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Abstract

Minocycline Hydrochloride is a second-generation
semi-synthetic tetracycline antibiotic (tetracycline).
Because of its broad antimicrobial spectrum and anti-
inflammatory properties Minocycline is often
prescribed. New evidence indicates that Minocycline
also has neuroprotective, immunomodulatory and
antiapoptotic effects, which can be applied beyond its
traditional indications for the treatment of skin and
infectious diseases. In this systematic literature
review 1 will evaluate the physicochemical
properties, mechanism of action, clinical indications,
pharmacokinetics, safety profile, resistance issues,
and potential applications, including new research on
drug delivery systems and repurposing efforts to
broaden the scope of Minocycline therapeutics.

Keywords: Dermatology, Clinical Indications,
Antibiotic Activity, Anti-Inflammatory Activity,
Delivery Systems.

I. INTRODUCTION

Minocycline  hydrochloride  (second-
generation semi-synthetic  tetracycline) is a
compound that has received continued interest from
both research and clinicians because of its ability to
kill bacteria (antimicrobial activity) across a wide
range of organisms [1]. As of the late 1970s (when
minocycline was introduced to the general public),
this compound has gained renewed interest in clinical
practice and research due to its ability to pass into
tissues (i.e., lipid solubility). In addition, minocycline
has a much longer half-life than first-generation
tetracyclines and this will result in more therapeutic
opportunities for treating patients and improving
patient compliance [2].While minocycline is still
viewed primarily as an anti-bacterial agent that
inhibits protein synthesis by reversibly binding to the
30S ribosomal subunit, it has been shown through
more recent research to have many additional
pharmacodynamic effects; specifically, minocycline
has been demonstrated to have anti-inflammatory,

anti-apoptotic, antioxidant, and neuroprotective
activities due to its ability to modulate microglial
activation, inhibit matrix metalloproteinases, and
attenuate the cascade of pro-inflammatory cytokines
[3]. The fact that minocycline has multiple effects has
fulfilled two purposes: it has provided minocycline
with  additional therapeutic applications in
dermatological and infectious diseases, and it has
increased interest in using minocycline in other types
of diseases that do not have an infectious component.
In the clinic, minocycline hydrochloride is currently
being used as one of the primary medications for
treating acne vulgaris, rosacea, and some periodontal
infections, and there continues to be evidence
supporting the use of minocycline for
refractory/application-specific ~ indications  [4].
Preclinical and clinical studies are indicating that
there may be additional benefits to using minocycline
for neurological disorders (such as amyotrophic
lateral sclerosis, multiple sclerosis, and ischemic
stroke), autoimmune disorders, and use as a possible
adjunctive therapy for cancer treatment [5]. This new
thinking about minocycline shows a significant
change in the way that minocycline’s potential uses
are defined both in terms of how it works and its
therapeutic potential. While minocycline has been
well documented regarding its safety and efficacy,
the numerous new areas of research regarding the use
of minocycline require further investigation into the
safety profile, resistance to it, and dosage [6]. This
review examines what is currently known regarding
the pharmacology of minocycline, what established
and future clinical uses it may have, and what future
directions may result from increasing understanding
of molecular mechanisms and increased translational
research. Its hydrochloride salt improves aqueous
solubility, making it suitable for oral and parenteral
formulations [7].
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Chemical and Physicochemical Properties
Minocycline hydrochloride is chemically
characterized as a dimethyl amino derivative of
tetracycline with enhanced lipid solubility [8].

e Molecular formula: C»;H27Ns;O--HCl

e Molecular weight: 493.94 g/mol

Cl H

e Highly lipophilic
tetracyclines

e  Stable in acidic environments

e High tissue distribution, including CNS
penetration

compared to earlier

OH (0] OH

Figure 1: Structure of Minocycline Hydrochloride

II. MECHANISM OF ACTION

Minocycline hydrochloride is a drug that
has two different kinds of pharmacology which have
increased its use and importance [9]. One main way
that minocycline acts as an antibiotic is by reversibly
binding to the 30S subunit of a bacterial ribosome,
thereby  inhibiting protein  synthesis  [10].
Minocycline prevents peptides from elongating by
inhibiting an aminoacyl-tRNA from attaching to the
five-prime end of mRNA when it is in a complex with
the ribosome [11]. This action creates a bacteriostatic
effect, which is effective against a wide variety of
Gram-positive and Gram-negative bacteria. Due to
this well-defined mechanism, minocycline has been
used for many years to treat acne vulgaris, upper and
lower respiratory infections, and skin and soft tissue
infections [12]. In addition to its antimicrobial
properties, minocycline has significant anti-

inflammatory and immunomodulatory effects, which
are being emphasized in increasing numbers of
studies. In addition, minocycline inhibits activation
of microglia in the CNS, decreases production of pro-
inflammatory cytokines (e.g., TNF-a, IL-1p), inhibits
MMPs, and inhibits the production of nitric oxide
[13]. The combination of these effects results in a
decrease in tissue inflammation, reduction in
oxidative stress, and modulation of immune
responses. The mechanisms outlined in this review
show that they also allow repurposing of minocycline
hydrochloride for treatment of neurodegenerative
conditions, autoimmune disorders, and inflammatory
diseases. The fact that minocycline hydrochloride has
both antimicrobial properties and host modulating
functions makes it a very capable substance that has
significant potential for being repurposed and used in
more advanced ways than those shown in figure 2 of
the original material [14].
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Figure 2: The dual pharmacological actions of minocycline hydrochloride

III. PHARMACOKINETICS
e Absorption: Rapid and nearly complete oral
absorption
Bioavailability: ~90-100%
Protein binding: ~70-75%
Half-life: 11-22 hours
Metabolism: Hepatic
Elimination: Primarily biliary and fecal,
minimal renal clearance

Minocycline is a tetracycline that is
characterized by a large volume of distribution and
high lipophilicity; hence, it has an extended half-life,
allowing for once or twice per day dosing [15].
Minocycline is rapidly absorbed (>90-100%) and
readily bioavailable after oral administration;
therefore, it is not significantly influenced by foods,
but if taken with divalent or trivalent salts (i.e., iron,
calcium, magnesium), the presence of these ions may
decrease its systemic availability by chelation [17].
Generally, the AUC values peak about 1-3 hours
post-dose [16]. The combination of minocycline’s
high plasma protein binding (70-75% bound) and
large volume of distribution indicate that it penetrates
tissues exceptionally well due to its high lipid
solubility, this drug readily crosses many biological
barriers, including the BBB, so it can achieve
therapeutic concentrations in the CSF [18].
Minocycline has been investigated for use in the
treatment of neuroinflammatory and

neurodegenerative diseases because of this. It can
also reach therapeutic concentrations in several other
body compartments, including skin tissue,
respiratory secretions, saliva, gingival crevicular
fluid, and intracellular areas [19]. Minocycline
undergoes partial hepatic metabolism to several
inactive metabolites, which are then eliminated by
both renal and biliary routes, with approximately 5%
to 15% of the drug eliminated unchanged in urine and
a large number eliminated by the feces. The half-life
of elimination is between 15 hours and 23 hours,
allowing it to have once-daily and twice-daily dosing
schedules, which improves patient compliance [20].
Minocycline also has less need for dosage
adjustments in patients with mild to moderate renal
impairment than older tetracyclines due to its
primarily  non-renal route of elimination.
Minocycline's pharmacologic characteristics (high
oral bioavailability, high-volume tissue distribution,
good penetration into central nervous system, and
long half-life) contribute to its broad therapeutic
application and continued clinical relevance [21].

IV. CLINICAL APPLICATIONS
Minocycline hydrochloride has many potentials uses
beyond its original anti-microbial uses and includes
treatments for dermatologic, infectious, neurologic,
and rheumatologic disorders

Dermatological Disorders
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Minocycline is still one of the main
treatments for acne vulgaris, due to its dual modes of
action (antibacterial and anti-inflammatory) against
Cut bacterium acnes and decreasing lesions caused
by inflammation. It is also commonly prescribed for
papulopustular ~ rosacea  because of its
immunomodulatory and anti-angiogenic functions
too. Minocycline has also shown efficacy in peri-oral
dermatitis, helping to heal lesions through blocking
the production of inflammatory mediators [22].

Infectious Diseases

Minocycline is a tetracycline derivative with
a wide range of spectrum of activity against bacterial
infections; it is used mainly to treat respiratory (lung)
infections (especially if the cause of the infection is
not well known) and to treat some urinary (bladder)
infections (depending on how well the bacteria are
responsive) [23]. It may also be used to treat some
sexually transmitted infections (STIs) as an
alternative to the first-line medications unless the
first-line is ineffective or cannot be tolerated for some
reason. Minocycline has been demonstrated to have
activity against the community-acquired and some
hospital-acquired strains of Staphylococcus aureus
resistant to methicillin  (MRSA); therefore,
minocycline is a good option for resistant Gram-
positive bacterial infections as well [24].

Neurological and Neuroinflammatory Disorders

Due to its ability to penetrate the central
nervous system readily and also suppress microglial
activation, minocycline has been studied for use in
multiple sclerosis with the intent to lessen
inflammatory ~ demyelination. = Research  into
Parkinson's disease and Alzheimer's disease has been
focused on evaluating the potential neuroprotective
and anti-apoptotic properties of minocycline.
Additionally, preliminary and experimental data have
demonstrated that it may play a role in stroke-related
neuroprotection, especially by  decreasing
inflammation around injured neurons following an
ischemic event [25].

Rheumatologic Conditions

In rheumatology, minocycline has shown
that it can modify disease course in patients with
rheumatoid arthritis by inhibiting metalloproteinases
and reducing the production of proinflammatory
cytokines. Therefore, although this drug is not used
as a first-line therapy for rheumatoid arthritis, it is
still being considered for patients with mild-to-
moderate disease activity [26].

V. ADVERSE EFFECTS AND SAFETY
PROFILE

Minocycline HCI is well tolerated by the
majority of patients; however, when taking the drug,
patients can experience some form of adverse effects
(AE) that can be grouped into two broad categories
of AEs: dose-dependent and idiosyncratic reactions.
Gastrointestinal (GI) disturbances (e.g., nausea,
vomiting, epigastric discomfort), dizziness, and
vestibular symptoms (e.g., vertigo, imbalance) are
the most commonly reported AEs following
minocycline use. Additionally, because of its greater
ability to cross the blood-brain barrier compared to
other tetracyclines, minocycline has a higher
incidence rate of vestibular symptoms than other
tetracyclines [27]. Hyperpigmented skin, nail, tooth,
or mucous membrane lesions can occur in prolonged
therapy with minocycline, as well as photosensitivity
after exposure to ultraviolet light. Rarely, potentially
serious AEs have been associated with minocycline
therapy, including, but not limited to, drug-induced
lupus erythematosus, autoimmune hepatitis, and
systemic hypersensitivity reactions (e.g., DRESS
syndrome). Therefore, extended minocycline therapy
requires the physician to routinely monitor for early
signs of pigmentation changes, hepatic dysfunction,
or autoimmune manifestations to maintain an
acceptable risk—benefit ratio in a long-term treatment
regimen [28].

VI ANTIMICROBIAL RESISTANCE

Minocycline hydrochloride is a broad-
spectrum  antibiotic, but the occurrence of
minocycline hydrochloride has been increasing due
to the well characterized tetracycline resistance
factors. The most common resistance mechanism is
the development of efflux pumps produced from tet
genes that pump the drug out of the bacteria causing
the concentrations in the cell to fall below levels that
will inhibit bacteria from growing. The second
common resistance mechanism, ribosomal protection
proteins (RPP), binds to the 30S ribosomal subunit
and changes its shape thereby decreasing the affinity
of the drug for the ribosome and allowing the bacteria
to still make protein [29]. There are also some less
frequent enzymes that chemically modify the
antibiotic thus reducing the activity of the antibiotic.
The mechanisms of resistance are often seen in cross-
resistance within the tetracycline class as they all
share similar structures and mechanisms of action
[30]. However, due to minocycline’s higher
lipophilicity and increased binding to the ribosome,
minocycline may retain activity against some strains
of bacteria that are resistant to tetracycline depending
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on the mechanism of resistance involved. The
increasing spread of mobile genetic elements
containing TET (ten-eleven translocation) genes
makes it critical to implement antimicrobials
stewardship practices. Star-Crossed prescriptive
practices, appropriate dosing and susceptibility
treating are essential to decreasing the development
of resistance and maintaining the clinical
effectiveness of minocycline hydrochloride [31].

VII. NOVEL DRUG DELIVERY
SYSTEMS

New delivery systems for drugs are
developed to prolong the effectiveness of the
antibiotic-minocycline hydrochloride.To enhance the
effectiveness and lower the side effects of this
antibiotic by developing new drug formulations [32].
An example of such a novel drug delivery system
would involve liposomal formulations that entrap
minocycline within a phospholipid bilayer, providing
a more stable formulation and extended duration of
action in tissue with accumulation in areas of
inflammation and infection. There are also new
delivery formulations  utilizing  polymeric
nanoparticles, solid lipid nanoparticles and
nanostructured lipid carriers include the use of these
types of drug delivery systems to create a controlled
release of drugs, enhance cellular uptake, and
increase the permeability of drugs across biological
membranes thereby increasing the amount of drug
available for therapeutic action at sites of disease
[33]. Finally, new ocular insert formulations and
systems have been developed to gel upon contact
with the tear film that will help slow down the
elimination of drugs from the precorneal area of the
eye in order to prolong the duration of action and
provide increased contact time with the cornea. These
delivery systems also provide effective local
treatment of ocular infections and inflammatory
disease and minimize systemic exposure through
localized treatment [34]. Oral forms of minocycline
include controlled-release tablets and capsules that
help provide consistent plasma levels through less
frequent dosing. These advanced formulations
enhance patient compliance, reduce adverse effects
due to increased dosing intervals, and optimize the
pharmacologic properties of minocycline by
increasing  bioavailability, lowering systemic
toxicity, and providing for localized or sustained
release. As such, these advanced delivery systems
provide a significant advancement to improving
treatment outcomes for minocycline (hydrochloride),
as well as broadening the scope of Cclinical
applications for minocycline [35].

ANALYTICAL METHODS FOR
QUANTIFICATION OF MINOCYCLINE
HYDROCHLORIDE

There are a variety of analytical methods
available to discover how much minocycline
hydrochloride is included within both pharmaceutical
formulations and biological matrices. One such
method is based on using UV spectrophotometry
(around 354 nm). While it is inexpensive and simple
enough for daily use, it does suffer from low
specificity compared to a more precise reverse phase
HPLC (RP-HPLC) method that uses UV detection
(around 350 nm) with C18 columns. It's more
sensitive, repeatable and precise than UV
spectrophotometry;  therefore, =~ RP-HPLC is
commonly used to provide product quality control on
tablets and liquid plasma samples. Another example
of an HPLC method specifically designed to identify
stability and degradation of minocycline through UV
detection (254 nm) has been developed in order to
completely separate degradation products created
from  forced degradation of minocycline
hydrochloride [36]. Advanced bioanalytical methods
are also available utilizing UPLC-MS/MS and LC-
MS/MS technologies; these two techniques have
orders of magnitude greater sensitivity (nanogram
threshold) than other analytical techniques allowing
for reliable determination of pharmacokinetic profile
of animals and humans in plasma. The HPLC-DAD
method allows for the ability to detect multiple
wavelengths, allowing for simultaneous detection
and characterization of complex matrices (serum,
urine). All of these analytical approaches
demonstrate the evolution of methods available for
the quantitation and PK evaluation of minocycline
from simple spectrophotometric assays to complex,
sensitive mass spectrometric techniques, as can be
seen in Table 1 [37].

DOI: 10.35629/4494-1102725732 | Impact Factor value 7.429 1SO 9001: 2008 Certified Journal

Page 729



W
N\

IJPRA Journal

International Journal of Pharmaceutical research and Applications
Volume 11, Issue 2, Mar-Apr 2026, pp:725-732 www.ijprajournal.com

Table 1: Quantitative analysis of minocycline hydrochloride from pharmaceutical formulations and biological
specimens, with emphasis on UV spectrophotometry, HPLC, and LC-MS/MS quantification methodologies, with
regard to sensitivity, dynamic range, and method performance.

Instrument / Sample Column / LOD / Linear
Method Wavelength / Ma tll*)ix Mobile LOQ Range Key Findings Reference
Mode Phase &
. ) Simple, cost-
Spectro Uh‘(])tometr UVat354nm P}fl(?nnr?jliii?(:ifsal NA LO]?r'n%Z ;rlr?L effective assay but 38
P P ¥ He H lower specificity
LOD:
Acetonitrile: 0.05 Good resolution and
HPLC-UV (RP- UV @ 350 nm; Tablet & hosphate ’ pg/mL; 0.1-20 reproducibility; 39
HPLC) RP-C18 plasma phosp LOQ: png/mL suitable for routine
buffer
0.15 QC
pg/mL
HPLC-UV UV @254 nm; Forced Methanol: LOD: 0.05- Effective for
(Stability- RP-C18 ’ degradation water (pH 0.03 25 degradation product 40
Indicating) studies adjusted) pg/mL png/mL separation
UPLC BEH . 1- High sensitivity &
UPLC-MS/MS ESI_M S/MS’ Human plasma C18; LOD: 0.5 2000 selectivity, lower 41
positive ion . ng/mL
gradient ng/mL sample volume
LOD: 0.2
LC-MS/MS . . . 0.8— .
(Pharmacokinetic ESI+; MRM Rat plasma C18; ACN: ng/rr.lL, 1000 R obust .PI.( proﬁllpg 42
R aqueous LOQ: 0.8 in preclinical studies
Analysis) ng/mL
ng/mL
LC-MS (High- HR-MS; Skin micro C18; LOD: 1 1(5)60 Effective for skin 43
Resolution) QTOF dialysate gradient ng/mL ng/mL penetration studies
HPLC-DAD DAD scan , RP-C1§; | LOD:0.1 | 0.1-15 | Useful for multi
(Photodiode Serum & urine . . component 44
200-400 nm isocratic pug/mL ug/mL .
Array) separation
VIII. DRUG REPURPOSING AND inflammatory responses rather than through any
FUTURE DIRECTIONS direct antiviral effects on the virus itself. Research
Due to minocycline hydrochloride's into minocycline's ability to deliver medications to
complex anti-inflammatory, immunomodulatory, tissues effectively, if developed through local anti-

and neuroprotective effects, research into its possible
applications as a drug repurposed for non-infectious
diseases has gained considerable attention. Currently,
research is being conducted for the wuse of
minocycline as an adjunctive treatment in psychiatric
disorders, such as major depressive disorder and
schizophrenia, in which alterations in
neuroinflammatory pathways may lead to improved
clinical outcomes. In oncology, minocycline may
exhibit potential anti-metastatic and anti-angiogenic
effects, in part, by inhibiting the activity of matrix
metalloproteinases and inhibiting inflammation
associated with a tumour. Emerging evidence also
suggests that minocycline may have a supportive role
in the treatment of certain viral infections. This
occurs through attenuation of excessive host

inflammatory delivery systems, may potentially
result in the treatment of ocular inflammatory
diseases as well. However, although preclinical data
supports the use of minocycline in a variety of
expanded clinical indications and early clinical trials
have been promising, there is still a need for well-
designed, adequately powered, randomized place-
controlled trials to fully define its therapeutic uses,
optimize dosing and administration, and evaluate
long-term safety across a variety of expanded
therapeutic uses [45].

IX. CONCLUSION
Minocycline is still a very important clinical
treatment and has many new indications for treatment
along with the establishment of its systemic anti-
inflammatory and neuroprotective action. These
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effects contribute to making minocycline a very
suitable drug candidate for repurposing as a
treatment; therefore, it is crucial to have ongoing

antimicrobial

stewardship programs, continued

safety monitoring of the drug, and adequate clinical
evidence of the use of minocycline will be necessary
to make sure that minocycline is used appropriately
in the future.
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