified cells (Freeman 1993).
Arguments for and against a strong bystander effect have been made (Dachs 2009). A
strong local bystander effect may overcome poor gene transfer, and a strong distant bystander
effect is associated with an immune response, whereas avoidance of metabolite spread may
reduce systemic side effects.
The E. coli NfsB/metronidazole combination was reported to have little or no observable
bystander effect in human cells (Bridgewater 1997; Sisson 2000). This was further explored
by Hunt (2012). Using clonogenic survival assays in mixed monolayers, T24-NfsB effector
cells treated with metronidazole did not cause a decrease in the surviving fraction of the
bystander T24-EGFP target cells (Table 2, modified from Hunt 2012).
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Table 1. Loss of viability and proliferation in cancer and endothelial cells transiently or
stably gene-modified with the E. coli nfsB gene, and treated with metronidazole
(modified from Hunt 2012)
Cell type
Proliferationa
Viabilitya
HUVEC, transient
1.07 ± 0.01ns
1.22 ± 0.3ns
(primary human endothelial cells)
HMEC-1, transient
3.6 ± 1.7ns
7.8 ± 1.5*
(human endothelial cell line)
T24, transient
13.9 ± 9.1**
114 ± 75**
(human bladder carcinoma cell line)
T24, stable
205 ± 31***
100 ± 5.2***
(human bladder carcinoma clones)
a
Enhancement ratios are shown, calculated as Ic50 EGFP/Ic50 NfsB.
ns, not significant; * p<0.05; ** p<0.01; *** p<0.001 (unpaired t-test with Welch‘s correction).

Table 2. Bystander effect (BE) quantification for monolayer and spheroid cultures
(modified from Hunt 2012)
Monolayer cultures
Spheroid cultures
Ic50
Ic50
Ic50
Enzyme
Spheroid +
Enzyme
EGFP NfsB
BE
EGFP
(%)
coating
(%)
(mM)
(mM)
(mM)
0
>10
EGFP+EGFP
0
7.3
5
>10
0.10
>1
10
0.89
0.024
>11.2
25
8.2
0.024
>1.2
NfsB+EGFP
27
>10
50
>10
0.084
>1
EGFP+NfsB
49
>10
100
0.17
NfsB+NfsB
100
1.1
BE >1 indicates killing of bystander cells (Wilson et al., 2007).
BE = Ic50 of EGFP-expressors alone/Ic50 of EGFP-expressors in mixed cultures.

Ic50
NfsB
(mM)

BE

0.78
1.76

>0.73
>0.73

The gene transfer hurdle may be overcome by targeting the tumour vasculature, which is
an attractive target for gene therapy (Hunt 2007). It was proposed that when targeting the
tumour vasculature using GDEPT, the bystander effect may not only be irrelevant, but
undesirable (Dachs 2009). Its absence may avoid metabolite washout into the circulation,
thereby reducing systemic toxicity, as well as increasing endothelial cell kill, as the toxin
remains within the cell.
Vascular targeted GDEPT has the following advantages over targeting the bulk of a solid
tumour: endothelial cells lining the blood vessels are accessible from the circulation,
endothelial cells are non-transformed and thus more genetically stable, and each vessel
provides oxygen and nutrients to thousands of tumour cells (Denekamp 1990, Tozer 2005). In
addition, damage of just a small proportion of endothelial cells can lead to vessel collapse and
selective shutdown of tumour blood vessels, which in turn may result in widespread tumour
infarction, as seen with some small molecule vascular disrupting agents (Tozer 1999, 2001).
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Hence, the low-bystander approach retains amplification but not via metabolite diffusion, but
via vascular damage-mediated tumour infarction (Dachs 2009).
This approach was studied in more sophisticated in vitro model systems (Hunt 2012).
Coated spheroids were used to mimic solid tumours, in which a single cell layer (e.g. vascular
endothelial cells) separates the circulation (containing prodrugs) from the dense tumour mass.
In this model, two different stably-transfected T24 populations were used. Again, the E. coli
NfsB/metronidazole combination did not demonstrate bystander killing in this 3D model
(Table 2). When monolayers were compared with spheroids, spheroids comprised entirely of
T24-EGFP were substantially more sensitive to metronidazole treatment than T24-EGFP
monolayers. By contrast, spheroids comprised entirely of T24-NfsB were more resistant to
metronidazole than T24-NfsB monolayers. As T24-NsfB cells formed more densely packed
spheroids compared to T24-EGFP cells, this may have led to a difference in prodrug
diffusion. These results supported the notion that E. coli NfsB/metronidazole has a poor
bystander effect in simple and advanced cell culture models.
Vascular disruption was further tested using an in vitro network model (Hunt 2012). The
E. coli NfsB/metronidazole combination successfully disrupted vascular networks formed by
the endothelial cell line HMEC-1 transiently gene modified to express E. coli NfsB. By
comparison, another GDEPT combination with high bystander effect and potent antiproliferative activity (HSV-TK/GCV) was unable to disrupt the networks. E. coli NfsBexpressing HMEC-1 treated with 5-10 mM metronidazole showed significantly reduced total
tube length compared to untreated cells, although at 10 mM metronidazole started to
adversely affect the EGFP control cells.
These in vitro models have paved the way for future development in animal models,
using nitroreductase-activated metronidazole to cause vascular damage in tumours.

Elimination of Bacterial Vectors in GDEPT
Another GDEPT application where a bystander effect is undesirable is not in the
immediate therapeutic context, but rather in the use of antibiotics to clear a vector from the
patient‘s body, either post-therapy or in response to adverse events. A number of studies have
demonstrated that metronidazole may have utility in this regard, at least where bacterial
vectors are concerned.
Several bacterial genera, in particular Clostridium and Salmonella, have been
investigated as potential vectors for GDEPT. Bacteria offer a number of desirable traits
including ease of genetic manipulation and culture, diverse mechanisms for accumulating in
tumour specific microenvironments, an active metabolism to power cofactor-requiring
therapeutic enzymes, and multiple means by which non-invasive imaging of their localisation
might be achieved (Forbes 2010). However, the pathogenic origins of the most effective
tumour-targeting bacteria raises concerns that they may infiltrate non-target tissues resulting
in off-target toxicity (Morrissey 2010). The ability to rapidly, effectively and safely clear the
vector from the body would help alleviate such concerns.
Clostridium is a strictly anaerobic genus that can colonise anoxic regions of tumours
(St Jean 2008). In therapy Clostridium species can be administered as injected spores, which
are stable, easy to produce and – importantly - non-immunogenic, allowing for repeated
rounds of therapeutic gene delivery (Wei 2008). Post-germination, metronidazole can be used

Complimentary Contributor Copy

28

Claire Horvat, David Ackerley and Gabi Dachs

to control the replication of the vector or completely eliminate it from the patient (Nuyts
2002; Theys 2006). The strictly anaerobic nature of Clostridium renders it inherently sensitive
to metronidazole, as the absence of oxygen enables any or all of the one- and two-electron
reductase enzymes identified above to activate the drug.
In contrast, Salmonella species are facultative anaerobes, meaning that they can replicate
in both anaerobic and oxygenated environments (Pawelek 2003). This capacity gives them the
ability to target both large hypoxic and smaller relatively oxygenated tumours (Patyar 2010).
However, the ability to colonise aerobic environments also renders them less inherently
sensitive to metronidazole than Clostridium. We propose that arming Salmonella vectors with
oxygen-independent nitroreductase genes should greatly enhance their metronidazole
sensitivity.
We have found that over-expression of a wide range of oxygen-independent
nitroreductases (including E. coli NfsB) can dramatically sensitise aerobically grown E. coli
to metronidazole (Horvat, Copp, Ackerley, unpublished results). Similarly, the major form of
metronidazole resistance in the microaerophile Helicobacter pylori (the causative agent of
stomach ulcers) is a mutation in the rdxA gene, which encodes a 2-electron nitroreductase
(Goodwin 1998). Thus, Salmonella vectors armed with therapeutic 2-electron nitroreductases
for GDEPT should also become hypersensitised to metronidazole, providing an additional
level of control for clinical trials.

Imaging and Targeted Cell Ablation Using Metronidazole
Cell ablation is utilised as a tool for studying the roles of cell types in normal
development and in the development of disease (Gusterson 2003, Jia 2008). Targeted cell
ablation can be carried out using nitroreductase-activated nil-bystander prodrugs, such as
metronidazole, which do not have the ability to diffuse between neighbouring cells.
E. coli NfsB/metronidazole has been successfully used for ex vivo ablation of human
cytotoxic T lymphocytes with the aim of treating leukaemia relapses (Verdijk 2004).
Metronidazole ablation was carried out to control against potential malignant transformation
following ectopic expression of the human telomerase gene (hTert) to increase ex vivo
generation of cytotoxic T lymphocytes for adoptive immunotherapy. hTert-control of E. coli
NfsB expression rendered only hTert transformed cells hypersensitive to metronidazole.
In developmental biology models, specific cell lineages, including pancreatic-cells,
hepatocytes and cardiomyocytes, have been ablated in zebrafish in a spatially and temporally
controlled fashion (Curado 2007, Curado 2008, Pisharath 2007). By placing the E. coli nfsB
gene under cell type specific promoter control, these different cell lineages could be
terminated in live embryonic zebrafish by addition of metronidazole to the tank, followed by
recovery of the embryos to study the developmental consequences. A number of subsequent
zebrafish studies have since used the same technology for precise ablation of specific cell
populations, e.g. in the retina (Zhao 2009) and skin (Chen 2011). In each of these studies, the
lack of bystander effect exhibited by the activated metabolites of metronidazole has been of
immense value in avoiding systemic toxicity and maintaining the integrity of adjacent cellular
structures. Recently, this technology has been extended to other organisms, e.g. for ablation
of myelinating oligodendrocytes throughout the central nervous system of live transgenic
xenopus tadpoles (Kaya 2012).
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Each of the above systems employed a bicistronic vector in which NfsB was linked to a
fluorescent protein gene, to enable imaging of tissue localisation and level of gene expression
prior to metronidazole administration, as well as confirming efficient ablation. However, a
number of fluorogenic probes have also been developed that can report directly on
nitroreductase activity, and use of these probes could obviate the need to introduce multiple
foreign genes. As with metronidazole itself, the properties of these probes stem from the
ability of a nitro group on an aromatic ring to act as a powerful electronic switch; but in this
scenario nitroreduction activates fluorescence rather than cytotoxicity. For example, the cell
permeable, quenched cyanine probe (CytoCy5S) can be reduced by E. coli NfsB to a near
infra-red reporter (Bhaumik 2012), and this has been exploited not only for imaging of
cellular ablation, but also to report on disease progression in orthotopic xenografts and
metastases in animals (as described above (McCormack 2013)).
Similarly, several novel heterocyclic probes that emit a blue, green or red fluorescent
signal upon nitroreduction have been developed at the University of Auckland Cancer Society
Research Centre (Dr Jeff Smaill, Dr Adam Patterson and co-workers, unpublished), and blueemitting examples of these have been used to monitor the infection kinetics of a modified
ONYX-411 (adenoviral) vector armed with E. coli nfsB (Singleton 2007) as well as more
general reporters of activity across a diverse range of nitroreductases (Prosser 2013). While
the latter have not yet been described for their use in combination with metronidazole, the
potential is certainly there; and alternative emission spectra may in some settings offer an
advantage over the red emission signal of CytoCy5S. Importantly, in both cases, the substrate
administered determines whether the nitroreductase will act as a suicide gene (e.g. in
combination with metronidazole) or a reporter gene (e.g. CytoCy5S).
Hence, the ability to image and subsequently ablate specific cell lineages, in a temporally
controlled manner using the addition of metronidazole, constitutes a most promising genetic
tool for the analysis of tissue interactions during development.

CONCLUSION
Reduction of the nitro-group on metronidazole by a range of one and two electron
reducing bacterial nitroreductases leads to the conversion of the prodrug to a potent cytotoxin.
The potential for destroying tumour cells in vitro and in animal models has been
demonstrated, but relies on all target cells being gene-modified, so may not be practical for
traditional GDEPT strategies. On the other hand, the inability of the toxic metabolites to leave
the cells of origin, and thus spare non-modified bystander cells, offers great promise for
targeted cell ablation, in vascular destruction, vector clearance and developmental research.
Further research is required to determine whether activated metronidazole can indeed cause
vascular collapse in whole organisms. A role can also be envisaged for nitroreductaseactivated metronidazole in stem cell research.
Although several families of bacterial enzymes have been identified that are able to
activate metronidazole, and cause cell kill in human cancer cells, it is unlikely that the most
active and specific enzymes that nature has to offer are currently in use. Future work
involving identification of novel nitroreductases, and potentially improvement of these
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enzymes by protein engineering strategies such as targeted mutagenesis or directed evolution
(as per Swe 2012), could progress this field.
In conclusion, it seems likely that the impressive safety record that accompanies
metronidazole will make it an attractive choice of prodrug for clinical applications where a
minimal bystander effect is desirable to avoid systemic toxicities.
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ABSTRACT
The focus of this chapter is on the effect of glutathione peroxidases in combating
reactive oxygen species (ROS) in diabetes. Diabetes mellitus (DM) is a common disease
characterized by disordered metabolism and hyperglycemia. The underlying reason for
DM is either because the pancreas does not produce enough insulin or cells do not
respond to the insulin. These conditions lead to elevated blood glucose and free-radical
generation via different biochemical reactions including glucose oxidation and protein
glycation. Numerous experimental studies have demonstrated that the level of glutathione
peroxidase expression is low in cells of diabetic patients, leading to micro and
macrovascular complications.
One of the main biological roles of the peroxidase enzyme family is to protect the
organism from oxidative damage. Experimental and clinical studies have demonstrated
that oxidative stress plays a key role in the pathogenesis and development of
complications related to both types of diabetes. Diabetes-induced vascular endothelial
dysfunction is thought to be an important mechanism involved in the pathogenesis of
diabetic nephropathy and diabetic retinopathy. Abnormally high levels of free radicals
and the decline of antioxidant defense mechanisms can lead to damage of cellular
organelles and enzymes, increased lipid peroxidation, development of insulin resistance,
and worsening long-term outcomes of the disease. In parallel, other studies suggested
GPx1 and GPx3 play protective roles in diabetes-induced complications such as
atherosclerosis and microvascular diseases.
Modifiers of GPx1-GPx8 isozymes activites could potentially be tested in clinical
trials for patients with diabetes. One such compound is soy isoflavanoid daidzein, which
increases the glutathione expression in mitochondria (Mahn 2005) and protects cells from
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oxidative insult. Thus, food supplemented with flavonoids could increase the expression
of GPx enzymes and minimize patho-physiological changes in diabetes.

DIABETES MELLITUS AND OXIDATIVE STRESS
Diabetes mellitus is a metabolic disorder characterized by hyperglycemia resulting from
either inadequate insulin production (Type 1, T1DM) or an ineffective cellular response to
insulin (Type 2, T2DM). These conditions lead to impaired metabolism of carbohydrates,
lipids, proteins, nucleic acids, and substantially affect cellular signal transduction [1]. The
major complications of diabetes are cardiovascular disease, kidney failure, nerve damage, and
potentially limb amputation [2-4]. Though mortality rates from diabetes are decreasing,
morbidity due to diabetic complications remains high. Around 75% of diabetes-related
mortalities are due to cardiovascular disease, cerebrovascular disease, and peripheral vascular
disease. Oxidative stress is a major player in the development of diabetes and its
complications. The delicate balance between ROS production and antioxidant system
activities (including glutathione peroxidase [GPx] enzymes) is the focus of the chapter.

Role of ROS in the Pathogenesis of Diabetes
Pathogenesis of diabetes is associated with excessive production of ROS. The ROS
cascade in mitochondria is the main source of ROS generation. Persistent hyperglycemia in
diabetes causes the release of free radicals from glucose autoxidation and protein glycation
[1]. Browlee showed that hyperglycemia facilitates generation of the initial reactive radical
superoxide in the mitochondrial respiratory chain [1]. Other significant sources of ROS in
diabetes are contributed by over-activated NADPH oxidase and uncoupled nitric oxide
synthase [2]. Though free radicals are essential for host defense mechanism, a balance
between free radical generation and their elimination is normally maintained to prevent
cellular toxicity [2, 3]. Roles of ROS in diabetes-related complications are summarized in
Figure 1.
The leakage of ROS from mitochondria was assumed to lead towards apoptosis of cells
and onset of T1DM [12]. It is argued that oxygen, antioxidant defenses, and cellular redox
status should be regarded as central players in diabetes and the metabolic syndrome [12].
Although this chapter is focused on the role of GPx in the defense system, it is reasonable
to consider the multiple players acting together during diabetes-related oxygen stress. These
include, but are not limited to, superoxide dismutase (SOD: cytosolic, mitochondrial and
extracellular), glutathione (GSH), and malondialdehyde (MDA). SOD transforms superoxide
into more stable hydrogen peroxide which is converted to water by catalase and/or GPx.
Measurements of erythrocyte SOD, whole blood GPx, erythrocyte GSH, Plasma total antioxidant capacity (P-tAOC), and plasma MDA are reliable clinical markers to follow
oxidant/antioxidant activities in patients with diabetes, which eventually develop DNA
damage and intracellular mechanism disregulations. Plasma MDA is significantly elevated in
patients with diabetes compared to healthy controls [3, 4]. At the same time, reduced GSH, a
major intracellular non-enzymatic anti-oxidant, was repeatedly found significantly decreased
in erythrocytes of diabetic patients [5, 6].
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The indications of ROS impact on DNA in clinical settings may be evaluated by DNA
single strand breaks, DNA repair capacity, and DNA repair index. Shin et al. reported high
levels of oxidized proteins and markers of oxidative DNA damage (e.g., 8-oxoguanine [8oxoG] in diabetic patients) [7]. In most of the diabetic cases, unnecessary production of ROS
can activate oxidative damage of macromolecules such as lipids, proteins, and DNA. The
ROS produces hydroxydeoxyguanosine (8-OH-dG) by modification of purine residues in
DNA. This molecule is an indicator of DNA oxidative stress and its urinary level is used as a
biomarker of in vivo oxidative stress.

Figure 1. Role of ROS in the pathogenesis of diabetes.

ROS in Pathogenesis of Complications of Diabetes
Numerous in vitro and in vivo studies observed enhanced generation of reactive ROS in
diabetes [8, 9] and confirmed their role in diabetic complications [10]. ROS includes the
production of super-oxides, hydroxyl radicals, hydrogen peroxide, and singlet oxygen [8].
The possible mechanism of oxidative stress in diabetes involves the shift in redox balance due
to auto-oxidation of glucose, leading to a decrease in tissue concentration of reduced GSH
and vitamin E [11, 12]. Levels of glucose concentration correlate with the degree of oxidative
stress in patients with diabetes and in experimental animal models [13, 14]. The exact
mechanisms of oxidative stress in diabetic complications remain to be elucidated [15].
Glycation is a non-enzymatic addition of sugars and toxic aldehydes (such as methylglyoxal
[MG] and glyoxal) to macromolecules, leading to the formation of advanced glycation endproducts (AGEs). Levels of protein glycation are enhanced in diabetic tissues and contribe to
the development of diabetes-related complications by inducing inflammation and oxidative
stress [16].
There is an involuntary relationship between oxidative stress and diabetic nephropathy in
a diabetic rat model [17]. Higher level of lipid peroxide and other oxidative indices lead to an
increase in albuminuria in diabetic rats [18]. High glucose levels directly increase oxidative
stress in glomerular mesangial cells, a target cell of diabetic nephropathy. Inhibition of
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oxidative stress improves all signs associated with diabetic nephropathy in these cells.
Sestakova et al. demonstrated that there is a close relationsip between endothelial dysfunction
and the progression of diabetic nephropathy in T1DM patients [19]. Another complication of
diabetes is diabetic retinopathy (DR), a leading cause of blindness. Long-lasting, unrestrained
hyperglycemia is a cardinal inducing factor for retinal microvascularpericyte and endothelial
cell dysfunction in T2DM [20]. The formation and accumulation of AGEs is one of the major
biochemical pathways involved in the occurrence of retinal microvascular complications.
The AGEs have been shown to be toxic to retinal pericytes and deleterious for pericyte
cell survival [16]. A prominent AGE, Nε-CML, activates signal transduction pathways
leading to the expression of proinflammatory genes. AGEs influence the functions of
intracellular proteins by enhancing ROS production, modifying the actions of free radicals,
and activating reduced nicotinamide adenine dinucleotide phosphate (NADPH) oxidase [16].
In T2DM, oxidative stress is an end-product of higher levels of ROS generation and
ineffective elimination by weakened cellular antioxidant machinery. Major players in this
game are a family of multisubunit (intracellular and membrane-bound) NADPH oxidases that
stimulate endothelial and pericyte ROS production, and total thiols (–SH). They exist in both
extracellular and intracellular free (reduced glutathione) and bound forms (protein-bound
thiol), and reduce the highly reactive super oxide radicals in order to preserve intracellular
homeostasis [21]. The precise role and mechanism of endothelial and pericyte cell
dysfunction in the pathophysiology of DR has not yet been deciphered. Little information is
available regarding AGE activation and its relationship to ROS generation rate and the
efficacy of anti-oxidative machinery at different stages of DR.

Impact of ROS on Protein Structure and Lipid Metabolism
in Hyperglycemic Conditions
Butterfield et al. demonstrated that in vitro ROS can react with several residual amino
acids and produce modified or less active enzymes or denatured or non-functioning proteins
[22]. Fragmentation of peptides or aggregation of cross-linked reaction products results in
increased susceptibility of proteolysis because of their changed electrical charges [23]. The
amino acids in peptides differ in their susceptibility to attack, and different forms of activated
oxygen differ in their potential reactivity. The 1ꞌ, 2ꞌ or 3ꞌ protein structures also change the
relative susceptibility of some amino acids [23].
Lipid peroxidation is a critical biomarker of free-radical-mediated oxidative stress [24].
Hyperglycemia leads to increased susceptibility of cells to lipid peroxidation due to
disturbances in lipid profiling. Those changes were implicated in the pathogenesis of
atherosclerosis [25]. Additional evidence from experimental studies indicated that double
bonds in polyunsaturated fatty acids (PUFA) are more susceptible to free radical attack [26].
Oxidized lipids can also affect cell function by accumulating in cell membranes and allowing
leakage of plasmalemma and interference with the functions associated with membranelinked receptors [27]. The oxidative lipids have an effect on vessel walls and stimulate
cytokinins and the generation of endothelial dysfunction [28].
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Nucleic Acid Damage by ROS in Hyperglycemic Conditions
The direct target of enhanced ROS is the mitochondria, the powerhouse of the cell. About
90% of inhaled oxygen is taken up by mitochondria and this pathway is responsible for
maintaining a continuous stream of oxygen radicals. During normal physiological conditions,
about 5% of the oxygen taken by mitochondria is converted to ROS. In sick and aged
individuals levels of ROS and superoxide anions increases due to defects in the respiratory
chain. Mitochondrial DNA is damaged by enhanced ROS and compromised mitochondria
become the site of in situ oxidative stress generation [29].
Anti-oxidative enzymes are present in cells to combat ROS generated by aerobic
metabolism. Most prominent among these are catalase, mitochondrial manganese superoxide
dismutase (MnSOD), copper/zinc superoxide dismutase (Cu/ZnSOD) and GPx. These
enzymes and other anti-oxidative mechanisms are successful in neutralizing most ROS in a
healthy system. However, a tiny fraction of ROS escapes from elimination by anti-oxidative
mechanisms and causes damage to cardinal cell macromolecules such as lipids, DNA, and
proteins [29].
Under normal conditions a cell has a pool of anti-oxidative capacity and good quality
parental mitochondria. Expression of structural proteins and mtDNA molecules is increased
in response to mild environmental oxidative stress. These changes, in turn, enhance the
energy supply from mitochondrial biogenesis. In a compromised anti-oxidant system,
however, exposure to high levels of oxidative stress produce increased levels of mutated
mtDNA and defective mitochondria leading to mitochondrial dysfunction. Mitochondria act
as controllers of programmed cell death, or apoptosis. Further exposure to high ROS levels
completely paralyzes the oxidative phosphorylation, leading to cell death [29].

Antioxidant and Diabetes
As discussed earlier, abnormally high levels of free radicals and a decrease in antioxidant
defense mechanisms can lead to damage of cellular organelles and enzymes, increased lipid
peroxidation, development of insulin resistance, and a worsening long-term outcome of the
disease. Antioxidant defense mechanisms involve both enzymatic and non-enzymatic
strategies.

GPx Enzymes in Diabetes
GPx, catalase, superoxide dismutase, and glutathione reductase are the major enzymatic
antioxidants in mammals with peroxidase activity [30]. These enzymes are abundantly
present in cytoplasm, mitochondria, and nuclei. GPx metabolizes hydrogen peroxide to water
using reduced glutathione as a hydrogen donor [31]. The main biological role of GPx is to
protect organisms from oxidative damage. Eight isozymes (GPx1-GPx8) encoded by different
genes have been identified. Each of these isozymes is substrate and tissue specific. There are
mixed schools of thought regarding the effect of diabetes on the expression of GPx in
different tissues of diabetic rat models. Elevated levels of glutathione activity were found in
liver, aorta, blood, pancreas and kidney in diabetic rat models [32-38]. Alternatively, the low
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levels of GPx expression in heart and retina have been reported by others [39-41]. Diabetic
induced alteration in GPx activity are reversed by treatment with probucol [39, 40], DHEA
[34], combined vitamins (V and C) [42], piperine [43], boldine [36], and lipoic acid in the
kidney [35]. However, altered enzyme activity in diabetic animals is not restored to normal
after administration of lipoic acid in retina [41] and quercetine in heart [44]. In these animal
studies, antioxidant treatment was introduced after diabetes was well established and indicate
the direct relationship of GPx in DM. While more work is required it appears that natural
antioxidants can potentially change oxidative damage in cells affected by DM.
Several studies have suggested that GPx1 and GPx3 play protective roles in diabetesrelated complications such as atherosclerosis, cardiovascular disease, and hyperglycemia. For
example Lewis et al. demonstrated the protective role of GPx1 in diabetes-associated
atherosclerosis [45]. In their study higher concentrations of active GPx1 were associated with
less atherosclerosis in a streptozotocin-induced diabetic murine model. Colak et al. reported
that patients with cardiovascular complications and T2DM have significantly lower GPx
levels as compared to healthy controls, [46] and over-expression of GPx preserved diastolic
function in transgenic diabetic mice [47].

GPX1-GPX8 ISOZYMES ACTIVITIES CAN BE MODIFIED IN VIVO
The body of evidence demonstrating that the activity of GPx1-GPx8 isozymes can be
modified in vivo is growing. With respect to diabetes, flavonoids and physical exercise are the
most effective modifiers.
Flavonoids are low molecular weight phyto-metabolites and are an important part of the
human diet [48]. The biological properties of flavonoids depend on the position of the
substituents and the number of hydroxyl groups [49]. It has been demonstrated that
flavonoids can also mimic insulin and may act by inducing pleiotropic mechanisms that
reduce the complications related to diabetes. Flavonoids encourage the uptake of glucose in
peripheral tissues and normalize the expression of rate-limiting enzymes involved in
carbohydrate metabolism. For these reasons, flavonoids are currently being considered as
potential candidates to improve existing therapies for patients with diabetes.
Flavonoids are known to have excellent antioxidant capacities and much of the research
regarding them has been focused on the direct role of flavonoids against oxidative stress.
Now it appears there is interaction, or cross-talk, between supplemented flavonoids and
intracellular oxidative agents (such as GPx), and both synergistically increase antioxidative
activity. Martin et al. showed that coca polyphenolic extract can increase GPx expression via
activation of extracellular regulated kinase in HepG2 cells [50]. Flavonoid supplementation
not only reduced free radical formation, but also induced free radical elimination [51].
Several animal studies have been performed using diabetic rat or mouse models to
demonstrate anti-hyperglycemic effects of flavonoids and their ability to exert beneficial
effects against disease progression. Therapeutic potential of flavonoids from Oreocnide
integrefolia was demonstrated by Ansarullah et al. [52]. They reported that antioxidant
flavonoids can increase glucose uptake, insulin secretion, and exert cytoprotective effects.
They also demonstrated the role of flavonoids in beta pancreatic cell regeneration in a
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diabetic rat model and investigated therole of NF kappa-B pathway, a key signaling
mechanism for pancreatic beta cell damage.
Song et al. reported that flavonoid sulfuretin from Rhusverniciflua potentially suppressed
the NF kappa-B pathway and inhibited inflammatory processes in a diabetic mouse model
[53]. Fistein, a flavone, was found to elevate expression of rate-limiting enzymes responsible
for the synthesis of glutathione in the Akita mouse model (a T1DM mouse model) [54].
Similarly another group showed that quercetin can prevent up to 40% of the cataract
formation normally observed in a selenite cataract mouse model [55]. Numerous studies have
demonstrated the hyperglycemic effects of flavonoids using different experimental models
and treatments. In a study conducted at King‘s College (London), flavonoids enhanced
plasma antioxidant capacity and decreased oxidative markers. These actions constrained the
progression of DM and associated complications such as cardiovascular disease [56].
Glabridin flavonoid weakens reducing-sugar 2-deoxy-D-ribose (dRib) induced damage in
osteoblastic cells and is therapeutic for diabetes-related bone disease [57]. Streptozotocininduced diabetic rats provided with querecetin as a dietary supplement displayed an enhanced
neuroprotective effect and decline in enteric glial loss in the duodenum enteric nervous
system (58). In another study, there was a reduction in oxidative stress-induced testicular
damage in vivo in diabetic rats after querecetin administration [59]. Chennasamudram et al.
2012 also demonstrated the renoprotective effect of catechine in a diabetic rat model [60].
These findings demonstrate that flavonoids can reduce oxidative stress in cells and diminish
various damaging manifestations of DM.
In a clinical trial, Jamshid et al. observed that oral supplementation with Silymarin, a
flavonoid from the plant Silybummarianum, to eight patients with end-stage renal disease
increased GPx concentration in red blood cells [61]. Some clinical trials have demonstrated
that there is a negative correlation between green tea polyphenols and heart disorders, which
mainly points to the effect of green tea polyphenol on endothelial dysfunction [62, 63]. The
tea flavonoids mediated decrease in lipid peroxidation in diabetic patients was demonstrated
by Klaunig et al. [64].
Physical exercise introduces many beneficial effects in the body, including enhanced
glucose metabolism in the insulin-resistant state. Strenuous physical exercise has been shown
to prevent the occurrence of T2DM in high-risk individuals. The beneficial effects are not
related to a change in body mass. Exercise has been shown to be more efficacious than some
medicines [65].
The improvement in the insulin-resistant condition produced by exercise is mediated by
enhanced expression of glucose transporters and insulin-independent translocation of glucose
transporters to the plasma membrane. Diminished mitochondrial metabolism is associated
with the development of T2DM, and physical exercise improves metabolism of mitochondria.
Physical exercise also produces ROS produced by muscle contraction and anaerobic glucose
metabolism. These beneficial effects of exercise in preventing diabetes related complications
have been widely studied in rodents and non-primate models. Presence of such beneficial
relationship in human is yet to be explored [65].
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CONCLUSION
Evidence obtained from in vitro and clinical studies support the claim that oxidative
stress plays an important role in the onset of diabetes-related complications. The precise
mechanisms and exact involvement of oxidative stress is not yet clear. Over expression of
GPx might act as an indicator or biomarker of the onset of diabetic-related complications and
might be helpful in treating the secondary complications of DM in early stages [40].
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STEM CELL DISORDERS AND BONE
MARROW TRANSPLANTATION
Ming Li and Susumu Ikehara
Department of Stem Cell Disorders, Kansai Medical University, Hirakata City,
Osaka, Japan

ABSTRACT
Bone marrow transplantation (BMT) is a powerful strategy for the treatment of
leukemia, aplastic anemia, immunodeficiency disorders and autoimmune diseases (ADs).
Because ADs can be transferred into normal mice by BMT, it has been proposed that they
are hemopoietic stem cell (HSC) disorders. There are two main types of cells, HSCs and
mesenchymal stem cells (MSCs), in the bone marrow. Intra bone marrow-BMT (IBMBMT) has been proven to be the most effective approach to BMT, because it can replace
both the HSCs and MSCs, thereby preventing the risk of graft rejection and allowing the
use of a mild conditioning regimen. IBM-BMT is ideal for allogeneic BMT, since 1) no
GVHD develops even if whole BM cells are injected; 2) no graft failure occurs even if
the radiation dose is reduced; 3) hemopoietic recovery is rapid, and 4) the restoration of T
cell functions is complete even in donor-recipient combinations across MHC barriers. In
this chapter, we summarize the ADs treatable with IBM-BMT.

INTRODUCTION
Stem cell disorders include hemopoietic stem cell (HSC) and mesenchymal stem cell
(MSC) disorders. HSC disorders include monoclonal abnormal HSC proliferative syndromes
and polyclonal abnormal HSC proliferative syndromes [1]. MSC disorders include ageassociated diseases such as osteoporosis [2] and emphysema [3]. Autoimmune diseases (ADs)
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represent a heterogeneous group of disorders with genetic, environmental and individual
etiological factors [4]. The etiopathogenesis of systemic ADs has previously been attributed
to T cell deficiencies, polyclonal B cell activation, macrophage dysfunction and
environmental factors such as hormonal disturbances [5]. Previous reports indicated that ADs
can be induced in normal mice by transplanting T cell depleted bone marrow cells from
autoimmune-prone mice to the normal mice. Adoptive transfer of ADs such as myasthenia
gravis (MG), insulin-dependent diabetes mellitus (IDDM) and Graves‘ disease by allogenic
bone marrow transplantation (ABMT) have proven that ADs are stem cell disorders [6, 7].
Moreover, many reports have shown that conventional BMT can treat ADs in various mice
[8-14]. Rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), multiple sclerosis
(MS), and Crohn‘s disease were resolved after ABMT [15].
ADs represent abnormal immune regulatory processes as they are characterized by
activation and expansion of immune cell subsets in response to non-pathogenic stimuli.
Autologous BMT can treat ADs because it can ablate an abnormal self-reactive immune
system resulting from chemotherapy and regenerate a self-tolerant immune system from
hematopoietic stem cells [15].

IDDM AND BMT
The nonobese diabetic (NOD) mouse is a spontaneous mouse model of IDDM and has
many of the same autoantigens targeted by human T cells [16, 17]. Our previous report stated
that when IDDM was transferred from NOD mice to normal mice (C3H/HeN), chimeric mice
developed both insulitis and overt diabetes more than 40 weeks after BMT. These mice
exhibited elevated glucose levels and abnormal glucose tolerance, and beta cells were
selectively destroyed by the infiltration of T cells [6]. NOD mice that received transplanted
BALB/c nu/nu bone marrow cells displayed normal T- and B-cell functions, and newly
developed T cells in the allogenic bone marrow recipients were tolerant to cells with both
donor- and host-type major histocompatibility complex determinants. These results suggest
that ABMT might contribute to the prevention of islet destruction, and to the restoration of
self-tolerance [9]. However, ABMT alone could not be used to treat overt diabetes in NOD
mice whose islets had been completely destroyed. NOD mice showed a reduction of the
glycosuria and a normal response in the glucose-tolerance test after BMT plus newborn
pancreas transplantation [10]. One report has demonstrated that BMT promotes beta cell
regeneration after acute injury through bone marrow mobilization [18]. Another report has
shown that, in rats, the transplantation of pancreatic islets from two MHC-disparate donors
was achieved in combination with IBM-BMT, resulting in improved blood glucose levels and
the amelioration of streptozotocin-induced diabetes mellitus [19]. Bone marrow could
potentially serve as an autologous source for cells, thus minimizing rejection problems
beyond the inherent autoimmune characteristics of IDDM [20]. One report has suggested that
bone marrow stem cell-derived endothelial progenitor cells and beta cells regenerate in
response to pancreatic injury [21]. Furthermore, MSCs significantly suppressed beta cellspecific T cell proliferation in the pancreas [22].
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NON-INSULIN-DEPENDENT DIABETES MELLITUS (NIDDM)
AND BMT
Autoimmune mechanisms are involved in the development of a certain type of NIDDM
[23]. KK-Ay mice, a NIDDM mice model, reconstituted with KK-Ay bone marrow cells
showed glycosuria, hyperinsulinemia and hyperlipidemia. However, when KK-Ay mice were
transplanted allogenically with T cell-depleted bone marrow cells from normal mice, they
showed a normal glucose response, decreased serum insulin and lipid levels by 4 months after
BMT. Morphological recovery of islets and glomeruli was also observed after allogenic
BMT. These findings suggest that BMT can be used to treat NIDDM and its complications
such as hyperlipidemia and diabetic nephropathy [13]

SLE AND BMT
The transplantation of bone marrow cells from normal mice to W/BF1 mice, which
develop lupus nephritis with myocardial infarction [24], was found to prevent and cure the
lupus nephritis, thrombocytopenia and anti-phospholopid Ab syndrome [12]. Moreover, the
platelet counts were normalized and circulating anti-platelet Ab levels as well as antiphospholipid levels were reduced [25].
Since MRL/lpr mice possess radioresistant abnormal HSCs, they suffer a relapse 5
months after conventional BMT, and we have found that there is an MHC restriction between
HSCs and stroma cells. BMT plus bone graft prevented the recurrence of ADs in MRL/lpr
mice, which survived more than 48 weeks after this treatment. These results suggest that
stroma cells play a crucial role in the prevention of graft failure in ABMT [11]. The MRL/Lpr
mouse has a mutation of the Fas gene that induces apoptosis [26], and these mice show severe
ADs such as RA and SLE [27].
The thymus plays a crucial role in the elimination of the autoreactive clones involved in
the development of ADs. However, we previously reported from animal experiments that the
etiopathogenesis of ADs resides in the bone marrow cells, not in the thymus [28]. The
combination of BMT plus thymus transplantation (TT) can overcome the chimeric resistance
and treat the ADs in the MRL/Lpr mouse, because the allogenic T cells newly developed by
TT are naïve T cells, which show less Fas expression and more resistance to apoptosis than
the activated memory T cells with their high Fas expression [29]. BMT plus TT may induce
early and continuous supplementation of donor-naïve T cells. In addition, although FasLmediated apoptosis is less effective, other cytotoxic molecules such as perforin, granzyme,
TNFa or TRAIL may be involved in the mechanisms to overcome chimeric resistance [30].

MS AND BMT
MS is an inflammatory disease in which the fatty myelin sheaths around the axons of the
brain and spinal cord are damaged, leading to demyelination and scarring as well as a broad
spectrum of signs and symptoms [31]. Stem cell therapy is the therapeutic plasticity by which

Complimentary Contributor Copy

50

Ming Li and Susumu Ikehara

neural precursors can replace damaged oligodendrocytes and myelin, and also effectively
attenuate the autoimmune process in a local, nonsystemic manner to protect brain cells from
further injury, as well as facilitate the intrinsic capacity of the brain for recovery. MSCs and
the relatively easy expansion of autologous cells have opened the way to their experimental
application in MS [32].

ADS AND INTRA-BONE MARROW-BMT (IBM-BMT)
IBM-BMT has been proven to be more effective than IV-BMT [33], since it can replace
not only the HSCs and MSCs to be recruited, thereby preventing the risk of graft rejection,
but also allows the use of a mild conditioning regimen. IBM-BMT thus seems to be the best
strategy for ABMT, since 1) no GVHD develops even if whole bone marrow cells are
injected; 2) no graft failure occurs even if the radiation dose is reduced; 3) hemopoietic
recovery is rapid and 4) the restoration of T cell functions is complete even in donor-recipient
combinations across MHC barriers [34].
MSCs are used in the treatment or amelioration of inflammatory diseases and ADs [35].
MSCs from healthy donors and AD patients reduced the proliferation of autologous and
allogenic peripheral blood mononuclear cells (PBMCs) by up to 90% in a cell dose-dependent
fashion. The immunosuppression was independent of the proliferation of the MSCs and was
also effective on already proliferating cells. Moreover, it was independent of the clinical
activity of the AD. The MSC dose-dependent pattern of suppression of proliferation was
observed also with transformed B-cell lines, similar to that observed with proliferating
PBMCs [36]. MSCs are responsible for the normal turnover and maintenance of adult
mesenchymal tissues, and have been shown to have immunomodulatory properties and
immunosuppressive capacities, acting on different immune cells both in vitro and in vivo.
Among animal models of AD, mouse experimental autoimmune encephalomyelitis
(EAE) has been successfully treated with mouse in vitro-expanded MSCs [37, 38], whereas in
a mouse model of collagen-induced arthritis (CIA), the disease was exacerbated following
MSC infusion [39]. Autologous bone marrow-derived MSCs have been shown to be potently
antiproliferative to stimulated T cells from normal participants and autoimmune patients [36]
The MRL/Lpr mouse is a suitable model for establishing a safe new strategy for ABMT
because the MRL/Lpr mouse itself is radiosensitive, whereas the abnormal HSCs of the
MRL/Lpr mouse are radioresistant [11]. IBM-BMT can be used to treat intractable ADs under
reduced radiation doses without any immunosuppressants. This seems to be attributable to the
enhanced engraftment of donor-derived cells in the early stage after this treatment. IBM-BMT
rapidly accelerates the proliferation of donor-derived progenitor cells and simultaneously
maintains hemopoietic progenitor cells, resulting in the recovery of hemopoiesis [33]. The
SKG/Jcl mouse develops a chronic T cell-mediated AD that mimics RA, and IBM-BMT is a
viable method of immunological manipulation that suppresses the severe joint destruction and
bone absorption in SKG/Jcl mice and lends further credence to the use of this methodology in
humans with intractable RA [40].
Bone marrow-derived MSC therapy has already been implemented. The rationale for
bone marrow MSC therapy was to exploit its immunomodulatory properties in a CNStargeted manner. In Phase I/II open safety clinical trials, bone marrow derived MSCs were
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delivered intravenously and intrathecally into patients with chronic MS who had not
responded to conventional treatments and to patients with amyotrophic lateral sclerosis [41].
Th17 cells are a subset of T helper cells that play an important role in host defense and the
pathogenesis of various human autoimmune and inflammatory diseases [42]. Elevated IL-17
levels are found in the serum and tissues of patients with various ADs including RA [43], MS
[44], and systemic lupus sclerosis [45]. IL-17-deficient ABMT prevents the induction of CIA
in DBA/1J mice [46].

BMT FOR HUMAN ADS
Clinical response in some patients with ADs who received BMT for conventional
indications [47, 48] had suggested that BMT could prevent and treat severe ADs. Seven RA
patients received ABMT from HLA-identical siblings, all because of severe aplastic anemia
supervening after gold and/or D-penicillamine therapy [49-51]. Two cases of psoriasis
vulgaris were resolved after BMT: one was associated with AML [52], and the other with
CML [53]. Adoptive transfer of ADs after BMT has been reported. Grau et al. reported six
cases of myasthenia gravis (MG) occurring after allogenic BMT [54]. Other adoptive, posttransplant ADs include autoimmune thyroiditis [55], IDDM [56], and Graves‘ disease [57].
These reports suggested that ABMT could be used to treat various ADs.
More than 1500 patients, including those with MS, SLE and RA, have received mostly
autologous BMT as treatment for a severe AD. Autologus BMT for severe ADs has
demonstrated remarkable clinical, laboratory, and morphological improvement in many
patients. The advent of the biologics has reduced the need for more radical therapies such
BMT in RA and MS, but for systemic sclerosis and severe forms of Crohn‘s disease it
remains an option [58]. MSCs have the potential for immune modulating and antiinflammatory and tissue protective properties including in the case of ADs. MSCs display
certain special properties such as immune privilege and active homing to distressed tissues
via surface molecules such as CXCR4. Clinical trials have started, using MSCs for
inflammatory disorders in GVHD and MS, Crohn‘s disease, and SLE [35]. MSCs from the
bone marrow of AD patients have been shown to be defective regarding certain functions
such as differentiation potential and hematopoietic support, but seem to be as potent as
healthy allogenic MSCs in terms of in vitro antiproliferative potential [59]. Phase I clinical
trials exploring the use of autologous MSC therapy for the treatment of MS have begun in a
number of centers around the world [60].
In conclusion, most intractable diseases are not only HSC disorders but also MSC
disorders, and there is increasing evidence that ADs are stem cell disorders. We believe IBMBMT will be a valuable strategy for the treatment of various currently intractable diseases,
including ADs.
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ABSTRACT
Acatalasemic (C3H/AnlCsbCsb) and hypocatalasemic (C3H/AnlCscCsc) mouse
strains were established by Feinstein and his co-workers through a large scale screening
of the progeny of irradiated C3H mice at Oak Ridge National Laboratory (TN, USA) in
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1960th. They found that the catalase activity in blood and liver of acatalasemic mice was
only a small fraction of the activity in wide-type mouse strain. A point mutation from
glutamine to histidine at amino acid 11 of acatalasemic mouse catalase gene was
suggested to be responsible for the catalase deficiency of the acatalasemic mice. The
molecular structure of mutant catalase from acatalasemic mice is more vulnerable and
easier to be separated when compared with that from the wide-type. This article aims to
give a brief overview of the findings of the last 20 years using either the acatalasemic
mice themselves or other types of systems, including catalase mutant E. coli and primary
cultured hepatocytes of the acatalasemic mice in oxidative stress researches.

INTRODUCTION
Acatalasemic (C3H/AnlCsbCsb) and hypocatalasemic (C3H/AnlCscCsc) mouse strains
were established by Feinstein and his co-workers through a large scale screening of the
progeny of irradiated C3H mice at Oak Ridge National Laboratory (TN, USA) in 1960th [13]. Later, Feinstein kindly provided the mouse strains C3H/AnlCsaCsa (wild-type),
C3H/AnlCsbCsb and C3H/AnlCscCsc to Okayama University Medical School in Japan. Since
then many researchers in Japan have used the catalase mutant mice to study the role of
catalase in defending tissues against oxidative stress-mediated injury [4-16]. Recent years,
catalase-deficient liver cell lines [17], transformed E. coli that express mouse mutant catalase
[18], and primary cultured hepatocytes [19, 20] from the hypocatalasemic and acatalasemic
mice were used for studying the effects of oxidative stress at the cellular level or for hazard
identification of oxidative chemicals in a risk assessment process.
This article covers the findings of the last 20 years using either the acatalasemic mice
themselves or other types of systems, including catalase mutant E. coli and primary cultured
hepatocytes of the acatalasemic mice in oxidative stress researches.

CATALASE ACTIVITY
The catalase activities in blood and tissues of acatalasemic and hypocatalasemic mice
were lower than that of wild-type mouse strain [21]. Feinstein et al. reported the acatalasemic
mouse catalase activity was 1.75% in blood and 24.5% in the liver of the wild-type when
measured at 37°C, and the erythrocyte catalase activity in hypocatalasemic mice was 50% of
the wild-type [3]. In comparison with the pregnant wild-type mice, the catalase activity of
mammary glands in pregnant acatalasemic and hypocatalasemic mice was 18.8% and 49.6%
at 37°C, respectively [12]. An early study by Tottori et al. also demonstrated that the catalase
activities in the lung and liver of acatalasemic mice were 69.9% and 65.7% of those in wildtype when measured at 20°C, respectively [5]. The molecular structure of mutant catalase
from acatalasemic mice was observed to be more vulnerable and easier to be separated when
compared with those from the wild-type and hypocatalasemic mice [18]. The unstable
property of catalase molecules in the acatalasemic mice [22, 23] under certain physiological
conditions like heat suggests that catalase activity in the acatalasemic mice should be
measured at 25C [5, 24], although its molecular mechanism remains unclear. Table 1
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showed catalase activities in hemolysates and tissues of 3 mouse strains measured
spectrophotometrically at 25C [11, 21].

MUTATION OF CATALASE GENE
A study by Shaffer and Preston found a point mutation from glutamine to histidine
(CAG → CAT) at amino acid 11 of acatalasemic mouse catalase gene [22], such a missense
mutation was suggested to be responsible for the catalase deficiency of the acatalasemic mice
[18]. Shaffer et al. also indicated that catalase mutation of acatalasemic mice might act at the
level of mRNA translation and/or catalase protein turnover because no differences in the
levels of catalase mRNA within a single tissue were found between acatalasemic and wildtype mice [25].
Mammalian catalase is a heme-containing tetrameric enzyme with four identical 60,000dalton subunits. An amino acid substitution of asparagine to serine (AAT→AGT) at position
439 was found in hypocatalasemic mouse catalase cDNA [18]. Asparagine at this position is
located on the tenth α-helix within the fourth domain of the catalase subunit; a substitution at
this position might affect the formation of the substrate channel leading to the heme group in
the tetrameric catalase molecule, resulting in the low catalase activity observed in the
hypocatalasemic mice [18].
Table 1. Comparison of catalase activity among mutant mice*

Normal (C3H/
AnlCsaCsa)

Hypocatalasemic
(C3H/ AnlCscCsc)

Acatalasemic (C3H/
AnlCsbCsb)

Hemolysate (μmol/sec/g Hb)
5.57 ± 0.95
2.34 ± 0.38
0.99 ± 0.29
Liver (μmol/sec/g protein)
34.34 ± 9.17
24.08 ± 6.53
13.59 ± 2.16
Kidney (μmol/sec/g protein)
17.67 ± 3.83
9.91 ± 3.29
2.91 ± 0.51
Heart (μmol/sec/g protein)
1.46 ± 0.47
0.56 ± 0.26
0.22 ± 0.09
Lung (μmol/sec/g protein)
3.45 ± 0.30
2.04 ± 0.86
0.98 ± 0.20
Brain (μmol/sec/g protein)
0.55 ± 0.08
0.20 ± 0.06
0.13 ± 0.02
Stomach (μmol/sec/g protein)
0.64 ± 0.05
0.26 ± 0.10
0.15 ± 0.04
Muscle (μmol/sec/g protein)
0.78 ± 0.22
0.22 ± 0.08
0.17 ± 0.06
*
Catalase activities were determined spectrophotometrically at our laboratory by measuring the rate in
the presence of 70μM hydrogen peroxide at 590 nm based on the method of Masuoka et al.(15).
All data are expressed as mean ± standard deviation (n=3). Data from Environ. Health Prev. Med.
2003; 8: 37-40 [21] with permission.

Complimentary Contributor Copy

60

Da-Hong Wang, Keiki Ogino, Ken Tsutsui et al.

EVIDENCE RELATING TO CARBON TETRACHLORIDE-INDUCED LIVER
DAMAGE IN ACATALASEMIC MICE
Carbon tetrachloride (CCl4) –induced hepatotoxicity in the later phase (12 hours after
intraperitoneally treatment) was more noticeable in acatalasemic mice compared with that of
the wild-type mice, showing higher serum aspartate aminotransferase (AST) and alanine
aminotransferase (ALT) levels, marked centrilobular necrosis and lipid peroxidation in the
livers [10]. However, deprivation of hepatic iron by phlebotomy, subcutaneous injection of
erythropoietin and intraperitoneal injection of an iron-chelating agent (deferoxamine
mesylate) distinctly inhibited the hepatotoxicity of CCl4 in acatalasemic mice so that no
difference was observed in the extent of liver damage between acatalasemic and wild-type
mice [14]. The results imply CCl4 –induced hepatotoxicity in the later phase is likely to be
caused through the formation of H2O2 or OH・produced from H2O2, in which iron is
important in mediating CCl4 toxicity. Low-dose (0.5Gy) X-ray irradiation alleviated CCl4induced hepatotoxicity by increase of catalase activity in the acatalasemic mouse liver to the
level similar to that in the wild-type mouse liver [26].

NITROGEN OXIDES EXPOSURE RELATED RESEARCHES IN
ACATALASEMIC MICE
An increase in methemoglobin formation (MetHb) was observed in the hemolysates of
acatalasemic mice exposed to nitrogen oxide (NO) and nitrogen dioxide [7], however, an
addition of α-tocopherol to the mouse diet demonstrated an inhibitory effect on MetHb
formation in hemolysates of both acatalasemic and wild-type mice exposed to NO [9]. These
results suggest the involvement of free radical reactions in the MetHb formation. The addition
of catalase to hemolysates also significantly inhibited MetHb formation in acatalasemic mice,
and an addition of sodium diethyldithiocarbamate, an inhibitor of superoxide dismutase
activity, to the wild-type and acatalasemic hemolysates apparently inhibited MetHb formation
in both groups. The authors concluded that the decreased concentration of H2O2 would be
more important than the increased concentration of superoxide anion for the reduction of
MetHb formation.

DIABETES-RELATED RESEARCHES IN ACATALASEMIC MICE
It is known that catalase is an important component of the cellular defense system against
reactive oxygen species (ROS) [27, 28] and pancreatic islets are more sensitive to ROS
because of their lower antioxidant enzyme gene expression, in particular lower catalase [29].
Goth et al. first observed that among Hungarian with catalase deficiency, there was a higher
frequency of diabetes than in unaffected first-degree relatives and the general Hungarian
population, and they suggested that inherited catalase deficiency may cause the inability to
protect pancreatic β–cells from H2O2 and therefore increase the risk of type 2 diabetes
mellitus [30-32]. In alloxan-induced diabetic mice, higher incidence of hyperglycemia was
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observed in acatalasemic mice and the number of pancreatic β–cells in the acatalasemic mice
was less than that in wild-type [33, 34]. Treatment with angiotensin II type 1 (AT1) receptor
antagonist Telmisartan [34] as well as vitamin E- supplemented diet [35] alleviated alloxaninduced hyperglycemia. Kamimura et al. also found blood C-peptide, a marker of insulin
production, was significantly lower in fasting acatalasemic mice than that of the wild-type
mice after alloxan administration; whereas the blood levels of the oxidative DNA damage
product 8-hydroxy-2'-deoxyguanosine (8-OHdG) were increased in mice with lower catalase
activity and in mice after alloxan administration [35].

OXIDATIVE STRESS-INDUCED KIDNEY INJURY IN
ACATALASEMIC MICE
An experiment compared the progression of renal tubular injury and fibrosis after
unilateral ureteral obstruction (UUO) between acatalasemic and wild-type mice and showed
enhanced lipid peroxidation, marked tubular dilation, atrophy, apoptosis in renal tubular
epithelial cells, and interstitial fibrosis with accumulation of type IV collagen in obstructed
kidneys of acatalasemic mice in comparison with the wild-type, suggesting a protective
role of catalase in mouse models of unilateral ureteral obstruction [36], whereas treatment
with AT1 receptor antagonist telmisartan inhibited expression of NADPH oxidase subunits
and peroxidation as well as alleviated renal fibrosis induced by UUO in acatalasemic mice, in
which no upregulation of catalase, glutathione peroxidase, and superoxide dismutase was
observed in obstructed kidneys of acatalasemic mice after telmisartan treatment [37].
The 5/6 nephrectomy of acatalasemic mice caused a higher degree of albuminuria,
peroxidation products, decreased renal function, tubulointerstitial fibrosis with accumulation
of type I and type IV collagens in the remnant kidneys when compared to the wild-type
counterparts [38]. Epithelial-mesenchymal transition (EMT) that plays an important role in
renal fibrogenesis was observed in acatalasemic mice [38, 39]. Renal catalase activity
remained low without compensatory upregulation of the other antioxidant enzymes like
glutathione peroxidase (GPx) or superoxide dismutase (SOD) [38].
In an adriamycin (ADR) nephropathy model, it has been observed that administration of
ADR significantly enhanced albuminuria and glomerular sclerosis in catalase deficient mice
when compared to the wild-type mice; and ADR also induced progressive renal fibrosis, renal
atrophy and lipid peroxide accumulation only in the acatalasemic mice [40].

EVIDENCE RELATING TO X-RAY IRRADIATION-INDUCED BRAIN
DAMAGE IN ACATALASEMIC MICE
Yamaoka et al. [15] reported the acatalasemic mouse brain was more sensitive to
radiation: a high-dose (5.0 Gy) X-ray irradiation led to more damage to the acatalasemic
mouse brain compared with the wild-type mice by showing increased lipid peroxide level,
whereas a low-dose (0.5 Gy) X-ray irradiation decreased lipid peroxide level but increased
the activities of catalase and glutathione peroxidase in the acatalasemic mouse brain. It has
been reported that oxygen radicals such as hydroxyl radicals are greatly implicated with most
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of the harmful effects of high-dose radiation to biological systems [41]. The evidence that
brain damage was enhanced in acatalasemic mice by high-dose X-ray irradiation indicates the
involvement of undecomposed H2O2 or OH・produced from H2O2 in the process of radiationinduced brain damage.

LUNG OR PERITONEUM RELATED RESEARCHES IN
ACATALASEMIC MICE
The degrees of alveolar bronchiolization and pulmonary fibrosis after bleomycin
treatment were higher in acatalasemic mice compared to those in wild-type mice, showing
prolonged neutrophilic inflammation and a higher degree of pulmonary fibrosis in association
with a higher level of transforming growth factor-β expression and total collagen content in
the lungs of acatalasemic mice [42].
Fukuoka et al. has studied the impact of catalase deficiency on progressive peritoneal
fibrosis in acatalasemic mice and wild-type mice by intraperitoneal injection of chlorhexidine
gluconate (CG) to both mouse strains. They observed a thicker peritoneal membrane in both
strains, reflecting peritoneal fibrosis with accumulation of interstitial type I collagen,
peritoneal deposition of lipid peroxidation products, and an elevated level of 8-OHdG in
peritoneal fluid. The extent of changes was more severe in acatalasemic mice than that in
wild-type mice [43]. However, the level of catalase activity remained low in the acatalasemic
peritoneum without the compensatory upregulation of GPx, but with an insufficient
upregulation of SOD activity in CG-treated mice. The results indicate the crucial role of
catalase in protecting peritonea from ROS in a mouse peritoneal fibrosis model.

CARCINOGENESIS RESEARCHES IN ACATALASEMIC MICE
Female acatalasemic and hypocatalasemic mice had a higher incidence of spontaneous
mammary tumors 15 months after birth [12], in particular, the cumulative incidence of
spontaneous mammary tumors in acatalasemic mice with vitamin E-deprived diet was
significantly higher than that with vitamin E-supplemented diet, suggesting the involvement
of ROS in mammary carcinogenesis of catalase mutant mice. The incidence of spontaneous
mammary tumors was not observed in wild-type mice during a 15-month observation period.
Diethylnitrosamine (DEN) has been commonly used as a liver carcinogen in animal
hepatocarcinogenicity study. Acatalasemic mice were more susceptible to DEN, leading to
enhanced hepatocarcinogenesis (in terms of tumor size and number) in comparison with the
wild-type mice [13], suggesting the critical role of catalase in the prevention of
hepatocarcinogenesis.
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CATALASE MUTANT E. COLI AND PRIMARY HEPATOCYTES OF
THE ACATALASEMIC MICE IN OXIDATIVE STRESS RESEARCHES
More and more chemicals are synthesized for industrial and consumer use, it is
impossible to finish long-term animal-based bioassay for detection of carcinogens and for
identification of hazards in all chemicals because the cost of large numbers of animals would
be extremely expensive. Simple and efficient pre-screening alternatives to animal
experimentation are preferable. Transformants of Escherichia coli (E. coli) strains that
express mammalian catalase gene derived from catalase mutant mice, acatalasemic (Csb) and
hypocatalasemic (Csc) mice, as well as the wild-type (Csa) have been constructed [18].
Specific catalase activities of these tester strains were in order of Csa > Csc > Csb, and their
susceptibility to H2O2 showed Csb > Csc > Csa. Catalase mutant E. coli have been used for
evaluation of cellular toxicity resulting from oxidative stress of the chemicals like
hydroquinone [44], lawsone [45], dithiothreitol [46], L-dopa [47], pyrogallol [48]. Exposure
to these chemicals reduced the survival of catalase-deficient E. coli mutants in a dosedependent manner by the colony forming efficiency test, especially in the strains with lower
catalase activities. Their toxicities were also confirmed using zone of growth inhibition test,
in which the susceptibility to these chemicals were in order of Csb > Csc > Csa. Not only
enzymatic (catalase, SOD) and but also non-enzymatic (ascorbic acid, naringin) antioxidants
and metal chelators (EDTA, DTPA, histidine) played a protective role against these
chemicals-induced cytotoxicity, indicating that the cytotoxicity induced by these chemicals
seems to be attributable to the formation of ROS. These studies also suggest catalase mutant
E. coli are useful in hazard identification of oxidative chemicals. However, more chemicals
are needed to be tested by this system in order to evaluate the usefulness of the alternative
approach to hazard assessment.
The liver is the main organ for the detoxication of harmful substances. Cultured
hepatocytes are known to retain hepatic major functions and are considered a valuable tool for
identification of chemically induced cellular damage. Kondo et al. established liver cell lines
with very low catalase activity from the acatalasemic mice; they proposed that this cell line
can be used to detect the low oxidative stress that cells with normal catalase activity can not
[17]. In recent years, primary cultured hepatocytes are increasingly used for evaluation of
hepatotoxic potential of new chemicals. Researches using primary cultured hepatocytes from
acatalasemic mice for evaluation of chemical-induced cytotoxicity have been also reported,
and the catalase-deficient hepatocytes showed higher sensitivity to oxidative chemicals in
comparison with catalase-deficient E. coli [19, 20]. Their use would contribute to the
understanding of mechanisms responsible for ROS-mediated cytotoxicity and of the roles of
antioxidants in protecting the cells against the oxidative chemical-induced toxicity.
A catalase-knockout mouse model has been established by a gene targeting technique,
which would help to further understand how catalase functions in protecting cells and tissues
against ROS-induced injury and in modulation of intracellular signaling pathways [49-51].
However, it is known that acatalasemic patients retain some residual catalase activity in
tissues; therefore, animals with residual catalase activity may accurately reflect the human
acatalasemic conditions and provide a useful alternative tool for studying human
acatalasemia.
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Chapter 6

WHAT DO ANIMAL MODELS OF INFLAMMATORY
ARTHRITIS TEACH US ABOUT BONE DAMAGE?
Lukasz Kolodziej
Faculty of Medicine, University of Rzeszow, Poland, Rzeszow, Poland

ABSTRACT
Inflammatory arthritic diseases have been primarily driven by the exacerbated
immune responses towards self antigens. Rheumatoid arthritis (RA) is a systemic
autoimmune disease, which manifests in the formation of extensive erosions in the
cortical bones. Interestingly, in contrast with RA, psoriatic arthritis (PsA) has been
characterised by the extensive formation of a new bone tissue of pathological structure
alongside with cortical bone erosions. Hence, although caused by prolong inflammatory
reactions these two autoimmune diseases vary in the key clinical symptoms of bone
damage. Animal models of arthritic diseases have proven to be particularly useful in the
deciphering of pathological mechanisms leading to the joint pathology and development
of biological therapy. Therefore, in that chapter current knowledge about mechanisms
leading to the bone damage in RA and PsA has been summarised.

INTRODUCTION
In the course of rheumatoid arthritis (RA) and psoriatic arthritis (PsA) systemic as well as
joint-confined persistent inflammatory reaction is observed [1]. Inn line with these
observations, Th1, Th17, B cells, macrophages, and osteoclasts have been all shown to be
involved in the pathogenesis of RA and PsA [1-4]. In addition, a set of pro-inflammatory
cytokines, including such major players as TNF-a, IL-1, IL-6, and IL-17 have been found to
be critically involved in the pathogenesis of PsA and RA [3-6]. Hence, it could be expected
that the clinical symptoms of RA and PsA should have varied only slightly.
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In fact, profound differences have been found in the clinical symptoms of PsA and RA.
RA is a poliarticular disease, whereas PsA can be an oligoarticular disease [7]. Joint damage
in RA is almost exclusively confined to the peripheral skeleton; whereas in the course of PsA
arthritic pathology can be observed in the axial as well as in the peripheral arthritis [7]. Bone
damage in RA manifests mainly as bone erosions [8, 9], whereas in PsA bone degeneration
includes formation of bone erosions, alongside with new bone formation [9, 10]. In addition,
osteoporosis is atypical in PsA [7], whereas local and systemic osteoporotic pathology has
been commonly observed in the patients suffering from RA [11]. Thus, inflammatory
reaction, with similar set of cells and cytokines involved, can result in the various forms of
bone damage.
Animal models of arthritic diseases give researchers opportunity to dissect molecular and
cellular pathways involved in the pathogenesis of RA and PsA. DBA/1 strain of mice has
proven to be particularly useful as an animal model of RA [12, 13] and PsA [14]. Not only is
it possible to evoke collagen induced arthritis (CIA) in DBA/1 mice but also that strain of
aging animals develops PsA-like arthritis spontaneously [15]. Thus, a single strain of
experimental animals can be useful in the investigations into molecular and cellular
mechanisms of two distinct diseases.
During CIA, there is a pronounced T and B cell response to type II collagen [16].
However, increased activity of T cells, isolated from draining lymph nodes, is generally
detectable only for a relatively short time (two weeks after immunisation) and returns to the
normal levels even before clinical manifestations of arthritis becomes apparent [16].
Nontheless, it has been well recognised that inflamed joints are the sites where activated T
cells accumulate and participate in the bone damage. In line with these observations, it has
been observed that immediately before the onset of CIA activated CD4+ T cells could be
found in close proximity to class II expressing cells in the synovium [13]. Therefore, T cells
must play a role in the bone damage.
Interestingly, unlike in CIA, in the aging DBA/1 mice, which develop PsA-like
symptoms spontanously, pathology has been shown not to be driven by the T cells [17]. In
contrast, it has been demonstrated that the incidence and severity of PsA-like disease is highly
dependent on the environmental factors e.g. number of males DBA/1 mice per cage and type
of bedding material in the cages [18, 19].

CLINICAL SYMPTOMS OF THE IMMUNE DRIVEN BONE DAMAGE
Although formation of bone erosions is a surrogate of RA other malformation of the bone
tissue are observed in patients with RA as well as in the animal models of arthritic diseases.
My original results showing bone damage in the hind paws with CIA demonstrate complex
picture of bone pathology, figure 1, movie 1. In addition, that data has been supported by
other authors who observed that in mice with experimental arthritic diseases an increased
number of the visible bone channels has been observed [20]. Malformation in the texture of
the bone surface has been also observed in the mice with experimental arthritis [21, 22].
Hence, it can be concluded that during RA bone erosions are among many other pathological
changes within bone tissue. However, understanding how individual pathological
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malformation in the bone tissue can contribute to the physical disability of patients with RA
remains an unexplored frontier in the experimental as well as clinical rheumatology.

Figure 1. During CIA multiple malformation in the bone tissue are observed.
CIA was induced in DBA/1 mice and micro-computed tomography (mCT) with volumetric
reconstructions was performed on the hind paws (n=44) at various stages of the disease (A and B). For
comparison, hind paws (n=10) from naive mice were scanned and reconstructed (C and D). The
following pathological changes were observed: bone erosions (BE), new bone formation (NBF), cracklike structures (Cr), increased number of visible bone channels (IBC), and rough texture of the bone
surface (RBT). A) A representative micro-radiogram showing the dorsal view of a hind paw of a mouse
with CIA. B) A representative micro-radiogram showing the plantar view of a hind paw of a mouse
with CIA. C) A representative micro-radiogram showing the dorsal view of a hind paw of a naive
mouse. D) A representative micro-radiogram showing the plantar view of a hind paw from a naive
mouse.
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Formation of bone erosions along with other bone malformations in the bone tissue have
been observed in the patients with RA as well as in the individuals affected by PsA [8].
Moreover, because of some rather poorly understood reasons, in RA formation of new bone
tissue is self-limited [9]. In contrast, in the course of PsA newly formed bone tissue is of
clinical importance. That is despite the fact that in RA as well as in PsA a similar sets of proinflammatory cytokines and the immune cells have been involved. Hence, it needs to be
elucidated yet what drives uncontrolled new bone formation in the course of PsA.

MOLECULAR AND CELLULAR MECHANISMS OF
THE BONE DAMAGE IN RA AS WELL AS IN PSA
Before the advent of molecular cloning and biological drugs, the coincidence between
persistent inflammatory reaction and bone damage remained obscured. However, one of the
first evidence that TNF- may be critically involved in the pathogenesis of erosive arthritis
comes from investigation of TNF- transgenic mice, animals which develop arthritis-like
disease spontaneously [23]. TNF- is a potent pro-inflammatory cytokine, which expression
is tightly regulated at the transcriptional [24] as well as posttranscriptional levels [25]. Tnf-
mRNA contains 3.6 kb DNA fragment located in the 3‘ region of the transcript, which
influence the rate of TNF- synthesis in macrophages [26]. Therefore, it was possible to
replace AU rich element (deciding about TNF- translation), from human Tnf- gene with
the DNA fragment taken from human b-globin gene. As a result, hTNF- transgenic mice
(hTNF-tg) have been created, with abnormally regulated Tnf- gene expression. It has been
observed that hTNF-tg mice develop spontaneously arthritis around 3-4 weeks of age [23].
The disease progress and in the 9-10 weeks old hTNF-tg mice the arthritic disease is well
established [23]. In addition, it has been demonstrated that the treatment of arthritic hTNFtg mice with biological drugs, targeting biological activity of TNF-, has ameliorated
clinical symptoms of the arthritic disease [27-29]. In the CIA model, like in the hTNFtg
arthritic mice, bone damage has been proven to be driven by the exacerbated expression of
TNF- and other pro-inflammatory cytokines [30].
Inflammation of the synovial membrane (synovitis) is a primary driving force responsible
for formation of bone erosions in RA. The major players, linking inflammatory reaction with
activation of osteoclasts, include TNF- [31], IL-17 [32], receptor activator of nuclear factor
kappa-B ligand (RANKL), receptor activator of nuclear factor κ B (RANK), osteoprotegerin
(OPG) [33]. It has been shown that RANKL is expressed by activated T cells [35], synovial
fibroblasts [36], and osteoblats [37]. RANK is a receptor for RANKL [38] expressed on the
cell membrane of dendritic cells (DC) [39], monocytes [40], and osteoclats [41]. Hence,
activated T cells are able to stimulate osteoclasts and therefore drive formation of bone
erosions. In contrast, OPG is an endogenous inhibitor of RANKL [42, 43]. OPG is expressed
by B cells [44], dendritic cells [44], and synovial fibroblast [45]. However, during persistent
inflammatory reaction, activated T cells become a major source of RANKL [38]. In addition,
RANKL stimulates dendritic cells leading to the increased production of pro-inflammatory
cytokines (e.g. IL-1, IL-6, and IL-12) [46]. RANKL increases expression of Bcl-XL, an antiapoptotic protein in the DC, and therefore prolong lifespan of DC [35]. Hence, does RANKL
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not only stimulate osteoclastogenesis but also potentiate inflammatory reaction, and therefore
fuels a vicious cycle of the immune driven bone damaging biological reactions.
As it has been mentioned before, in the course of RA, formation of the new bone tissue is
self-limited whereas in PsA newly formed bone tissue contributes to the physical disability
significantly [9]. However, a reciprocal relation between inflammatory reaction and new bone
formation remains rather poorly characterized [47, 48]. Nevertheless, van Lent et al. have
shown that synovial macrophages play a critical role in the TGF- driven osteophyte
formation [49]. In addition, it has been shown that synovial macrophages can contribute to the
osteophytes formation by the production of the bone morphogenetic proteins (BMP) [50, 51].
However, that observations have been made in the animals with experimentally induced
osteoarthritis (OA), which is a non-inflammatory arthritic disease [52].

CONCLUSION
Introduction of the biological drugs, targeting physiological activity of the proinflammatory cytokines, has revolutionized treatment of the inflammatory arthritic diseases.
Hence, the field of the experimental as well as the clinical rheumatology seems to be
complete with only few unresolved questions to be addressed. However, as it has been
described in that chapter it is not clear yet which factors may decide why in the course of RA
new bone formation is limited, whereas in the course of PsA new bone formation is
exacerbated.
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ABSTRACT
Glucocorticoids are drugs that may be used in the treatment of many acute and
chronic autoimmune conditions. They exert their mechanism of action in different ways.
Among them, anti-inflammatory effects are the most known ones and they are due to the
inhibition of polymorphonuclear leukocytes migration to the inflammatory foci and the
reduction of capillary permeability. Apart from that, they modulate gene expression and
biomolecules metabolism. Methylprednisolone can be administered intralesional,
intraarticularly or directly injected in soft tissues in case of local inflammation such as
skin lesions or arthritis, orally, intramuscular or intravenously. Its dosage and route of
administration depends on the severity, prognosis and duration of the autoimmune
disease. Generally, intravenous administration is the preferred one in case of severe
clinical presentation or vital organ involvement such as central nervous system, renal,
cardiac or pulmonary involvement. It can be administered from dose of 0,8-1,2
mg/kg/day to intravenous pulses of 500-1000 mg daily during 3 to 5 consecutive days.
Cases of this way of administration are, for instance, severe lupus flares, relapses of
vasculitis, interstitial neumopathy associated to autoimmune conditions, multiple
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sclerosis, myasthenia gravis, acute presentation of Guillain-Barré syndrome, Grave´s
orbitopathy, Hashimoto´s encephalopathy, severe nephropathies, neuromyelitis optica,
lymphocythic hypophysitis, penphigoid conditions or fibrosclerosing disease. After
achieving clinical remission, long-term progressive tapering doses of oral steroids must
be maintained and they may be associated to immunosuppressive drugs for steroids
withdrawal. In case of non life-threatening diseases or moderate to mild symptoms, oral
steroids may be the initial treatment. Methylprednisolone has the great advantage that it
starts acting as soon as it is administered but it also exhibits serious adverse side effects
such as endocrinological, ostheomuscular, dermatological, digestive, neuropsychiatric,
cardiovascular and infectious ones. For these reasons clinical indications and duration of
treatment may be seriously considered in order to make a reasonable use of this drug.

INTRODUCTION
Glucocorticoids (CGs) are potent anti-inflammatory and immunosuppressive drugs that
may be used in the treatment of a great variety of autoimmune diseases. They constitute the
cornerstone in the therapy of these conditions, especially acute disease manifestations because
of their fast onset of action. For this reason they are the most frequently used drugs in
rheumatic conditions [1]. Their indications in autoimmune diseases are countless and they
include almost all type autoimmune glomerulonephritis incluiding lupus nephritis, systemic
erythematous lupus, rheumatoid arthritis (RA), inflammatory bowel diseases, eosinophilic
conditions, fibrosclerosing and IgG4 related diseases, autoinmmune hepatitis, hemolytic
anemia, idiopathic thrombopenic purpura, all type vasculitis including mixed
cryoglobulinemia, sarcoidosis, penphigoid conditions, uveitis and different autoimmune
ophtalmopathies like Grave´s orbitophathy, neuromyelitis optica, multiple sclerosis,
myasthenia gravis, Guillain-Barré syndrome, Hashimoto´s encephalopathy and all nervous
system manifestation of autoimmune diseases, lymphocythic hypophysitis, autoimmune
interstitial lung disease, inflammatory myopathies including polymyositis and
dermatomyositis, mixed connective tissue disease, relapsing polychondritis, SchonleinHenoch purpura, etc. The efficacy of steroids is the consequence of their pleiotropic effects
on a specific receptor that controls multiple signaling pathways and gene expression.

EFFECTS ON THE IMMUNE SYSTEM
Corticosteroids carry out their actions by different pathways and mechanisms. They have
potent effects on both acquired and innate immunologic systems as well as on gene
expression, biomolecules metabolism and electrolyte homeostasis. Some of these
immunological effects are dose-dependent. In general terms, low to moderate doses of
methylprednisolone (less than 1,625 mg/kg in children or 32,5 mg/d in adults) induce only a
minimal circulating T cells reduction meanwhile higher doses and intravenous pulses provoke
a transient and rapid lymphopenia that disappears in a few hours [2]. On the innate immune
response, GCs modulate the function of different phagocytic cells. They disrupt neutrophils
migration to the inflammatory or infectious foci causing a neutrophilic leukocytosis inhibition
in the production of cytokines and mast cells degranulation, increase eosinophil apoptosis and
inhibit their degranulation. In addition, steroids suppress the synthesis of antinflammatory
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eicosanoids and cyclooxygenase-2, blocking prostaglandins production. GCs have also
multiple effects on acquired immunity. They affect not only antigen presenting cells but
lymphocytes reducing circulating T and B cells by multiple ways, specially T lymphocytes
[3]. Antibodies synthesis by B cells remains almost unchanged but a slight IgG and IgA
decrease may be observed in long-term steroids therapy as well as an increment in IgE levels.
On the other hand, they modulate gene expression. Steroids may act directly diffusing
through the cell membrane to bind to the cytosolic glucocorticoid receptor (cGR). This
complex translocates to the nucleus and directly or indirectly regulates gene transcription
blocking the transcription of inflammatory proteins by nuclear factor κB (NF-κB) and
activator protein 1 and inducing the expression of anti-inflammatory proteins. Additionally,
they regulate gene expression by binding their own receptors to glucocorticoid-responsive
elements (induction of annexine I and mitogen-activated protein kinase 1), transcription
factors and by the activation of second messenger cascades like the nitric oxid syntetase
(NOS) and phosphatidylinositol-3-hydroxykinase (PI3K) pathways [4, 5]. GCs have also
nongenomic effects initiated by the cGR and membrane-bound GR (mGR) as well as
nonspecific, nongenomic effects caused by interactions with cellular membranes [6].

DOSING
Dosing and steroids route of administration depend on a great variety of factors such as
type, severity, prognosis and duration of the underlying autoimmune disease as well as risk
factors and individual responsiveness of the patient. Generally, intravenous administration is
the preferred one in case of medical emergencies with severe clinical presentation or vital
organ involvement [1]. This is because intravenous pulses of methylprednisolone result in a
rapid immunosuppression meanwhile other immunosuppressive drugs need some weeks to
start acting.
In general terms, methylprednisolone doses [7, 8] used as anti-inflammatory drug or with
an immunosuppressive purpose are:
1. Maintenance dosage: 0,08-0,16 mg/kg once daily
2. Intermediate dosage (initial treatment for chronic rheumatic diseases): 0,24-0,4
mg/kg once daily
3. High dosage (initial treatment for subacute-acute autoimmune conditions): 0,8-2,4
mg/kg once daily
4. Massive dose: 12,2-24,4 mg/kg once daily. Normally, they are administer by
intravenous (iv) methylprednisolone pulse-therapy (500-1000 mg once daily over 1560 minutes; maximum concentration iv push 125 mg/mL). It is important not to
administer more than 0,5 g in less than 10 minutes because severe adverse events
have been reported (hypotension, cardiac arrhythmia and sudden death).
All steroids may be used in autoimmune disorders. The election of it depends on the route
of administration, the desired action duration and the physician´s experience (Table 1) [9].
The most used glucocorticoid is prednisone which has a relatively short half-life in plasma as
well as methylprednisolone. For this reason, they are usually given as a single dose early in
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the morning does not suppress the circadian peak in cortisol secretion the next morning [10].
Steroids chronotherapy is a hot topic in order to obtain a safe profile without significant
suppression of hypothalamic-pituitary-adrenal axis. It has a great interest in clinical practice
because in many patients a low dose of steroids is needed in order to maintain a sustained
clinical remission such as in rheumatoid arthritis (RA) [11]. Appart from that, low-dose GCs
have demonstrated to be disease-modifying drugs in RA [3, 12]. For this reason, the timing of
steroids administration may be adapted to the circadian rhythm of both the illness and the
endogenous glucocorticosteroids secretion. This fact has been widely studied and documented
in RA because of its prevalence, its marked preference of flares in the mornings and that
steroids have been proved to be disease-modifying antirheumatic drugs. It has been found that
interleukin 6 levels and other proinflammatory cytokines present a nocturnal rise that is
related to the morning flares [6]. This illness circadian rhythm could be solved by
administering modified-release prednisone tablets without additional adverse events (AE)
[13]. In relationship with long-term steroids therapy, equivalent side effects than with placebo
have been observed when a prolonged low-dose prednisone regimen has been tested [3, 10,
13]. GCs dosage should be the minimum possible just to maintain clinical remission or low
disease activity, and might be periodically revaluated in order to reduce or discontinue them
as soon as possible [14]. Different tapering schedules have been proposed to avoid the
development of relapses and a sudden suppression of the hypothalamic-pituitary-adrenal axis.
The reduction rhythm depends basically on the dose and duration of the GCs therapy [15]
(Table 2).
Table 1. Corticosteroids characteristics and conversion table
Corticosteroids conversion table
Glucocorticoid
Approximate
equivalent
dose* (mg)
Short-Acting
Cortisone acetate
20
Hydrocortisone
20
Intermediate-Acting
Methylprednisolone
Prednisolone
Prednisone
Triamcinolone
Long-Acting
Betamethasone
Dexamethasone

Relative anti- Relative
Duration of Route of
inflammatory mineralocortic action
administration
activity
oid activity
(hours)
1
0,8

1
0,8

8-12
8-12

O, T
O, T, IV, IM,
IA

4
5
5
4

5
4
4
5

0,5
0,8
0,8
0

12-36
12-36
12-36
12-36

O, IV, IM
O
O
IM, IA

0,5
0,75

24
30

0
0

36-54
36-54

IA, ID, IM, IV
O, IA, ID, IM,
IV

IA: intra-articular; ID: intradermic IM: intramuscular; IV: intravenous; O: oral; T: topic

Table 2. Recommended steroids tapering regimen
Initial dose of methylprednisole
≥48 mg daily
16-48 mg daily
8-16 mg daily

Tapering regimen
8 mg every 1-2 weeks
4 mg every 1-2 weeks
2 mg every 1-2 weeks
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ADVERSE EVENTS IN GLUCOCORTICOSTEROIDS-TREATED PATIENTS
WITH RHEUMATIC DISEASE
Steroids AE are well known and depend on dose and duration of GCs therapy. The
European League Against Rheumatism (EULAR) Task Force concluded that prolonged lowdose steroids therapy (≤7,5 mg prednisone or equivalent) is safe but recommends periodic
monitoring of weight, blood pressure, peripherical edema or signs of cardiac failure, lipids
profile, plasmatic and urinary glucose levels and intraocular pressure in order to prevent the
development of complications, especially preventable or treatable ones [1]. They made a
distinction between AE monitoring for daily practice and clinical trials. In addition, they
underlying some concepts that may be taken into account in relationship with the occurrence
of AE: the rheumatic disease, the presence of comorbidity and the contribution of other drugs
to the development of side effects [16].
The EULAR emphasizes the needing of calcium and vitamin D supplementation in case
of treatment with prednisone ≥7,5 mg daily for more than 3 months. Therapy with
bisphosphonates depends on the presence of risk factors such as higher steroids doses,
preexisting fractures, low bone-mineral density, female gender, elderly, postmenopausal
status and low body mass index [1, 17].
In relationship with the risk of gastro-intestinal bleeding, they recommend the
prescription of proton pumps inhibitors or misoprostol in case of concomitant therapy with
GCs and non-steroidal anti-inflammatory drugs (NSAIDs). Cyclo-oxigenase-2 inhibitors
could be an alternative to NSAIDs depending on the presence of cardiovascular risk factors.
Prolonged GCs use may also mask acute infection delaying its diagnosis and treatment,
prolong or exacerbate viral or parasitic infections, increase the risk of infections, limit
response to vaccines or activate latent infections. For this reason, all patients receiving
prolonged treatment with GCs (methylprednisolone ≥12 mg daily during >3 weeks) must be
tested for tuberculosis (TB) using test such as Mantoux one and a chest x-ray. In case of TB
suspicion, chemoprophylaxis with isoniazid during 6 to 9 months might be started [15].
In case of surgery, GC-replacement should be considered in all patients on steroids for
longer than 1 month. A single dose of 100 mg of hydrocortisone intravenously should be
enough for moderate procedures. In major surgery, this dose should be given before
anaesthesia and every 8 hours 4 times thereafter. Afterwards, tapering doses until reaching the
habitual steroids therapy must be administered [1].
Cataract and glaucoma are the most common ophthalmologic side effects of systemic
corticosteroids. The risk of these complications varies (cataract 11 to 15%; glaucoma 12.8%)
and it depends on the dose and duration of the therapy [18]. Despite there is not a
standardized recommendation concerning periodic ophthalmological examinations, they
might be considered in case of prolonged and high-dose steroids treatment.

PATIENTS´ INFORMATION AND SPECIAL SITUATIONS
Patients´ implication and concern about long-term steroids therapy has showed to be
essential for accurate treatment compliance and the prevention of the development of AE
[19]. In the last EULAR recommendations they emphasize the importance of discussing the
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advantages and disadvantages of starting with this treatment as well as giving a precise
information about the drug to the patient. They recommend providing them with a
―glucocorticoid card‖ which specifies the date of treatment commencement, initial dosage,
progressive tapering regimen as well as maintenance doses. Apart from this, detailed
information about possible AE must be included.
GCs are safe during pregnancy to both the mother and the fetus. Special care must be
taken in order to prevent AE (osteoporosis, diabetes and hypertension) because these are more
frequent in pregnant or lactating women. The preferred steroids during these periods are
prednisone, prednisolone and methylprednisolone because of their minimum availability to
the fetus. Breastfeeding is safe when the mother is on low-dose GCs-therapy and exposure of
the baby may be minimized if breastfeeding is delayed 4 hours after steroids intake.
Linear growth must be periodically checked in children on steroids in order to start an
early growth-hormone replacement if needed [1].

CONCLUSION
Corticosteroids still being the most widely used immunosuppressive drugs all over the
world in the treatment of rheumatologic and autoimmune conditions. This is due to its wide
availability, low cost and rapid onset of action, being the drugs of choice in the treatment of
acute and severe manifestations of most of these diseases. Despite continued efforts in the
search for new molecules more powerful, with modified-release profile and with fewer side
effects, prolonged use of glucocorticoids should try to be avoided or reduced to the lowest
possible dose. Therefore, treatment should be started concomitantly with steroid-sparing
immunosuppressive drugs as soon as possible with the aim to facilitate dose reduction or
complete withdrawal. However, prolonged treatment with low doses of GCs seems to be safe
without a significant increase in the risk of developing more side effects and may be an
alternative treatment in these patients.
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ABSTRACT
Glucocorticoids powerful anti-inflammatory action makes them essential in the
treatment of cancer, especially when inflammation is the cause of the symptoms. Steroids
are widely used in oncology but they are particularly indicated in the management of
tumoral hypercalcemia, spinal cord compression, superior cava vein syndrome,
lymphangitis and meningeal carcinomatosis, brain metastases, bone pain, airway
obstruction, malignant pleural effusion and in the improvement of appetite and mood.
Apart from that, they have also a relevant role in palliative care. Dexamethasone and
methylprednisolone are steroids most used in oncology. Oral bioavailability is as high as
90% which makes it the preferred route of administration in chronic treatments but they
may be administered intramuscular or intravenously if necessary. After this, they suffer
a liver-mediated drug metabolism. This fact may be taken into account because it can be
influenced by certain drugs that are frequently used in oncologic patients such as
phenytoin and antibiotics that could modify steroids plasmatic levels. For this reason, in
some cases dose adjustment is required. Despite short life expectancy of some of these
*
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patients makes less likely to present long-term side effects from prolonged steroids use
(osteoporosis, muscle wasting and weakness, etc.), they may suffer from diabetes and
even more bothersome symptoms such as insomnia, agitation and psychosis. This is why
custom steroids regimen may be considered in each patient depending on the severity,
prognosis and the type of cancer.

1. INTRODUCTION
Endogenous steroids are divided into four groups depending on type, synthesis´site and
specific characteristics: corticosteroids (glucocorticoids and mineralocorticoids),
progestogens, androgens and estrogens. Among them, corticosteroids have a great variety of
actions and this is why the knowledge of their different therapeutic properties is essential in
clinical practice. Despite worldwide acceptance utilization of steroids in oncology, its use
derives more from daily clinical experience than from randomized clinical trials.
In this chapter, we will discuss clinical indications of glucocorticoids in patients with
cancer.

2. BASIC CONCEPTS
Corticosteroids are drugs derived from cortisol, a hormone produced in the cortical
region of the adrenal glands. Their action is mediated by their bind to cellular receptors
constituting a complex that migrates into the nucleus and promotes different processes such
as glycolysis or lipolysis. They also activate different biochemical pathways which confers
them a powerful anti-inflammatory action with great therapeutic importance.
When they are administered orally, their bioavailability is up to 90% and its metabolism
is mainly hepatic.
All steroids may be used in cancer. The election of it depends on the route of
administration, the desired action duration, the therapeutic power and the physician´s
experience. In Oncology, most used glucocorticoids are dexamethasone and
methylprednisolone (Table 1).
Table 1. Indications of corticosteroids in Oncology
Most frequent indications of corticosteroids in Oncology
Hypercalcemia
Spinal cord compression
Superior cava vein syndrome
Brain metastases
Bone pain
Improvement in appetite and mood
Antiemetic
Asthenia
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3. CORTICOSTEROIDS AND CANCER
Corticosteroids are widely used in oncologic patients because of both their specific and
nonspecific effects. Among them, their stimulating effect on anorexia and weakness and their
ability to reduce surrounding edema in brain tumors are some of their most known clinical
indications. Although some studies have shown benefits on pain and symptomatic control in
these patients, there are some questions awaiting answers such as their specific indications in
oncology, the best moment to start them or their optimal effective dose.
In general terms, steroids have a clear benefit in 40% of patients suffering from advanced
cancer but their maintenance might be continuously evaluated. If possible, they have to be
discontinued in one month because longer therapy may worsen quality of life. Main
corticosteroids indications in Oncology are showed in Table 2.
Some studies have tried to clarify indications and frequency of prescription of steroids in
Oncology and Palliative Care Units. Gannon et al. published a retrospective study of
corticosteroids use at the end of life in palliative care patients confirming a high prevalence of
their prescription [1]. They included 178 patients and the study revealed that 51% of them
received corticosteroids and 53% continued with this treatment until death. Only 2% were
switched from oral to parenteral administration because of development of increased
intracranial pressure in most of the cases. The main reason for steroids discontinuation was
the inability to continue oral intake.
Table 2. Most commonly used corticosteroids in Oncology
DRUG

Glucocorticoid
power

Short-Acting (8-12 hours)
Hydrocortisone
1
Intermediate-acting (12-36 hours)
Prednisone
4
Prednisolona
4
5
Metilprednisolona*
Long-acting (36-72 hours)
Dexametasona*
25
*Most used corticoesteroids in Oncology.

Mineralcorticoid
power

Equivalent dose
(mg)

1

20

0,8
0,8
<0,01

5
5
4

<0,01

0,75

In 2004, Nauck et al. published a multicenter study conducted on 1304 patients from 57
Palliative Care Departments from Germany, Austria and Switzerland. They assessed the
frequency of costicosteroids prescription showing that 32% of patients were put on steroids
during hospital admission but 17.8% of them were on steroids therapy before admission. In
fact, glucocorticoids were the second drug more used after opioids that were the first ones [2].
In a more recent study with 406 outpatient patients with advanced tumors followed by a
Palliative Care Team, it was found that corticosteroids were administered in 25% of
patients [3].
All these data confirm that steroids are one of cornerstone drugs in patients suffering
from terminal cancer.
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4. FREQUENT INDICATIONS IN ONCOLOGY
Gucocorticosteroids indications in cancer are countless and they include not only severe
oncologic complications such as spinal cord compression but symptomatic relief in patients
with advanced cancer as previously described.
In 2001 Hardy et al. [4] published an uncontrolled study of 106 oncologic patients with
advanced disease who started treatment with corticosteroids. Follow-up was made weekly in
order to report indications for their use, beneficial effects, toxicity and reason for
discontinuation. The median survival was 40.5 days (range: 1-398 days) from the start of
treatment but only 57% of patients completed three or more assessments. The most common
specific indications for treatment with dexamethasone were spinal cord compression, brain
metastases, carcinomatous lymphangitis and intestinal obstruction. The most common nonspecific indications were anorexia, nausea, vomiting, low mood and pain. The average
duration of steroid use was 21.5 days (range 1-89 days). In general term, symptom scores
improved during treatment compared to baseline in most patients specialy in case of anorexia,
nausea, pain, sad mood, vomiting and weakness, but not with regard to dyspnea and
disability.
Most common specific indications in Oncology are:
1. Hypercalcemia: glucocorticoids act by inhibiting the intestinal absorption of calcium.
This is why they are primarily indicated in the treatment of lymphomas and multiple
myeloma at doses of prednisolone 32-80 mg daily. They act slowly so it may take
from one to two weeks to start its action.
2. Spinal cord compression: they are widely used in this situation because they reduce
vasogenic edema and improve pain. High doses of dexamethasone are the preferred
one (from 16mg to 96mg daily).
3. Superior cava vein syndrome: despite its effectiveness in this case is controversial,
steroids are commonly used specially if it is associated to lymphoma.
4. Brain metastases: standard treatment for peritumoral brain edema is a loading dose of
dexamethasone 10 mg followed by 4 mg four times a day. Most patients improve
symptomatically after 24-72hours of treatment, but neuroimaging studies may not
show radiological changes until one week after starting therapy. However, headache
improves better and faster than neurological symptoms. Final total dose of
dexamethasone will be determined by the edema extension and symptoms.
5. Bone pain: the physiological process that originates pain is called nociception and it
has four phases: transduction (peripheral nociceptors), transmission (through the
neurons), modulation and pain perception. It seems that steroids play a role in all
these steps but it still unclear the implicated specific molecular pathways. When
there is a tissue injury a great variety of proinflammatory cytokines are released.
They are responsible for transmitting peripheral sensitization and this process leads
to an increased perception of pain. Inflammation reduction decreases nociceptor
activation, and therefore can reduce the intensity of pain. Consequently,
corticosteroids are considered an effective treatment for inflammatory pain. Their
usual indication is as an adjunct medication associated with common analgesics.
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Della Cuna et al. [5] conducted a double-blind clinical trial in 43 patients with
advanced cancer who were randomized to methylprednisolone 125 mg intravenously
daily or placebo for 8 weeks. Scores on the visual analog scale for pain improved in
the group treated with methylprednisolone.
The most used steroid in bone pain treatment is dexamethasone followed by
prednisolone and prednisone [6].
6. Improvement of apettite: multiple controlled studies have shown beneficial effects on
appetite, food intake and feelings of well-being with the use of corticosteroids in
patients with advanced cancer. Despite its mechanism of action still being unknown,
there are some theories that postulate that its euphoric effect is associated with
improvements in other symptoms such as pain, fatigue and reduction of
prostaglandins and cytokines release. The first randomized study whose aim was to
evaluate the effects of steroids on appetite was published in 1974 [7]. They compared
dexamethasone versus placebo in patients with gastrointestinal tumors, showing that
the former was effective in stimulating appetite albeit during a transient period of 4
weeks and then this effect tended to finish. Subsequently, other studies have shown
an improvement in appetite and sense of well-being [5, 8, 9]. Bruera et al. conducted
a randomized, crossover, double-blind study in 40 patients with advanced cancer.
They administered them 32 mg of methylprednisolone or placebo for 5 days.
Afterwards patients were switched to receive the other alternative treatment after 3
days of washout period. They included 28 patients that referred bone, visceral or
neuropathic pain. Scores on the visual analog scale for pain and analgesic intake
were lower in the case of treatment with methylprednisolone in all types of pain. The
appetite, mood and activity improved by 77%, 71% and 68% respectively in patients
who had received methylprednisolone versus those who received placebo. No severe
toxicity was found secondary to the use of methylprednisolone, so the authors
concluded that methylprednisolone increased comfort in terminal cancer patients [9].
Although drugs and doses used in the different studies have been different, the
majority of them have been made with dexamethasone and methylprednisolone at
doses of 0.75 mg and 125 mg respectively. The duration of their effects is often
limited to 2-4 weeks. For this reason and because their numerous side effects
associated to longer therapeutic regimens, it is recommended steroids administration
(4 mg dexamethasone, 20 mg of methylprednisolone or equivalent) in low doses for
periods of less than one month. It is preferred to administer the entire dose in the
morning to reduce the risk of suppression of the hypothalamic-hipofisioadrenal and
insomnia.
7. Antiemetic: despite steroids may be used alone in low emetogenic chemotherapy
regimens, they are usually administer in association with other antiemetic drugs.
Corticosteroids qualitatively and quantitatively decrease emesis and generate a
feeling of wellness.
8. Asthenia: although mechanism of action of corticosteroids for improvement of
fatigue remains unknown, these drugs are commonly used to treat this symptom. It
has been postulated that they may act reducing inflammatory cytokines involved in
the development of fatigue. They produce a short-term fast benefit that hardly
extends beyond 2-4 weeks. After this period they increase the risk of adverse effects
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without associating a clinical benefit. For this reason, they are indicated during short
periods of time.
In general terms, there is no universally accepted dose of steroids in advanced
cancer. A systematic review of medical literature suggests starting with 4mg of
dexamethasone or 20 mg of methylprednisolone daily for anorexia and weakness and
16 mg of dexamethasone for treating cerebral edema and spinal cord compression.
Clinical response might be evaluated in a week and drug discontinuation must be
made if there is no improvement of symptoms. In case of clinical relief, it is
recommended to reduce the dose to the lowest effective one.

5. ADVERSE EFFECTS
There are only a few published studies available focused on adverse effects associated
with corticosteroids in oncologic patients. They can be classified into short and long term
related adverse events (AE). Immediate side effects include hyperglycemia, psychiatric
disorders and immunosuppression that seems to be involved in the development of
candidiasis. In long-term treatments may appear myopathy, peptic ulcer, osteoporosis,
Cushing syndrome, etc. In some cases the coadministration of other drugs increase the
probability of suffering an AE such as the association of nonsteroidal antiinflammatory drugs
(NSAIDs) with steroids that increases the risk of gastric bleeding up to 15 times. This is why
it is recommended to avoid their concomitant use or if needed, to associate a gastroprotective
drug [10]. Anyway, toxicity will depend on the stage of the disease, the dose and the duration
of the treatment. For this reason, all patients should be reviewed periodically to ensure that
benefits of treatment outweigh risks.
An uncontrolled study showed that oral candidiasis and proximal myopathy were the
most common adverse effects attributable to prolongued treatment with corticosteroids. Other
AE were restlessness, sleep disorders, dyspepsia, and rash that provoked therapy
discontinuation in 4% of the 106 patients that were included [4].
In another study, 181 (31%) of 582 patients with cancer had troublesome side effects due
to treatment with corticosteroids. The most common ones were the development of moon face
in relationship with a Cushing´s syndrome (43%), muscle weakness (34%), oral candidiasis
(28%) and worsening or onset of diabetes mellitus (17%) [7].
In a retrospective analysis of 59 patients with primary or metastatic brain tumors using
dexamethasone at different doses and duration, adverse reactions were described in 51% of
patients, including hyperglycemia (19%), infection (22%) and myopathy (19% ). In fact, in
those who received dexamethasone for longer than three weeks, the incidence of toxicity was
76% versus 5% in patients that received treatment within 3 weeks. In relationship with the
accumulative dosis, 75% of the patients receiving more than 400 mg of dexamethasone
showed toxicity compared with 13% of patients who received less than 400 mg [11].
Another study evaluated 373 patients with advanced solid tumors treated with
corticosteroids at an initial dose of 10-30 mg of methylprednisolone or 4-16 mg of
dexamethasone daily (11). The most common AE observed were candidiasis, edema,
cushingoid facies, dyspepsia and weight gain.
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On the other hand, Hanks et al. conducted a study to compare side effects between
methylprednisolone and dexamethasone, showing that they were similar although
psychological distress (p <0.02) and hyperactivity (p <0.05) were more frequent in patients
treated with dexamethasone [12].

CONCLUSION
The broad therapeutic potential of corticosteroids, mainly dexamethasone and
methylprednisolone, make them drugs frequently prescribed in oncology. Due to their
mechanism of action, their side effects and that they are commonly used in patients with
comorbidities, it is highly recommended to establish correctly their indications, dose and
duration of treatment.
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Chapter 9

PRETREATMENT WITH METHYLPREDNISOLONE
REDUCES ADVERSE CLINICAL EFFECTS OF
INFLAMMATORY RESPONSE INDUCED BY HEART
SURGERY AND CARDIOPULMONARY BYPASS
Petar M. Vukovic, Miodrag S. Peric and Predrag S. Milojevic
Department of Cardiac Surgery, Dedinje Cardiovascular Institute, Belgrade, Serbia

ABSTRACT
Surgical trauma during open heart surgery and blood exposure to artificial surfaces
of cardiopulmonary bypass circuit initiate complex systemic inflammatory response
(SIR). The association between SIR and postoperative adverse outcomes is well
established. This commentary was aimed to present substantive information concerning
clinical studies in which methylprednisolone was used to reduce negative clinical effects
of SIR in adult cardiac surgery. Alternative pharmacological strategies, innovative ideas
and developments were evaluated.
Pretreatment with methylprednisolone in heart surgery patients was associated with
beneficial effects on myocardial function, improved hemodynamics (particularly in
patients with impaired left ventricular function), reduced de novo trial fibrillation, shorter
intensive care unit stay and shorter hospital stay. Methylprednisolone can induce
hyperglycemia requiring insulin infusion. Low dose prophylaxis seems to be as effective
as high doses protocols, but with fewer potential side effects.
A brief literature review of relevant studies and own investigations in this field led us
to conclusion that short term prophylaxis with methylprednisolone effectively reduces
SIR and adverse clinical reactions triggered by cardiac surgery and cardiopulmonary
bypass.

INTRODUCTION
Major surgical interventions initiate complex systemic inflammatory response (SIR). SIR
is particularly stimulated during open heart surgery. Surgical trauma during cardiac operation
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is intensified by blood exposure to artificial surfaces of cardiopulmonary bypass (CPB)
circuit. In addition, ischemia-reperfusion injury occurs when weaning from CPB. These
strong stimuli activate several humoral cascades (complement, coagulation, fibrinolytic and
kallikrein systems) and cellular elements (neutrophils, monocytes, endothelial cells and
platelets) leading to generation of pro-inflammatory cytokines and alterations in oxidative
stress (Figure 1), [1, 2]. Systemic release of pro-inflammatory cytokines (interleukin [IL] 6,
IL-1, IL-8 and tumor necrosis factor- [TNF-]) contributes to postoperative morbidity and
increased mortality [3].

Heart Surgery and Cardiopulmonary Bypass

•

Coagulation
(Thrombin)

•

Blood/Surface Interaction

Fibrinolysis
(Plasmin)

Kalllikrein/
Kinin

Ischemia/ Reperfusion

Complement

Cell Activation

Endothelial Activation

Inflammatory Cytokines

SIR

Organ Dysfunction

Figure 1. The inflammatory response to cardiac surgery and cardiopulmonary bypass. Thrombin causes
neutrophil activation and adherence. Kinin peptides are potent vasodilators, leading to increased
vascular permeability and neutrophil chemotaxis. Complement plays the central role in cellular
activation, resulting in production of inflammatory mediators. Cytokines upregulate the expression of
diverse adhesion molecules, amplifying the interaction between cellular elements and leading to
positive feedback loops.

Targeted and effective defense system of the body is overwhelmed by massive activation
of reactive blood elements and cytotoxic substances (Figure 1). Organ dysfunction, following
an uncontrolled SIR, is mainly the consequence of the alterations in microvascular
circulation. The interactions between leukocytes and endothelial cells lead to leukocytes
extravasation, granule release and fluid leakage into the interstitial space. Activated
leukocytes and platelets form leukocyte–platelet microaggregates causing microvascular
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obstruction and the no-reflow phenomenon [4]. Local production of inflammatory mediators
in heart, lung and kidney plays an important role in postoperative organ dysfunction [5, 6].
Inflammation affects atrial conduction and it is one of the predictors of atrial fibrillation
after cardiac surgery [7]. Atrial fibrillation influences postoperative morbidity and mortality.
Congestive heart failure, perioperative myocardial infarction, stroke, reintubation, ICU
readmission and mortality are increased in patients with atrial fibrillation [8].

THE ROLE OF METHYPREDNISONE IN SIR SUPPRESSION
IN CARDIAC SURGERY
The association between SIR and postoperative adverse outcomes is well established.
Anti-inflammatory effects of corticosteroid prophylaxis in cardiac surgery have been
investigated for more than 30 years. A number of different mechanisms were considered
important for SIR attenuation. Corticosteroids inhibit activation of complement, reduce the
expression of endothelial adhesion molecules and reduce the cytokine release [9]. They
reduce capillary permeability and leukocyte migration [1].
Several meta-analyzes and over 40 randomized controlled studies analyzed
methylprednisolone prophylaxis in cardiac surgery [10, 11]. A single dose of
methylprednisolone was applied before or after induction of anesthesia, before CPB or before
cardiac arrest (cross clamping of the aorta). Few studies reported multiple doses protocols and
several clinical trials included combined corticosteroid prophylaxis [12-14]. Doses ranged
from 5mg/kg to 30mg/kg [8, 9].
Methylprednisolone significantly reduced C-reactive protein and IL-6 concentrations (8]
and simultaneously increased anti-inflammatory cytokine IL-10 concentrations [15].
Heterogeneity in protocols and doses led to large diversity of clinical effects of corticosteroid
prophylaxis. Majority of studies found that administration of methylprednisolone was
associated with shorter ICU and hospital stay and reduced postoperative bleeding. The
prophylaxis reduced postoperative de novo atrial fibrillation [10, 11]. A trend towards
reduced risk of death in patients receiving methylprednisolone was found [11].
Local anti-inflammatory actions of methylprednisolone are considered crucial for its
cardio-protective effect [5]. Production of pro-inflammatory cytokines in myocardial tissue
has a damaging effect on heart function. Methylprednisolone reduces local production of proinflammatory cytokines, thus preventing myocardial damage and dysfunction [5, 16].
Troponin T, a major indicator of myocardial damage, was significantly reduced when
methylprednisolon was administrated before CPB [17].
The mechanism of local anti-inflammatory actions of methylprednisolone was
investigated. It was shown that methylprednisolone reduced transcription of pro-inflammatory
cytokines in myocardial tissue by affecting the metabolism of ubiquitous transcription factor nuclear factor-kappa B (NFkB) and p38 mitogen-activated protein kinase (MAPK) signaling
pathway [18-20]. These signaling molecules play a key role for the transcriptional regulation
of pro-inflammatory cytokines.
Cardio-protective effect of methylprednisolone is mirrored by improved myocardial
function and hemodynamics after CPB [5, 21]. Patients with impaired left ventricular function
and low ejection fraction (EF<30%) had even more advantage from this therapy [21]. In this
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subpopulation of patients, pre treatment with methylprednisolone significantly improved
hemodynamics, reduced the need for inotropic support and reduced mechanical ventilation
time. It was assumed that these favorable clinical effects of methylprednisolone, as well as
reduced incidence of postoperative de novo atrial fibrillation, contributed to shorter ICU stay.
Beneficial effects of methylprednisolone on pulmonary function are not as consistent as
its cardio-protective effect. Corticosteroids improved variables of pulmonary function [22,
23] and decreased time on mechanical ventilation [22]. Chaney et al. reported increased
pulmonary shunt flow and delayed extubation after pretreatment with methylprednisolone in
patients undergoing coronary bypass grafting [12].
A single dose administration or short treatment with methylprednisolone were not
associated with significant adverse effects. Methylprednisolone can induce hyperglycemia
requiring insulin infusion, but this outcome wasn`t found in low dose protocols [10].
Hyperglycemia is associated with increased morbidity and mortality in critically ill patients
[24] and a tighter glucose control should be used for every patient receiving
methylprednisolone during cardiac surgery [5]. Short course prophylaxis didn`t increase the
risk of postoperative infection [10].

ALTERNATIVE PHARMACOLOGICAL STRATEGIES
FOR SIR ATTENUATION
Alternative anti-inflammatory strategies were used to inhibit SIR induced by cardiac
surgery and CPB.
Complement has a central role in inflammatory response to CPB. A number of
complement inhibitors were investigated and their potentially relevant clinical effects were
analyzed. A humanized, recombinant antibody to C5 (h5G1.1-scFv) was shown to block
generation of C5b-9 [25). Neutrophil and monocyte CD11b/CD18 expression was attenuated
in patients for several hours after cardiac surgery using CPB, but further clinical trials
reported modest improvements in morbidity and mortality. A small synthetic peptide,
compstatin, was used to bind C3 and therefore to inhibit both the classical and alternative
pathways of complement activation [26]. In baboons, compstatin completely inhibited C3
cleavage without causing any change in hemodynamic measurements or side effects [27]. The
classical and alternative pathways converge at C3. Therefore, the most important clinical
results in the future can be expected from new C3 inhibitors [28].
Aprotinin is a natural serine protease inhibitor. Clinical doses of aprotinin totally inhibit
plasmin, but are not sufficient to completely inhibit kallikrein [29]. The anti-inflammatory
effects of aprotinin are most likely caused by multiple mechanisms including partial kallikrein
inhibition, direct effects, and inhibition of NFkB [30]. Randomized controlled clinical trials
failed to show that aprotinin, even administrated in high doses, reduced production of
proinflammatory cytokines and activation of complement, neutrophil elastase, and
myeloperoxidase [31].
Recently, statins were shown to exhibit anti-iflammatory actions. It was found that
administration of atorvastatin (20mg/kg) during 3 weeks before heart operation reduced
postoperative peak levels of pro-inflammatory cytokines such as IL-6 and IL-8 [32]. The
statin treatment was found to be associated with a significant increase of neutrophil apoptosis
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and reduced functional activity of neutophils [33]. Activated neutrophils are the main source
of pro-inflammatory cytokines in the SIR. Apoptotic neutrophils loose surface adhesion
molecules and the ability to secrete granular contents and are removed from an area of
inflammation by macrophages with minimal damage to surrounding tissue [34]. Effectiveness
of preoperative statin anti-inflammatory therapy was compared to a single dose of
methylprednisolone (10mg/kg) [21]. Both protocols significantly decreased postoperative IL6 when compared with control, but methylprednisolone achieved more potent cytokine
lowering effect than preoperative atorvastatin treatment. Reduced inflammatory response
shown in methylprednisolone and statin groups was associated with a hemodynamic
improvement and lowered the incidence of de novo atrial fibrillation. Only
methylprednisolone treated patients required less inotropic support and had reduced
mechanical ventilation time. The administration of statins, which are widely used lipid
lowering drugs in preoperative period, could be an interesting strategy for attenuation of
perioperative SIR.

CONCLUSION
Short term prophylaxis with methylprednisolone reduces SIR and local inflammatory
reaction triggered by cardiac surgery and CPB. Beneficial effects on myocardial function,
improved hemodynamics (particularly in patients with impaired left ventricular function),
reduced de novo atrial fibrillation, shorter ICU and hospital stay were shown.
Methylprednisolone can induce hyperglycemia requiring insulin infusion. Low dose
prophylaxis seems to be as effective as high doses protocols, but with fewer potential side
effects.
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Chapter 10

POTENTIAL SIDE EFFECTS OF
METHYLPREDNISOLONE
Fatih Büyükcam
Department of Emergency Medicine, Dışkapı Yıldırım Beyazıt Education & Research
Hospital, İrfan Baştuğ Street, Ankara, Turkey

ABSTRACT
Methylprednisolone is a synthetic glucocorticoid used mainly as an antiinflammatory and immunosuppressant agent for hematologic, allergic, inflammatory,
neoplastic, and autoimmune diseases [1]. It is generally used via intramuscular,
intravenous and oral route; but also it could be applied locally to synovial spaces, the
conjunctival sac, skin, and respiratory tract [1]. At the site of inflammation
glucocorticoids can inhibit leukocyte infiltration so it interferes with inflammatory
response mediators and suppress immune responses [2, 3]. Glucocorticoids like
methylprednisolone are used for various conditions such as replacement therapy in acute
and chronic adrenal insufficiency, congenital adrenal hyperplasia; also non-endocrine
diseases such as rheumatic disorders, renal diseases (nephritic syndrome,
glomerulonephritis etc.), allergic diseases, bronchial asthma and other pulmonary
conditions; additionally infectious, ocular, gastrointestinal, hepatic diseases, malignancies
and cerebral edema [1]. Furthermore it is used for its neuroprotection effects in case of
acute traumatic spinal cord injury and graft-versus-host disease [4]. Besides its useful
effects on numerous conditions, it has many side effects. Its side effects include
hyperglycemia, increased skin fragility, osteoporosis, weight gain, adrenal insufficiency,
muscle weakness, menstrual period irregularity, growth failure, delayed puberty [4-6].
Methylprednisolone has somewhat greater glucocorticoid activity and somewhat less
mineralocorticoid activity than prednisolone [1]. Its mineralocorticoid effects can cause
salt and water retention, hypertension, potassium depletion and metabolic alkalosis [1].
Additionally use of high-dose steroids for more than a week cause in depletion of adrenal
glands because of the suppression of hypothalamic corticotrophin releasing hormone and
pituitary adrenocorticotropic hormone [1, 6]. Abrupt cessation of glucocorticoids after
prolonged therapy can cause adrenal insufficiency due to suppression of the
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hypothalamic-pituitary-adrenal axis, which may be fatal [1]. To prevent this effect
treatment should be stopped step by step [6].

INTRODUCTION
Glucocorticoids are one of the most potent and effective anti-inflammatory medication
available and widely used in clinical practice [7]. Methylprednisolone is a synthetic
glucocorticoid used mainly as an anti-inflammatory and immunosuppressant agent for
hematologic, allergic, inflammatory, neoplastic, and autoimmune diseases [1].
Glucocorticoids have numerous effects in carbohydrate, protein and lipid metabolism, effects
of glucocorticoids have mainly glucocorticoid effects but also have less mineralocorticoid
effects [1].
Glucocorticoids generally used via intramuscular, intravenous and oral route; but also it
could be applied locally to synovial spaces, the conjunctival sac, skin, and respiratory tract
[1]. At the site of inflammation glucocorticoids can inhibit leukocyte infiltration so it
interferes with inflammatory response mediators and suppress immune responses [2, 3].
Glucocorticoids like methylprednisolone are used for various conditions such as
replacement therapy in acute and chronic adrenal insufficiency, congenital adrenal
hyperplasia; also non-endocrine diseases such as rheumatic disorders, renal diseases
(nephritic syndrome, glomerulonephritis etc.), allergic diseases, bronchial asthma and other
pulmonary conditions; additionally infectious, ocular, gastrointestinal, hepatic diseases,
malignancies and cerebral edema [1]. Furthermore it is used for its neuroprotection effects in
case of acute traumatic spinal cord injury and graft-versus-host disease [4].
Besides its useful effects on numerous conditions, it has many side effects. Its side effects
include hyperglycemia, increased skin fragility, osteoporosis, weight gain, adrenal
insufficiency, muscle weakness, menstrual period irregularity, growth failure, delayed
puberty [4-6]. Methylprednisolone has somewhat greater glucocorticoid activity and
somewhat less mineralocorticoid activity than prednisolone [1]. Its mineralocorticoid effects
can cause salt and water retention, hypertension, potassium depletion and metabolic alkalosis
[1]. Additionally use of high-dose steroids for more than a week cause in depletion of adrenal
glands because of the suppression of hypothalamic corticotrophin releasing hormone and
pituitary adrenocorticotropic hormone [1, 6]. Abrupt cessation of glucocorticoids after
prolonged therapy can cause adrenal insufficiency due to suppression of the hypothalamicpituitary-adrenal axis, which may be fatal [1]. To prevent this effect treatment should be
stopped step by step [6].

ENDOCRINOLOGIC SIDE EFFECTS
Glucocorticoids regulate the production of gluconeogenic substrates and activity, also
they reduce the glucose utilization by peripheral tissues and increase the oxidation of fats for
energy production [8, 9]. Glucocorticoids stimulate hepatic gluconeogenesis from amino
acids and glycerol; inhibit glucose uptake in adipose tissue; in peripheral tissues they reduce
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glucose usage and increase gluconeogenesis [1, 6, 9]. So glucocorticoids cause increased
carbohydrate intolerance and hyperglycemia [4].
Glucocorticoids also cause adrenal suppression, amenorrhea, Cushing‘s syndrome,
diabetes mellitus, hypokalemia, hypokalemic alcalosis, growth suppression in children,
hyperlipidemia, irregular menstrueal cycle, pituitary-adrenal axis suppression, protein
catabolism, sodium and water retention [1, 4, 6].

CARDIOVASCULAR SIDE EFFECTS
Cardiovascular side effects of methylprednisolone mainly result from mineralocorticoid
effects of corticosteroids [1, 10]. They may also induce hypokalemia by transcellular
potassium shift caused by several mechanisms such as increased Na+/K+- ATPase pool in
skeletal muscle, steroid induced hyperinsulinemia and hyperglycemia [11-13]. As a result
corticosteroids can cause arrhythmias, bradycardia, cardiac arrest, cardiomegaly, circulatory
collapse, congestive heart failure, edema, hypertension, hypertrophic cardiomyopathy in
premature infants, myocardial rupture (post MI), syncope, tachycardia, thromboembolism,
vasculitis [1, 6].

CENTRAL NERVOUS SYSTEM SIDE EFFECTS
Effects of methylprednisolone on central nervous system (CNS) could be divided as
direct effects like effects on mood, behavior and brain excitability and indirect effects on
CNS by effecting blood pressure, plasma concentrations and electrolyte concentrations [1].
Side effects depends on the dose and the duration of the treatment [14]. The effects could be
as follows; delirium, depression, emotional instability, headache, hallucinations, insomnia,
increased in intracranial pressure, malaise, nervousness, personality changes, psychotic
disorders, seizure and vertigo [15, 16]. In a prospective study; 50 patients received 75-100 mg
of prednisone or equivalent for longer than a week for ophthalmologic treatments, 30% of the
patients suffered from hypomanic symptoms and 10% from depressive symptoms, but
psychosis, dementia and delirium didn‘t observed [17].

IMMUNE SYSTEM SIDE EFFECTS
Glucocorticoids have immunosuppression potential resulting with increased risk of
infections. They inhibit both acquired and innate immunologic functions [18]. Immunologic
effects of glucocorticoids are sometimes dose-dependent but also the underlying diseases, comorbid illnesses and other immunosuppressive therapies give additional risks for
immunosuppression [19].
Systemic glucocorticoids causes a dose-dependent increase risk of infection especially
with bacterial, viral and fungal pathogens [20]. Older patients have higher risk for infection
[21]. Additionally patients receiving glucocorticoids may not show symptoms and signs of
infection clearly because of the inhibition of cytokine release and associated reduction of
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inflammatory and febrile responses [19]. Chronic steroid use can cause increased infection
risk in rheumatologic and autoimmune disorders [20, 22].
Live virus vaccines may be applied to patients using prednisone or its equivalent in doses
of less than 20 mg/day for 14 days or less; in long term physiologic replacement therapy of
glucocorticoids; also in topical (aerosol, intraarticular, bursal or tendon injection) use of them
[6]. MMR, Zoster and other live virus vaccines shouldn‘t be used for one month after
cessation of higher doses of glucocorticoids [6].
Table 1. Major side effects associated with glucocorticoid therapy
Dermatologic and soft tissue
Skin thing and purpura
Cushingoid appearance
Alopecia
Acne
Hirsutism
Striae
Hypertrichosis
Eye
Posterior subcapsular cataract
Elevated intraocular pressure/glaucoma
Exophtalmos
Cardiovascular
Arrhytmias (with intravenous pulse therapy)
Hypertension
Perturbations of serum lipoproteins
Premature atherosclerotic disease
Gastrointestinal
Gastritis
Peptic ulcer disease
Pancreatitis
Steatoheptitis
Visceral perforation
*

Renal
Hypokalemia
Fluid volume shifts
Genitourinary and reproductive
Amenorrhea / infertility
Intrauterine growth retardation
Bone
Osteoporosis
Avascular necrosis
Muscle
Myopathy
Neuropsychiatric
Euphoria
Dysphoria / depression
Insomnia / akathisia
Mania / psychiosis
Pseudomotor cerebri
Endocrine
Diabetes mellitus
Hypothalamic-pituitary-adrenal insufficiency
Infectious disease
Heightened risk of typical infections
Opportunistic infections
Herpes Zoster

Saag KG, Furst DE. Major side effects of systemic glucocorticoids. Wolters Kluwer; 2012 [cited 2013
February 20]; Available from: UpToDate.

DERMATOLOGIC SIDE EFFECTS
Dermatologic side effects of glucocorticoids include acne, allergic dermatitis, alopecia,
dry scaly skin, skin atrophy, erythema, sterile abscess, urticaria, edema, hirsutism,
hyperpigmentation, hypopigmentation, hypertrichosis, impaired wound healing, petechiae,
ecchymoses, rash, skin test reaction impaired, striae [1, 23].
Other major side effects of glucocorticoids also have major side effects on other systems
are given in Table 1.
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CONCLUSION
Methylprednisolone is used mainly as an anti-inflammatory and immunosuppressant
agent but also it has many side effects. We have to know its potential side effects and inform
patients about them.
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