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ABSTRACT

Tetracycline molecules including doxycycline (DOX), consist of a group of broad-
spectrum antibiotics. In addition, tetracyclines inhibit matrix metalloproteinase (MMPs)
that contribute to tissue remodeling, inflammation, angiogenesis and are over-expressed
in certain pathologies - such as Alzheimer’s disease, metastasis and diabetic foot ulcers
(DFUs). Tetracyclines are hypothesized to inhibit MMPs through the chelation and
sequestration of catalytic divalent ions such zinc and calcium. This inhibitory duality may
be beneficial in pathologies that are characterized by MMP over-expression and prone to
infection, such as DFUs. Compared to oral administration, topical DOX is an attractive
route of administration for chronic wound healing as it may minimize the risks:
associated antibiotic resistance; is being targeted directly to the wound bed. However,
DOX is notoriously unstable in aqueous solution and common topical formulations.
Liquid chromatography and mass spectrometry (LCMS) were employed to monitor
stability using an in vitro MMP assay and an applicable E. coli anti-bacterial assay was
assessed to quantify drug activity. 2 % (w/w) topical DOX demonstrated an acceptable
stability 30 day when stored at 4 °C. DOX inhibited MMP9 activity with an IC50 value
of 48.27 uM. With respect to anti-bacterial activity, using cultured BL21 E.Coli and
quantification of drug activity as an expression of colony forming units (CFUSs)
successfully reproduced the antimicrobial 1C50 of doxycycline as 4.3 uM. Transdermal
DOX has the potential to improve standard of care for DFUs, quality of life for the

patient and reduce costs to the healthcare system.
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INTRODUCTION

1.0 CHRONIC WOUNDS- DIABETIC FOOT ULCERS

1.1 Diabetes

Diabetes is a metabolic disease, which results from reduced insulin production or
insulin resistance. Insulin is instrumental in facilitating sugar being removed from the
blood and used as energy within the body’s cells (Dali-Youcef et al. 2013). The
disturbance or inefficient use of insulin causes the blood glucose levels to rise, which in
turn results in cells being deprived of energy. This disruption and deprivation of energy
causes downstream effects on major body systems; these effects are exacerbated if blood
sugar levels are not controlled. In 2015, The Canadian Diabetes Association (2015)
estimated that the prevalence of diabetes in Canada is approximately 3.4 million (9.3% of
the total population). The Canadian Institute for Health Information (2013) stated that
Canadians with diabetes possess a 15-25% chance of developing chronic impairment of
healing in acute wounds, specifically, diabetic foot ulcers (DFUs) (Singh, Armstrong, and
Lipsky 2005). The severity and staging of DFUs is based on the depth of the tissue,
osseous involvement, infection and ischemia (Figure 1). The Canadian Diabetes
Association reported a common complication with DFUs is amputation, which has a
staggering prevalence of 84% of individuals with DFUs. Individuals with DFUs are 20

times more likely to be admitted to hospital for amputation related treatment than other
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Canadians. Diabetic foot lesions are accountable for more hospitalizations than any other

complication related to diabetes. The factors that impact ulcer formation and that

contribute to impair healing in individuals with diabetes are crucial to understand when

considering treatments for DFUs.

University of Texas Diabetic Wound Classification System

Stage Grade
0 | Il

A Pre- or post- Superficial wound Wound

(no infection ulcerative lesion not involving penetrating to

or ischemia) completely tendon, capsule, tendon or
epithelialized or bone capsule

B Infection Infection Infection

C Ischemia Ischemia Ischemia
Infection and Infection and Infection and
ischemia ischemia ischemia

1]

Wound
penetrating to
bone or joint

Infection
Ischemia

Infection and
ischemia

Fig. 1 University of Texas Diabetic Wound Classification System: This chart shows the
classification system used to determine the severity of the DFU in relation to depth of
the tissue, osseous involvement, infection and ischemia. Adapted by Ince et al., 2008.
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1.2 Cause of Ulceration

Diabetes leads to changes to blood vessels and nerves, and these neuropathic and
vascular complications of the diabetes contribute to DFU formation. Peripheral
neuropathy that results from diabetes causes reduced or loss of feeling in the lower
extremities (Chiles et al. 2014). As a result, any injury or pressure that maybe inflicted on
the lower extremities can go unnoticed due to the loss of sensation. This compromise of
the sensory feedback warning system may lead to injury of the skin and the formation of
wounds (Dobretsov, Romanovsky, and Stimers 2007). Vascular disease that occurs as a
complication of diabetes may also contribute to the formation of DFUs (Rathur and
Boulton 2007). The lack of blood flow and oxygen to tissues because of narrowed or
blocked arteries may lead to ulceration and may directly impact the wound healing
process, resulting in chronic non-healing wounds. The formation of new blood vessels
and the supply of oxygen to the tissues is a key component in remodeling of the tissue

and in the re-epithelialization of that in normal wound healing.
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Healthy Foot

Healthy Diabetic Foot

Blood
Flow

Healthy
Nerves =

Reduced
Blood
Flow

Damaged\X\
Nerve

@

Fig. 2- Cause of Ulceration- Healthy Foot Vs. Diabetic Foot: The healthy foot has
healthy vasculature and blood flow alongside healthy nerves with feeling and sensation.
In contrast the diabetic foot has reduced blood flow and poor vasculature alongside
peripheral neuropathy making this foot at risk for the development of DFUs. Figure
modified from Chiles et al. 2014.
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1.3 Wound Healing

The skin is a mechanical barrier to the external environment aiding in protection
of the internal body. Once this barrier has been breached, many processes ensue in
attempt to restore homeostasis and to heal the defect. Wound healing is a multifaceted
process involving four phases working in conjunction; homeostasis, inflammation,
proliferation and remodeling (Diegelmann and Evans 2004). A cellular immune response
is triggered by the injury and initiate downstream signaling, activation and respective
responses (Lawrence and Diegelmann 1994). This process results in activation of
keratinocytes, fibroblasts, endothelial cells, macrophages, and platelets (Harold Brem and
Tomic-Canic 2007).

Homeostasis is the initial phase which involves the recruitment of platelets into
the wound to stop the loss of blood and to fill the wound with blood clot. The platelets
adhere to the sub-endothelial surface of the ruptured blood vessel’s epithelial wall. The
inflammatory response is initiated once the mechanical barrier has been breached and
factors released from the activated platelets contribute to this. In this process a cascade of
neutrophils, lymphocytes, macrophages, enter the wound to defend the site from
infectious or damaging agents and to clear debris. This process ensures that damaged
cells, pathogens and bacteria are removed from the wound site. During the proliferative
stage the wound is rebuilt with new tissue made of collagen and the extracellular matrix
(ECM) and myofibroblasts cause the wound to contract (Marshall et al. 2015). A network

of blood vessels is also constructed during this stage as part of the formation of healthy
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granulation tissue. Angiogenesis is critical for the wound healing process as the new
capillaries supply the wound with oxygen. During maturation, the accumulated of
collagenous and non-collagenous proteins of the extra cellular matrix (ECM), are
remodeled via matrix metalloproteinases (MMPs) (Lazarus et al. 1994; Lohmann et al.
2004). The collagen fibers are reorganized from being laid out in the previous phase and
through maturation the new tissue progressively gains strength and flexibility. The
inhibition of MMPs are also instrumental in successful healing of the wound with cell
migration, angiogenesis and tissue remodeling, however, their regulation and inhibition
are important to prevent continued breakdown of tissue and consequent stalling of the
wound healing process. The process of wound healing is also influenced by many
variables including age, physical condition, location of the wound, cause of the injury and
co-morbidities. The failure to progress in the stages of wound healing can lead to chronic
wounds which are commonly seen in diabetes, chronic venous disease, infection and

other metabolic deficiencies.
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lood Clot
Platelet

Hemostasis
F

ibrin

V

Scab
Macrophage
Fibroblast

Inflammatory

Proliferative

P

Proliferating
Fibroblast

Remodeling

Fresh Healed
Epidermis

Freshly Healed
Dermis

Fig. 3 - Phases of Normal Wound Healing: Hemeostasis, Inflammatory, Proliferative,
Remodeling. Hemostasis begins when the mechanical barrier is breach initiating the
innate immune system and ensuing coagulation. The inflammatory stage involves
recruitment of neutrophils and macrophages to clear the bacteria and debris. The
proliferative phase involves the formation of granulation tissue through a network of
blood vessels alongside epithelialization. The final phase is the reorganization of the
collagen fibers that were laid down in the previous phase. Overtime and through
remodeling the new tissue regains flexibility and strength. Figure modified from Maynard
2015.
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1.4 Impaired Wound Healing in Diabetics

Chronic wounds exhibit a disrupted repair process in which these wounds fail to
progress through the stages of wound healing. There are a multitude of factors that have
been shown to be involved in the pathogenesis of DFUs. These include impairments in
growth factor production (Galkowska et al. 2006), macrophage function (Maruyama et al.
2007), collagen accumulation, angiogenesis and granulation tissue formation (Falanga
2005; Galiano et al. 2004), keratinocyte and fibroblast migration and proliferation
(Gibran et al. 2002) and accumulation of ECM components, which involves the
activation and inactivation of MMPs throughout the wound healing phases (R. Lobmann
et al. 2002). The tissue damage that results from this abnormal wound healing, also
causes the wound to remain in a prolonged and heightened inflammatory state.

This stage of wound healing is characterized by excessive neutrophil infiltration,
which perpetuates the cycle of chronic inflammation, as these cells produce an abundance
of ROS directly damaging the ECM and cell membrane (Demidova-Rice, Hamblin, and
Herman 2012). Further neutrophils release proteases and MMPs, which are involved in
the degradation and inactivation of ECM. The levels of proteases can be up to 60 times
higher in chronic wounds than in acute healing wounds, thus playing a vital role in
perpetuating the inflammatory stage and preventing wound closure (Woo, Ayello, and
Sibbald 2007). The proteases degrade multiple growth factors, receptors and ECM
proteins that are vital to wound healing (Ralf Lobmann et al. 2006; Neely et al. n.d.;

Sibbald and Woo 2008). Growth factor production is increased in chronic wounds;
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however, their bioavailability is decreased because of degradation of the growth factors
and their receptors. These wounds also have elevated levels of pro-inflammatory
cytokines, IL-1B and TNF-a, which are produced by neutrophils and macrophages, which
lead to increased levels of MMPs (Mast and Schultz 1996; Nath and Gulati 1998;
Trengove et al. 1999). The presence of these cytokines influence the levels of TIMPs,
which are also increased, but the relative proportion of MMPs and TIMPs varies.
Therefore, this imbalance facilitates degradation of the ECM, collagen synthesis, cell
migration and reduces fibroblast proliferation (Mast and Schultz 1996). The ECM
breakdown products further promote inflammation and perpetuate the impaired healing
state.

Local tissue hypoxia, lack of oxygen to the tissue, contributes to the impaired the
wound healing process as the inflammatory cascades are perpetuated. The balance
between ROS and antioxidants such as nitric oxide (NO) are disrupted and altered in
chronic wounds (Toledo-Pereyra, Lopez-Neblina, and Toledo 2004). NO is responsible
for inactivating NF-kB, an important modulator in the inflammatory process. ROS causes
oxidative damage and also activates signal transduction pathways that enhance the
expression of MMPs and inflammatory cytokines (Peschen et al. 1999). Hypoxia
enhances inflammation as well as impeding re-epithelization, proliferation, synthesis of
collagen and remodeling (Schreml et al. 2010). Angiogenesis is also impaired in chronic
wounds and therefore the microvascular network required to form healthy granulation
tissue does not form, thereby contributing to impaired healing. The activation of

angiogenesis is a part of the selective remodeling of the ECM and basement membrane
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that occurs prior to the formation of new blood vessels (Egeblad and Werb 2002). Further
tissue remodeling requires proteolytic systems, specifically MMPs which are involved in
processing and generating angiogenic regulatory molecules, which in turn activates
growth factors and cytokines. A combination of these factors prevents the tissue from
forming granulation tissue, remodeling and closing as seen in normal wound healing.
Diabetics experience an impairment in the healing of acute wounds, which is contributed
to by an increase in the expression and activation of MMPs (Brem and Tomic-Canic

2007).

10
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2.0 MATRIX METALLOPROTEINASES

2.1 Matrix Metalloproteinases

Matrix Metalloproteinases are calcium-dependent zinc-containing enzymes that
facilitate biological reactions that act on ECM degradation. The substrate binds with the
enzyme’s active site within the catalytic domain forming an enzyme-substrate complex.
The enzyme substrate usually ECM (collagen, gelatin, proteoglycan) are cut up into
pieces via MMPs. The MMP family possesses homologous conserved domains, which
include a pro-peptide domain that contains cysteine residue and a catalytic domain that
contains the zinc binding site (Van Wart and Birkedal-Hansent 1990). MMPs can be
subdivided into seven groups characterized by domain organization, additional insertions
and substrate binding. The various subfamilies include: collagenases, gelatinases,
stromelysins, matrilysins, metalloelastases, membrane type MMPs and other MMPs
(Caley, Martins, and O’Toole 2013). MMPs are heavily involved in all the wound healing
phases and in turn the success of wound closure. MMPs are elevated in chronic

inflammation and impaired wound healing and add to perpetuating the chronic wound.

11
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2.2 Expression, Regulation and Domains

MMPs are expressed minimally or at basal levels in homeostatic tissue. However,
when tissue remodeling is warranted - MMPs are quickly activated by inflammatory and
wound cells, regulated and expressed. The regulation of MMP expression and activity is
mediated by various cells including: monocytes, lymphocytes, neutrophils and
macrophages. MMP expression can be triggered through cell signaling via cytokines,
hormones, ECM and other cell types (Caley, Martins, and O’Toole 2013). Specifically,
these include epidermal growth factor (EGF), hepatocyte growth factor (HGF), fibroblast
growth factor (FGF), vascular endothelial growth factor (VEGF), platelet-derived growth
factor, tumor necrosis factor-o. (TNF-a), keratinocyte growth factor (KGF), transforming
growth factor-pB (TGF-p), interleukins and interferons (Chen and Chen n.d.; June et al.
1998).

MMP activity is regulated through gene expression and MMPs synthesized then
secreted in a latent, inactive form (pro-MMP). Further, MMP activity is controlled by
enzymatic activation and specific inhibition. The catalytic mechanism of action in MMPs
demands a zinc ion in the active site. In the inactive state, the cysteine’ (Cys’®) residue is
reported to block the active site and is not freely accessible in the latent enzyme (Van
Wart and Birkedal-Hansent 1990). The autolytic cleavage activation triggers the
dissociation of Cys” from the zinc atom allowing the active site to be exposed. This
dissociation is known as the cysteine switch, which is the mechanism of activation for all

MMPs. The amino acid sequences around the cysteine residue and region of protein

12
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chains that possess the zinc-binding ligands are highly conserved (Van Wart and
Birkedal-Hansent 1990). Following activation, most MMPs are seen to have three distinct
domains: N-terminal pro-peptide domain, C-terminal catalytic domain and hemopexin-
like C-terminal domain. The other MMPs differ based on the addition and deletion of
domains, leading to diverse functionality. The activation of MMP can also be controlled
by the inhibition of protease activity; this is accomplished via plasma proteinase
inhibitors. Furthermore, MMPs are regulated by tissue inhibitors of metalloproteinases
(TIMPs) (Gomez et al. 1997). There are four TIMPs altogether (TIMP-1, TIMP-2, TIMP-
3, TIMP-4); these protein inhibitors are able to control the proteolytic activity of all

MMPs (Nagase, Visse, and Murphy 2006; Nuti and Tuccinardi 2007).

Hemopexin-Like
Domain

Pro Domain

N

Catalytic Domain

Fibronectin Domain

1) Pro-MMP 2) Active MMP 3) TIMP-Complexed MMP
MMP in its inactive form Zinc site exposed Inactivaing MMP

Fig. 4 - Matrix Metalloproteinase Structures and Forms: This diagram depicts MMP-
2 (Gelatinase A) specifically. MMPs exist in three forms (1) the pro-MMPs which is in
the inactive active, the pro-domain (red complex) covers and inactivates the catalytic
domain (yellow); (2) active MMPs, with the catalytic domain exposed and revealing the
zinc ion, the MMP is able to cleave substrates; (3) TIMP-complexed MMPs which is in
the inactive state, TIMPS (purple complex) regulate and inactivate MMPs. Figure
modified from Nguyen, Mobashery, and Chang 2016.

13
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Minimal Domains:

MMP-7. MMP-26 GaZ\ia® Catalytic Zn2+

Single Hemopexin- Containing Domains: Hemopexin

MMP-1, MMP-3, MMP-8, MMP-10, :
MMP-12, MMP-13, MMP-19, MMP-20, hiad Wik Catalytic Zn2+ OO

MMP-22, MMP-27
Gelatin Binding Domain: (2o} MeZ 11\ o Gee Zn 2+ ..‘
MMP-2, MMP-9

Furin- Activated Domain: (=181} Catalytic Zn 2+ OO
MMP-11, MMP-28

Vitronectin- Activated Domain: g
MMP-21 PRE ,PRO_ FU N\ Catalytic Zn o+ @G

£

Transmembrane Domain: (etaf=1=16 31 Catalytic Zn2+ 26 4 m

MMP-14, MMP-15,
MMP-16, MMP-24

GPI- Anchored Domain: . i
PRE PRO_ FU Catalytic Zn2
MMP-17, MMP-25 ) n 2+ ..’ GPI

Type Il Transmembrane
Domain: MMP-23 PRE PRO . FU Catalytic @n2+ (o7 Ig-Like

Fig. 5 - Matrix Metalloproteinase subfamilies and domains: MMPs are made up of
eight different subgroups divided based on structural similarities. The domains include
Pre: signal sequence, Pro: pro-peptide, Catalytic: catalytic domain containing zinc (Zn*")
ion, F: repeats of fibronectin, Fu: furin-like serine proteinases, Vn: vitronectin-like insert,
TM: transmembrane domain, GPI: glycosylphosphatidylinositol, SA: N-terminal signal
anchor, CA: cysteine array, lIg-Like: immunoglobulin-like. Figure from Nguyen,
Mobashery, and Chang 2016.

14



Masters Thesis - S. Gabriele; McMaster University — Medical Science

2. 3 Involvement in Wound Healing

MMPs are involved in all stages of wound healing through adjustment of the
wound matrix, permitting cell migration and tissue remodeling. Healthy skin is made up
of ECM, blood vessel networks and fibroblasts within the matrix. Once this mechanical
barrier has been breached - a wound or injury is established. In the stage of inflammation
MMP-2 and MMP-9, the gelatinase subfamily of MMPs are present (Nguyen,
Mobashery, and Chang 2016). In normal wound healing; inflammation is followed by
angiogenesis which involves the formation of new blood vessels, which involves the
upregulation of MMP-1, MMP-8, MMP-9 and MMP-13. These MMPs facilitate
keratinocyte migration and aid re-epithelization over the wound bed. In chronic wounds,
such as, DFUs, inflammation is prolonged as MMP-9 levels are increased which in turn
decreases MMP-8 levels, which is harmful to ECM remodeling. The overexpression of
MMP-9 prevents the wound from advancing through the phases of angiogenesis,
remodeling and successful wound closure. Many studies focus on all protease activity in
the wound fluid rather than subfamilies; MMP-9 was identified as the major MMP in

chronic wound fluid (Rayment et al. 2008).
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Fig. 6 - MMPs Involvement in Wound Healing and Impaired Wound Healing: The
various subfamilies of MMPs are implicated in normal wound healing as well as impaired
wound healing. The elevated levels of MMP-9 and decreased levels of MMP-2 during the
inflammatory stage traps the wound in a chronic state delayed wound closure. Figure

from Nguyen, Mobashery, and Chang 2016.
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2.4 Gelatinase

Gelatin binding MMPs (MMP-2 and MMP-9) contain five distinct domains: pro-
domain which is cleaved upon activation, gelatin binding domain consisting of three
fibronectin repeats, catalytic domain containing zinc binding site, proline rich linker
region and carboxyl terminal hemopexin-like domain (Rowsell et al. 2002). The
fibronectin repeats are a unique domain in gelatin-binding MMP, which binds
extracellular matrix components such as collagen, fibrin, and heparan sulfate
proteoglycans. There is a highly structural homology in MMP-9 catalytic domains
making it difficult for inhibitors to interact; MMP-2 (Gelatinase A) and MMP-9
(Gelatinase B) are very similar and their main differences are due to substrate specificity.
Gelatinase MMPs are able to break down collagen more effectively than any other MMP
subfamily and also cleave the basement membrane protein, collagen type IV (Parks 1999;
Tarnuzzer and Schultz 1996).

MMP-9 is also known as gelatinase B and is a 92 kDa type IV collagenase. The
elevated levels of MMP-9 seen in chronic non-healing wounds are due to increased
inflammation. MMP-9 is expressed primarily by neutrophils and macrophages, both
involved in the inflammatory response (Wysocki et al. 1999). The presence of elevated
MMP-9 levels has been associated with poorly healing ulcers, specifically DFUs. There
is evidence that suggest MMP-9 is expressed in chronic wounds, as MMP-9 activity
levels in chronic wound fluid were found to be 25 times higher than normal wounds

(Wysocki et al. 1999; Yager et al. 1996). In contrast, MMP-2 is decreased in chronic
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wound fluid, suggesting a decrease in its production in fibroblasts as MMP-2 is derived
from these cells (Cullen et al. 2002). MMP-9 presence is potentially correlated with
ulcer’s chronicity and may therefore play a role in preventing wounds from healing.
MMPs are inhibited by TIMPs that bind to the catalytic domain of the enzyme,
preventing substrates from attaching to the site (Henriet, Blavier, and Declerck 1999).
TIMP-1 has selective binding with gelatinase B and is considered a its main inhibitor.
The overexpression of MMP-9 and insufficient TIMP-1 to inactivate the enzymes may
contribute to the failure of healing in chronic ulcers. There are treatments options that
could potentially assist in closure of chronic wounds combatting these imbalances that

perpetuate the inflammatory phase.
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3.0 TREATMENT

3.1 Current Available Treatments and Standard of Care

DFUs require extensive preventative care including: patient education,
appropriate footwear, regular foot care and pressure offloading dependent of the severity
of the ulceration (Armstrong et al. 2010; Cavanagh and Bus 2010; Rathur and Boulton
2007). The current standard of care for acute foot wounds in diabetic patients includes
debridement, pressure off-loading, infection management, and revascularization. This
standard of care must be executed regularly and aggressively - to preserve healthy tissue
and prevent the ulcers from worsening. This is a difficult task when the healing process is
stagnant due to excess proteases and cell migration is absent (H Brem and Tomic-Canic
2007). The problem of amputation due to DFUs is very prevalent, impacting 1 in 4
patients even with the current treatment available (Hackethal 2014). Foot ulceration is a
major ongoing problem in individuals with diabetes and is contributed to by unmet needs
and a lack of validated advances in treatment. Significant new treatments for DFUs have
not emerged in the past two decades and current treatment options are very expensive to
the patient and the healthcare system (Hackethal 2014). Many diabetic wounds fail to
heal with conventional therapy and the current standard of care, resulting in disability and
decreased quality of life. The available advanced technologies for DFUs that have been
shown to be effective are recombinant growth factors, autologous growth factors and

bioengineered skin-tissue; these options are extremely costly (Shevchenko, James, and
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James 2010). Therefore, there is a great need for novel, effective modalities of

conquering this debilitating condition, DFUs.

3.2 Tetracyclines

Tetracyclines comprise a group of broad-spectrum antibiotics known for their
effectiveness against Gram-positive and Gram-negative bacteria. Tetracycline’s possess
various mechanisms of action and functions which make this antibiotic a multifaceted
therapeutic. The primary mechanism of action is reported to be the inhibition of protein
synthesis through binding to the bacterial ribosome (Hash, Wishnick, and Miller 1964).
Tetracyclines function to inhibit bacterial protein synthesis, interfering with ribosomal
activity and obstructing messenger-RNA codon from reading the t-RNA anticodon. The
bacterial ribosome binds to the 30S subunit with high-affinity alongside many other
binding sites 30S and 50S subunits that bind with low-affinity (Tritton, 1977). The
tetracycline binds to the ribosome subunit, initiating a conformational change as the drug
allosterically inhibits the binding of aa-tRNA at the acceptor site, in turn preventing
protein synthesis (Semenkov et al., 1982). Therefore, new amino acids are unable to be
added to the developing polypeptide chain. Thus, the use of tetracyclines would be useful
in ceasing gram-positive and gram-negative bacteria synthesis. The degree of inhibition is
dependent on high concentrations of the tetracycline, as low concentrations of the

antibiotic do not result in inhibition (Semenkov et al. 1982).
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Fig. 7 — Tetracycline Inhibition of Bacterial Protein Synthesis: Tetracycline binds to
the 30S unit and blocking tRNA from binding to the A site and inhibiting the synthesis of
protein. Figure modified from Semenkov et al., 1982.
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3.3 Doxycycline

There are many subclasses of the tetracycline family have different pathways and
functionality as therapeutics. The most common clinically used semisynthetic tetracycline
is doxycycline (DOX), which is a well-tolerated and safe compound. DOX is a
semisynthetic, chemically modified, Food and Drug Administration (FDA) approved
tetracycline analog, which is rapidly absorbed and has a prolonged half-life (Saivin and
Houin 1988). DOX is used in the treatment of various conditions; anthrax, chlamydial
infections, community-acquired pneumonia, Lyme disease, cholera, syphilis, Yersinia
pestis (plague), periodontal infections and many more.

DOX is made of a four-ring core with other groups attached to the core. The
upper half of the structure contains a dimethylamino group at the C4 carbon, which is the
portion of the molecule responsible for the antimicrobial activity of the drug (Griffin et
al. 2010). The lower half of the structure has actions that influence oxygen-rich
mechanisms in both prokaryotic and eukaryotic targets. This region of the molecule is
essential to the drug’s effectiveness and interference with the oxygen-rich mechanisms
and can therefore reduce or eliminate function (Lorne M Golub et al. 1991). The lower
region of the structure is reported to be involved in metal chelation, between the drug and
proteins (Takahashi, Altschmied, and Hillenj- 1986). The mechanism of action is
reported to be chelation of structural and catalytic zinc ions within the MMP enzyme
(Lorne M Golub et al. 1991). The strength of the interaction is dependent on the drug-

metal relationship, zinc possessing a higher affinity than calcium (Nelson 1998).
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3.4 Doxycycline Inhibiting Matrix Metalloproteinases

DOX has many functions that are useful in the treatment of various pathologies.
Tetracyclines, specifically doxycycline are well known for their involvement in inhibiting
MMPs which are a family of zinc dependent proteases that contribute to tissue
remodeling, inflammation, angiogenesis and tumor invasion (Nagase and Woessner
1999). The interaction between tetracyclines and MMPs is not clearly understood
throughout the literature. However, tetracyclines are thought to have an impact on direct
inhibition of MMPs as well as inhibiting MMP synthesis and expression.

The mechanism of direct inhibition is understood to involve metal chelation
between the drug and enzyme. Through the addition of calcium and zinc- MMP
inhibition can be reversed (Yu et al. 1991). However, more calcium ions are required to
restore activity as they bind with a lower affinity (Lorne M. Golub et al. 1999). The
mechanism of action is dependent on the chelation and interaction with structural metals
rather than the chelation of the active site of zinc (Smith, Hoh, and Easty 1999). The
effectiveness of the tetracycline interaction with MMP is dependent upon the class of

tetracycline, MMP subfamily and pH.

There is much speculation on the mechanism of action of tetracyclines on MMPs,
however, definitive conclusions have not been drawn. Tetracyclines are thought to
interact with the enzymes, through metal chelation, inhibiting MMP activity, inhibiting

MMP synthesis and inhibiting the synthesis of pre-cursor cytokines. The tetracyclines are
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reported to bind the zinc ion in the active site of the protein, however this process is
irreversible, as MMP activity cannot be restored with exogenous zinc (Smith, Hoh, and
Easty 1999). Chelation is a type of bonding between a ligand and a single central atom.
Chelators work by binding (chelating) to metals, thus preventing the effects that these
metal ions possess on the body. Despite its various mechanisms of action, the use of
tetracyclines as antibiotics has declined in the clinical setting due to the possibility of

antibacterial resistance.

OH M

NH

OH
OH (o) OH Q (0]

Fig. 8- Doxycycline: The chemical structure of doxycycline. The upper half of the
structure contains a dimethylamino group at the C4 carbon, which is the portion of the
molecule responsible for the antimicrobial activity of the drug. The lower region of the
structure is reported to be involved in metal chelation, between the drug and proteins.
Modified from Griffin et al. 2010.
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3.5 Chemically Modified Tetracycline (CMT)

De-dimethylamino tetracyclines also referred to as chemically modified
tetracyclines (CMT) do not possess the dimethylamino group and therefore lack
antimicrobial activity (Golub et al. 1987). This may be a drug or test material of interest,
as this will combat the antimicrobial resistance barrier seen with tetracyclines.

CMTs retain the interaction with MMPs warranting their consideration as a
therapeutic for disease processes that require inhibition of these MMPs (Golub et al.
1987). CMTs are involved in inhibiting over expression of MMPs, pro-inflammatory
cytokines and other mediators of protease activity (Agnihotri and Gaur 2012). CMT is a
useful therapeutic as this pharmaceutical is not associated with the development of
antibacterial resistance and gastrointestinal toxicity; which is a common disadvantage
with parent tetracyclines. Furthermore, the route of administration also possesses various

advantages and disadvantages associated with tetracycline antibiotics.
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CONHg
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Fig. 9 — Chemically Modified Tetracycline: CMT-3 (6-deoxy-6-demythl-1-4-
dedimethyl amino tetracycline) will be the subfamily used as this is the available product
for experimentation, which lacks antimicrobial activity unlike the parent tetracycline.
Modified from Golub et al. 1987
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4.0 ROUTES OF ADMINISTRATION

4.1 Oral

Different routes of administration of drugs exhibit diverse bioavailability of the
chemic