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Abstract
Purpose of Review In recent years, drug repurposing has gained traction as a method to accelerate the availability of effec-
tive treatments. This review focuses on timolol, originally a topical non-selective β-adrenergic antagonist used for increased 
intraocular pressure and glaucoma, and its emerging role in the wound healing landscape—a field that has been lacking in 
effective treatments for decades.
Recent Findings Preclinical and clinical studies have highlighted timolol’s promise as a therapeutic option in wound healing. Its 
benefits are attributed to various mechanisms including improved re-epithelialization, modulation of inflammation, and wound 
maturation, in addition to its impacts microbial quorum sensing and virulence. However, existing research also points to the need for 
larger, more comprehensive clinical trials to determine optimal dosing, efficacy, and safety. Some such trials are presently underway.
Summary Timolol presents a new avenue for wound healing therapies, overcoming limitations seen in current treatment 
options. This review outlines timolol’s historical context in wound care, elaborates on its pharmacological mechanisms, 
and assesses ongoing research to validate its therapeutic potential. Future studies are needed for more conclusive data on its 
efficacy and safety in wound management.
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Abbreviations
QOL  Quality of life
COPD  Chronic obstructive pulmonary disease
DFU  Diabetic foot ulcer
VLU  Venous leg ulcer
RTC   Randomized controlled trial
AE  Adverse event
PDGF  Platelet-derived growth factor
TM  Timolol
AR  Adrenergic receptor

EPI  Epinephrine
NE  Norepinephrine
ERK  Extracellular signal-regulated kinases
cAMP  Cyclic adenosine monophosphate
IL  Interleukin
TGF  Transforming growth factor
PMN  Polymorphonuclear neutrophil
TNF-α  Tumor necrosis factor-alpha
CCL2  Monocyte chemoattractant protein-1
AMPK  Adenosine monophosphate-activated  

protein kinase
MAPK  Mitogen-activated protein kinase
PI3K  Phosphoinositide 3-kinase
NO  Nitric oxide
PKA  Protein kinase A
TH  Tyrosine hydroxylase
PNMT  Phenylethanolamine N-methyltransferase
EGFR  Endothelial growth factor receptor
ECM  Extracellular matrix
PP2A  Protein phosphatase 2A
VEGF  Vascular endothelial growth factor
8OHdG  -Hydroxy-2’-deoxyguanosine
MMP  Matrix metalloproteinase
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NF-κB  Nuclear factor-kappa light chain of activated B 
cells

QS  Quorum sensing
TA  Trace amine
SOC  Standard of care
RTOG  Radiation Therapy Oncology Group
EORTC   European Organization for Research and Treat-

ment of Cancer
EGFRi  Epithelial growth factor receptor inhibitor
AFCO2  Ablative fractional  CO2 laser
TEWL  Transepidermal water loss
TCA   Trichloroacetic acid
CROSS  Chemical reconstruction of skin scars
SSRI  Selective serotonin reuptake inhibitor
COX-2  Cyclo-oxygenase-2 inhibitor
UNS  Unspecified
LE  Lower extremity
NS  Normal saline
Exp  Experimental/study group
AAR   Average area reduction
Ctr  Control group
♀  Female
♂  Male
GAS  Physician global assessment scores
ARD  Acute radiation dermatitis
Post-Op  Post-operative
VSS  Vancouver Scar Scale Assessment
Gt(t)  Drop(s)
Sig.  Statistically significant
MMS  Mohs micrographic surgery
AMSC  Adipose mesenchymal stem cell
HDL  High density lipoaspirate
VAS  Visual assessment score
Inj.  Injection
PIH  Post-inflammatory hyperpigmentation
SD  Standard deviation
(R/L)LE  (Right/left) lower extremity
OU  Ophthalmic
ED&C  Electrodessication and curettage
(R/L)UE  (Right/left) upper extremity
HSCT  Hematopoietic stem cell transplant

Introduction

Intractability of Chronic Wounds and the Lack 
of New Therapies

Chronic wounds affect over 3% of the US population aged 
65 and older [1]. Over the past 50 years, non-healing wounds 
have become a significant global health burden, exacer-
bated by an aging population and rising incidence of chronic 
comorbidities such as diabetes [1–3]. Often overlooked, is the 

substantial  impact that  chronic wounds  can  have 
on patients' economic well-being in addition to their gen-
eral quality of life (QOL). This impact is comparable to that 
seen with other common chronic conditions such as chronic 
obstructive pulmonary disease (COPD) and cardiovascular dis-
ease [2]. However, the burden of chronic wounds does not stop 
at the patient, extending to the healthcare systems as well; for 
instance, in 2014, US Medicare expenditures related to wounds 
upwards of 95 billion US dollars annually. This makes chronic 
wounds an important area for advancement, not only for 
patients but also for the healthcare systems that serve them [4].

Within the overarching term of chronic wounds there are sev-
eral common categories including diabetic foot ulcers (DFUs), 
venous leg ulcers (VLUs), pressure injuries (PIs). DFUs in 
particular have a significant impact on patients and healthcare 
systems, estimating to cost the US healthcare system $9–13 
billion annually [4]. Additionally, they have been associated 
with a shocking 5-year mortality rate close to 50% [5•]. To put 
this in perspective, a 50% mortality rate surpasses that of colon 
cancer (48%), Hodgkin’s disease (47%), breast cancer (15%), 
and prostate cancer (15%) [6, 7]. Other chronic wounds have 
similarly been found to have high mortality rates with VLUs 
reported as having a 2-year mortality rate around 28%, and PIs 
associated with a 124% increased risk of death [8].

There are over 500 million people in the world with dia-
betes, and it is estimated that a staggering 25% of them will 
go on to develop a DFU during their lifetime, with around 
15% of them requiring an amputation [9]. Though estimates 
suggest that targeted interventions may reduce amputation 
rates to around 5% [10], accessible and effective thera-
pies are notably lacking despite significant advancements 
in wound management technology [9, 11–14]. The large 
financial burdens, high mortality rates, and lack of currently 
available therapies highlight the urgent need for innovative 
and effective wound care strategies [1, 10, 15, 16]. For this 
reason, it is important to provide an overview on the use of 
topical timolol as a novel therapeutic option in wound heal-
ing and the pre-clinical and clinical [17] advancements that 
have been reported around its use.

Background

Topical Medications in Wound Healing

The global wound care market was valued at over $20.6 
billion US dollars in 2022 and is projected to reach $30 bil-
lion by 2030 [18], however despite the financial incentive, 
many therapies have yet to display consistent therapeutic 
efficacy. A 2007 meta-analysis of 42 randomized controlled 
trials (RTCs) encompassing over 1000 patients found no 
significant advantage among various dressing types, such 
as hydrocolloid, hydrogel foams, pastes, silver-impregnated 
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dressings, and simple nonadherent dressings [19]. An 
updated meta-analysis covering an additional 43 RCTs from 
2014 to 2021 similarly revealed no further compelling evi-
dence regarding these often commonly prescribed topical 
treatments [20]. When the size of the wound care market is 
evaluated against the lack of proven effective therapies, it 
is easy to see that these vulnerable patients deserve better.

When topical wound treatments were first beginning to 
be evaluated in the mid 1950s, efforts were made to evalu-
ate strong topical antibiotics to reduce microbial burden and  
promote wound healing, however they were quickly aban-
doned due to frequent adverse events (AEs) including skin 
hypersensitivity and allergic contact dermatitis [21]. As a 
result, there was a pivot towards other topicals such as growth 
factor-based therapies, such as those utilizing platelet-derived 
growth factor (PDGF), fibroblast growth factor, and epidermal 
growth factor. Although pre-clinical findings were encour-
aging, only PDGF progressed beyond phase 2/3 clinical tri-
als and became a clinically available topical therapeutic in 
1997 sold under the brand name Regranex (becaplermin) [7, 
22]. Many of the other growth factor based therapies had their 
trials cut short due to poor absorption, short half-lives, and 
even potential carcinogenicity [21, 23]. Notably, in May 2023, 
the FDA approved a gene-based novel therapy, Vyjuvek, mak-
ing it the first approved FDA therapy for wound healing since 
Regranex 26 years prior. However, Vyjuvek is indicated solely 
for the use in dystrophic epidermolysis bullosa and has not 
been tested for efficacy in other more general wounds [24].

With the recognized challenges in the development of 
wound healing therapeutics, there have been recent efforts 
to repurpose already approved medications, such as topical 
timolol. Given its supportive pre-clinical evidence and long 
history of safe use in its topical ophthalmologic application, 
timolol has shown to be a new therapeutic candidate with 
excellent tolerance and accessibility. In this context drug 
repurposing presents multiple benefits as expediting the 
wound therapy pipeline, facilitating regulatory clearance, 
reducing failure incidences, and significantly diminishing 
developmental costs [25].

Timolol

Timolol (TM), a β-adrenergic receptor (βAR)-antagonist, 
was first approved for topical use in the USA in 1978 for the 
treatment of increased intraocular pressure [26]. By 2020, 
it had continued to be a standard therapeutic option in the 
treatment of increased intraocular pressure and glaucoma, 
with an estimated 4 million prescriptions in the USA alone 
[27]. There are currently two FDA-labeled uses of topical 
TM, including open-angle glaucoma and ocular hyperten-
sion, and one off-label use  in the treatment of infantile 
hemangiomas [28]. Though generally well tolerated, TM is 
contraindicated in patients with a history of asthma, COPD, 

and other pre-existing pulmonary conditions [29], in addi-
tion to underlying cardiovascular conditions such as brady-
cardia, heart block, or syncope [28, 30]. However, the risks 
may far outweigh the benefits regarding the potential appli-
cations in wound healing and are further evaluated below. 
This review aims to help provide a better understanding into 
TM's potential role in wound healing by providing a broad 
overview of the historical and mechanistic contexts as they 
are currently understood. 

Early Studies of Timolol and Beta‑Adrenergic 
Receptors in Wound Healing: 1970–1980s

The presence of adrenergic receptors (ARs) in the skin has 
been recognized since 1972 [31]. However, it was not until 
12 years later that Donaldson and Mahan began to inves-
tigate the influence of ARs on wound healing [32]. Their 
work demonstrated the inhibitory effect catecholamines can 
have on epithelial cell migration, primarily via βAR activa-
tion. Subsequent research by, other investigators revealed 
the varied roles of β2-ARs om several wound-resident cells, 
including endothelial cells, keratinocytes, and fibroblasts 
[33–35]. ARs were found to impact important cellular pro-
cesses such as melanogenesis, vascular dilation, fibroblast 
proliferation, wound matrix deposition, and re-epitheliali-
zation. However the extent and mechanism of these effects 
remained poorly understood [33].

During the early 1980s, studies began to highlight the 
potential benefits of βAR-antagonism in enhancing corneal 
wound healing and reducing ophthalmic bacterial wound  
burden [36, 37]. However reports emerged suggesting that TM 
might slow corneal epithelium healing [33, 38–40]. This led 
to a slowing in the evaluation of TM for wound healing until 
the 1990s. It was then discovered that the impaired corneal 
healing previously reported was not due to TM, but rather 
to the preservative benzalkonium chloride, which was com-
monly used for ophthalmic compounding [41]. 

Developments from the Turn of the Century: 
1990s–2000s

In the early 1990s, there was a notable increase in interest 
in transcutaneous glaucoma treatments, leading to a new wave 
of studies investigating TM’s transcutaneous absorption pro-
files and side effects. This research laid the groundwork for 
its future dermatologic applications [42–45]. Beyond profil-
ing TM's transcutaneous pharmacokinetics, the rising interest 
contributed to a deeper understanding of the cutaneous adr-
energic system. For instance, it was discovered that keratino-
cytes synthesize both epinephrine (EPI) and norepinephrine 
(NE). This built on earlier findings of the presence of βARs 
on keratinocyte cell membranes, marking significant step in 
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recognizing the skin as a self-sustaining catecholamine net-
work [46, 47]. At the turn of the century, the previous discov-
eries in βAR and TM led to a broadening of TM's potential 
as as therapeutic option, with various studies highlighting its 
capabilities for retinal neuroprotection [48–50] in addition to 
its anti-inflammatory properties [41, 51, 52].

Additionally, during the same period of  time, there 
was an increase in research focusing on the micro  and 
molecular environment of chronic wounds. This research  
helped show how βAR-antagonism significantly impacts 
on key pathways, such as the ERK/cAMP signaling path-
ways [53–55]. It also demonstrated that βAR activation is 
involved in unchecked inflammation, impaired keratinocyte 
migration, and irregular angiogenesis [56–65]. The utility 
of beta blockers such as TM in wound healing garnered 
more attention, with numerous in-vitro and in-vivo stud-
ies showing its potential therapeutic potential. For example, 
some studies showed that βAR-antagonism could enhance 
murine keratinocyte single-cell migration by up to 33% 
[66]. By the end of the early 2000s, the understanding of 
the role βARs in wound healing had expanded substantially, 
including areas such as wound contraction and remodeling 
[67], modulation of mesenchymal stem cells, fibrocytes and 
inflammation [60, 68], improvement in wound angiogenesis  
[60, 69, 70], and re-epithelialization [61, 71, 72].

From Bench to Bedside: 2010s–2023

It was in the past decade, since, since 2010, that TM began to 
be clinically evaluated for its dermatologic applications in 
patients, starting with the general adoption of its use in the 
treatment of infantile hemangiomas [73, 74]. Then, after 
over three decades of bench research evaluating βARs, wound 
healing, and TM, the first cases showcasing TM's clini-
cal therapeutic potential were published in the early 2010s 
[75, 76]. These early case reports were then followed by a 
surge in clinical research on the topic, including more case 
reports, observational studies, and clinical trials. These stud-
ies evaluated TM for the use in various indications such as 
vascular lesions [77–79], thermal wounds [80, 81], chronic 
wounds [82, 83], surgical wounds [84, 85], and other soft 
tissue disorders including pyoderma gangrenosum [86, 87] 
and epidermolysis bullosa [7, 14]. With this mounting evi-
dence, TM appears well-positioned as a promising therapeu-
tic option for wound healing in the coming decade [7, 14].

Physiology and Pathophysiology of Timolol 
in Wound Healing

Wound healing is a multifaceted process composed of four 
phases: hemostasis, inflammation, proliferation, and matura-
tion. Disruption or prolongation of these phases often results 

in dysregulated wound healing [53–57, 60, 88]. TM can have 
various impacts on all of these phases, however the most 
clinically relevant for this review include inflammation, pro-
liferation, and maturation. Within these phases of healing TM 
has been found to antagonize the β1- and β2-ARs receptors 
expressed on keratinocytes [63, 89, 90], fibroblasts, and mac-
rophages [59, 91–94, 95•, 96•, 97]. Notably, keratinocytes 
have been found to not only be sensitive to adrenergic signal-
ing via ARs, but to also synthesize their own EPI [98], mak-
ing the skin a self-contained catecholaminergic system [46, 
61, 95•, 99]. EPI has a unique biphasic relationship within 
wound healing, with supra-physiological levels hinder-
ing healing, and physiological levels potentially promoting it. 
For this reason the adrenergic pathway is a unique option for 
potential therapeutic intervention through adrenergic system 
modulators such as TM [62, 90, 100, 101].

Jia et al. recently published a comprehensive review that 
discusses the mechanism of βARs and their effect on wound 
healing [95•]. This review will instead provide only an over-
view of the topic.

Effect on the Inflammatory Phase

Upon injury and subsequent achievement of hemostasis 
inflammatory cascades are activated in the local injured tis-
sue, marking the initiation of the inflammatory phase. The 
inflammatory phase begins with the degranulation of local 
platelets, which lead to the release of chemokines such as 
IL-8, TGF-β1, and PDGFs thereby intensifying the inflam-
matory cascade [102]. Within the first 24 hours, polymorpho-
nuclear neutrophils (PMNs) are recruited and become the pre-
dominant cell type found within the wound, constituting of up 
to 50% of the cellular composition [103]. PMNs play a crucial 
role in debris and microbial defense as they secrete inflamma-
tory mediators such as IL-8, TNF-α, and IL-1β, further upreg-
ulating the inflammatory response and drawing even more 
neutrophils to the site of injury [102, 104, 105]. As the 
inflammatory phase progresses, there is a notable shift in the 
cytokine profile. Initially, increased levels of chemokines such 
as CCL2 attract monocytes which subsequently replace PMNs 
as the predominant cell type within the wound [106]. As the 
concentration of monocytes within the wound bed increases, 
another shift occurs in the cytokine profile, marked by sig-
nificant rise in IL-6. This enhances the migration of mast 
cells and lymphocytes to the healing site [102]. Influenced 
by these incoming cells, the monocytes differentiate into spe-
cific macrophage subtypes, mainly M1 (pro-inflammatory) 
and M2 (anti-inflammatory) [107]. Once differentiated, these 
various macrophages add to the cytokine-rich environment 
[108], facilitating various processes, from cellular apoptosis 
and microbial clearance (via M1) to resolution of inflamma-
tion and aiding in the transition from the inflammatory to the 
proliferative phase (via M2) [102, 108].
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Catecholamines, have been proposed to play a signifi-
cant role in the communication pathways involved during the  
inflammatory phase, particularly by β2-ARs [95•, 99, 109, 
110]. Persistent catecholamine presence within wounds has 
been associated with significantly dysregulated and delayed 
wound healing [111] by prolonged activation of β2-ARs lead-
ing to decreased neutrophil functionality, hindered Langer-
hans cell migration, skewed differentiation of CD4+ cells 
towards a pro-inflammatory Th2 profile, and metabolic dis-
ruption in CD8 + cells [97, 112–116].

TM has been shown to be effective in actively countering 
the increased inflammatory response seen in unopposed EPI-
mediated healing dysregulation [81]. Though TM’s impact 
on the inflammatory phase has improved significantly over 
the years, its full mechanism of action has been yet to be fully 
been understood and appears to be quite multifaceted [45, 
95•, 97, 102, 117–119] That being said, TM's effect on the 
inflammatory phase is notably associated with improved reg-
ulation of pro-inflammatory neutrophils and macrophages 
[106, 120]. Furthermore, TM has also shown potential in 
driving cellular differentiation in an anti-inflammatory 
direction, favoring M2 macrophages and Th1 CD4+ cell  
polarization [113, 115, 121].

Effect on the Proliferative Phase

Re‑Epithelialization

A few days after wounding, and the inflammatory phase 
reaches its peak, the proliferative phase gradually start. This 
phase typically lasts for approximately four to twenty-four 
days, reaching its peak around two weeks post-injury. Dur-
ing this phase, new tissue is generated to repair and replace 
the damaged tissue. Re-epithelialization is the process by 
which basal keratinocytes  reestablish the skin's barrier, 
a defining feature of a healed wound. Multiple cytokine 
and growth factor pathways converge to mediate this pro-
cess, as reviewed by Pastar et al. [122]. Relevant to this 
review, one cytochemical pathway is via modulation of the 
ARs expressed by keratinocytes, predominantly β2-ARs 
[63, 99, 123]. When activated, the β2-AR pathway inhib-
its keratinocyte migration through the elevation of cAMP 
and the phosphorylation of ERK, AMPK, and p38 mito-
gen-activated protein kinase (MAPK), alongside the down-
regulation of the PI3/AKT pathways, all of which lead to 
decreased activation of pro-migratory pathways [58, 90, 111, 
124–127]. Additionally, β2-AR activation downregulates 
keratinocyte proliferation, primarily through nitric oxide 
(NO) generation, facilitated through the same cAMP-PKA 
pathway [99, 123, 126]. By blocking these pathways, TM 
promotes keratinocyte proliferation and migration. By the 
improved keratinocyte migration seen within the context of 
TM has been extensively studied, and has been found to be 

primarily due to modulation of pro-migratory cytoskeletal 
remodeling [124], and prevention of ERK and AKT dephos-
phorylation. This leads to reduced expression of tyrosine 
hydroxylase (TH) and PNMT, consequently diminishing  
endogenous catecholamine synthesis in keratinocytes [64, 
95•, 128, 129]. In this way TM has demonstrated the ability 
to increase keratinocyte migratory speeds by around 28% 
and ERK phosphorylation by 2.5-fold [64], improving the 
rate of wound re-epithelialization [61, 63].

Granulation Tissue Formation

Fibroblast Proliferation  and Migration. The production 
of granulation tissue, occurring approximately 3–4 days 
post-injury, is characterized primarily by the activation and 
migration of fibroblasts. Proliferating fibroblasts migrate to 
the wound bed attracted in a similar fashion as keratinocytes 
(as described above) [130].

The proliferation, migration, and activation of fibroblasts 
have all similarly been found to involve βAR regulation [107, 
131–133]. However, contrasting to the inhibition of keratinoc-
tye proliferation and migration, studies have demonstrated that, 
in fibroblasts, β2-AR activation can lead to an up-regulation, 
rather than a reduction, in both the migration and prolifera-
tion of fibroblasts [59, 134]. Although this upregulation may 
seem beneficial, it has been associated with undesirable conse-
quences, including excessive fibrosis, scarring, and ultimately 
compromised contraction capability [67, 71]. Mechanistically, 
the enhanced fibroblast migration attributed to βAR activation 
is believed to be orchestrated through src-mediated transacti-
vation of the epidermal growth factor receptor (EGFR) [59]. 
TM however has been found to help modulate fibroblast migra-
tion and proliferation by blocking βARs and dampening ERK 
1/2 phosphorylation [59, 134]. Notably β3-ARs are the most 
abundantly found ARs on fibroblasts, which is another pos-
sible explanation for the unique responses seen in fibroblasts 
compared to other cell types, with an increase in proliferation 
and migration rather than being being inhibited when in an EPI 
rich environment [135–138].

ECM Deposition. After fibroblasts have migrated to the wound 
bed, they begin to form the extracellular matrix (ECM), syn-
thesizing collagen fibers, and other essential ECM materials 
such as fibronectin, glycosaminoglycans, proteoglycans, and 
hyaluronic acid [139]. During the early phase of granulation 
tissue development, there is a marked increase of immature 
blood vessel formation, accompanied by a rich cellular frame-
work and fibers [130]. As this phase progresses, a subset of 
fibroblasts, under the influence of TGF signaling, undergo 
further differentiation becoming myofibroblasts, the main 
cells responsible for wound contraction [140, 141].
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ARs have been found to regulate development of 
the ECM and ultimately, the scarring process [131, 142]. 
In this way, TM and other βAR-antagonists have been 
reported to improve scarring cosmesis, through more 
effective wound contraction, and a downregulation of 
pro-fibrotic mRNA [80, 131, 142]. The effect has been 
hypothesized to be in part due to modulation of multiple 
pathways including: PNMT, ERK, and phosphoprotein 
phosphatases (PP2A) [95•, 143]. Paradoxically, it has 
been demonstrated that decreased expression of βARs, 
rather than an increase, has been related with hypertrophic 
scarring, though it is possible this is due to unregulated 
fibroblast proliferation as mentioned above [131, 144]. 
Furthermore, fibroblasts derived from hypertrophic scars 
were noted to have a lower βAR-stimulated cAMP con-
centration compared to typical fibroblasts [131], further 
implicating that the adrenergic system may be involved, 
however to what to degree or how remains still an area 
of investigation.

Angiogenesis

Angiogenesis is another important step in granulation tissue 
formation, playing a vital role in supplying nutrients and 
removing waste from the wound environment [140]. After 
injury, vascular endothelial cells are stimulated by growth 
factors such as vascular endothelial growth factor (VEGF) 
and PDGF [130, 145]. Notably, these endothelial cells 
express a range of receptors, including β1-, β2-, and β3-ARs 
[90, 95•, 100, 110]. The roles of ARs in angiogenesis have 
been extensively reviewed [146], and here, we note only that 
the relationship between βAR-antagonists and angiogenesis 
is intricate, with multiple overlapping facets [99, 130, 147, 
148]. TM is reported to enhance vascular permeability and 
amplify VEGF secretion [144, 145, 148]. However, despite 
the wealth of data on angiogenesis, the exact mechanism 
of action of TM, and other βAR-antagonists, in optimizing 
wound healing via angiogenesis regulation has yet to be fully 
understood [95•, 149].

Effect on the Maturation Phase

The maturation phase is the final phase of wound heal-
ing and can vary greatly in duration, depending on patient 
and wound-related factors, typically  lasting anywhere 
from weeks to years. The influence of TM during the 
maturation phase has been primarily associated with con-
trolling scar formation through 8-hydroxy-2’-deoxyguano-
sine (8OHdG) [101] and its effect on the modulation of 
matrix metalloproteinases (MMPs). As tissues move into 
the maturation phase, approximately 3 weeks post injury, 
the provisional fibrin-rich matrix matures into a robust 
collagen-dominated matrix [140, 150]. MMPs play an 

integral role in refining the collagen structure, continu-
ously degrading, and reshaping it. Notably, several MMPs 
have distinct targets within the wound bed leading modu-
lation of each MMP have various long term remodeling 
consequences [150, 151]. A deviation from balanced col-
lagen construction and destruction can result in significant 
wound healing dysregulation and delay [151].

TM has been shown to modify MMP-mediated out-
comes by inhibiting the activation of MMP-9 and MMP-2 
[95•, 150, 152]. Studies have shown that the effect appears 
to be linked to complex dynamic between MMPs, ARs, 
PP2A, and their common β-Arrestin/NF-κB-dependent 
pathway [111, 153]. Additionally, there has also been 
recent new data showing that βAR-antagonists might pro-
mote the expression of beneficial MMPs, such as MMP-
1, -3, and -13, especially in the presence of IL-1β [153]. 
However, the relevance of these findings to wounds and its 
therapeutic potential remains to be fully explored [105].

Bacterial Modulation

Modulation of Bacterial Activity and Quorum Sensing

Beyond it's  immediate impact on the  wound healing 
phases, there has been a growing body of literature evalu-
ating the potential anti-virulence effect of TM, primar-
ily through its interactions with bacterial quorum sensing 
(QS) systems. QS systems are a unique chemical language 
intrinsic to bacteria, enabling them to gauge adrenergic 
signals within their environment [154] permitting bacteria 
to dynamically adjust their motility, biofilm formation, 
and gene expression based on external stimuli [155]. In a 
recent study, when Pseudomonas aeruginosa, a common 
pathogen that has been linked to wound healing dysregu-
lation, was exposed to TM, the pathogens demonstrated 
significantly decreased biofilm formation when compared 
to those not exposed to TM [96•]. This is particularly 
consequential as catecholamines have been identified to 
increase wound bacterial burden, especially after anti-
biotic use [156]. By inhibiting QS, TM and other βAR-
antagonists essentially blind bacteria, undermining their 
adaptive responses, thereby potentially reducing infections 
and improving wound recovery [155].

Trace Amine Interactions and Microbiota Adaptation

Many skin microbiota phyla are equipped with the sadA 
gene, which catalyzes the conversion of aromatic amino 
acids such as tryptamine, phenethylamine, and tyramine into 
trace amines (TAs) [157, 158•]. These TAs can have both 
agonist and antagonist properties, activating α2-AR recep-
tors [159] inhibiting βARs and α1-ARs [160–162]. In light 
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of recent investigative efforts highlighting the positive effect 
on βAR-antagonism on wound healing, it is unsurprising 
that these pathways have been leveraged organically by 
various bacteria. For instance, strains of Staphylococcus 
epidermidis that produce TA, have been shown to improve 
wound healing compared to non-TA-producing strains. 
Furthermore, QS systems are known  to exhibit binding 
affinities for TAs, which can counteract the effects of local 
catecholamines, leading to the various dysregulated wound 
healing impacts previously described in environments with 
up-regulated EPI [162].

Effect on Biofilm

Biofilm formation in wounds has been associated with worse 
wound healing outcomes and chronic wounds and burns 
[163–165] making it an important area of wound healing 
research. Recently studies have shown that catecholamine-
rich environments can upregulate the production of biofilms 
[166–168]. Notably, it has been demonstrated that this cat-
echolamine-induced biofilm growth can be directly inhibited 
by βAR-antagonists like TM [96•] with biofilms grown on 
physiological collagen substrates, showing marked reductions 
in their growth triggered by either EPI or NE when in the 
presence of TM [96•].

Clinical Studies

The clinical studies of TM and wound healing are listed in 
Table 1, 2, 3, and 4 and briefly summarized below.

Chronic Wounds

Clinical Trials

TM demonstrated improved wound healing in VLUs com-
pared to standard of care (SOC) in two RTCs, with an aver-
age difference in absolute area reduction (ARR) between 
the TM and SOC groups of  39.2% (TM ARR 69.35% 
n=31, SOC ARR 30.15% n=29) [82, 83].

Observational Studies

A total of six observational studies have evaluated the use 
of TM in chronic wounds, with two being retrospective in 
nature [85, 181–184, 186]. One study focused on evaluat-
ing plasma concentration and side effects [184], whereas 
the remaining five assessed wound healing efficacy. Among 
these efficacy studies, 271 patients were enrolled, and all 
reported improved wound healing in subjects treated with 
TM compared to those in the comparison group [202].

Descriptive Studies

 Four case reports have been published highlighting TMs efficacy 
in improving healing in chronic wounds. These reports docu-
ment seven separate patients with VLUs being the most common 
condition, observed five of the patients [75, 76, 183, 187, 188].

Current Studies

A 5-year randomized double-blinded control study is cur-
rently underway evaluating 0.5% TM against placebo in the 
treatment of DFUs [177•].

Radiation Dermatitis

Patients pre-treated with TM displayed reduced severity 
of acute radiation dermatitis (ARD) in a RCT including 64 
women who received radiation for breast cancer. When evalu-
ated using the RTOG/EORTC toxicity criteria, the ARD expe-
rience by the women in the TM group was markedly dimin-
ished (31.3% grade II ARD) compared to those in the placebo 
group (75.0 % grade II ARD) consisting of only glycerin [171].

Split‑Thickness Skin Graft Donor Sites

Clinical Trials

TM application led to a significantly faster re-epitheliali-
zation (11.5 ± 2.3 days, n=32) than a placebo (14.5 ± 3.2 
days, n=32, p < 0.001) in a RCT. While there were reduced 
pain scores and improved scar appearance in the TM group 
after 3 months were significantly improved as measured by 
the Vancouver Scar Score (VSS) [185].

Observational Studies

In a case-control study of 42 patients, TM showed a signifi-
cant decrease in the average days required to heal in split-
thickness skin graft donor sites with an average of 6.4 days 
in the TM group and 12.7 days in the control group [185].

Acute Surgical Wound

TM has been demonstrated to be effective in the treatment 
of acute surgical wounds, as evidenced by both a small RCT 
(n=6) and a retrospective review (n=86). These studies have 
shown  faster healing rates and improved Visual Analog 
Scale (VAS) scores when compared to SOC [85, 175, 191]. The 
retrospective review specifically evaluated the use of topical TM 
following Mohs micrographic surgery on the lower extremities 
in patients with high comorbidities for delayed wound healing. 
Results indicated that patients in the TM group healed as quickly 
as healthy control patients (7.9 weeks compared to 7.7 weeks), 
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and more effectively than similar patients with comorbidities 
who did not receive TM (10.8 weeks) [85]. 

Current Studies

Currently, there are two ongoing clinical trials evaluating the 
effect of 0.25% TM versus the standard of care in post-resection 
of malignancy wounds and open surgical wounds [178, 179].

Nail Lesions

TM has been shown to be effective in the treatment of 
endothelial growth factor receptor inhibitor (EGFRi)-induced 
paronychia when evaluated by the physician Global Assess-
ment Score (pGAS) [169] in a small RCT of 8 patients. There 
have also been various case reports providing evidence for 
the use of TM in healing other nail lesions refractory heal-
ing like ingrown nail post-avulsion wounds and pyogenic 
granulomas associated with paronychia [198–200]

Ablative Fractional  CO2 Laser  (AFCO2)

TM-treated patients after  AFCO2 procedures have 
also showcased superior skin hydration levels, reduced 
transepidermal water loss (TEWL), and better cosmetic 
scores in 3 separate RCTs, evaluating a total of 56 patients 
(though of note, one of the studies showed an improvement 
which was not statistically significant) [172–174].

Acne Scar Revision

In a blinded RTC, when used afterTCA-CROSS, injected 
normal saline (NS) and topical  TM not only improved 
scar appearances but notably reduced scar hyperpigmenta-
tion when compared to injected NS alone, though the differ-
ence was not found to be significant [176].

Current Studies

A current trial is assessing the utility of 0.5% TM when combined 
with micro-needling for the treatment of atrophic acne scars [180].

Vascular Lesions

Previous clinical trials have demonstrated a significant 
lesion reduction in pyogenic granulomas with the use of 
0.5% TM [170]. Other vascular lesions have been extensively 
studied; all of which have demonstrated promising effectiv-
ity regarding the use of TM in the treatment of vasculitic 
ulcers, angioendotheliomatoses, Kaposi sarcomas, and ulcer-
ated hemangiomas [17, 189, 192, 194, 203–209].
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Table 4  Descriptive studies

Descriptive studies

Study type Wound type Number 
of 
wounds

Size/
demographics

Location TM intervention Initial size Area 
reduction

Time to heal

Case report [187] VLU 1 92 y/o ♀ Lateral LLE 0.5% TM, QD × 6 wks 28.35  cm2 65% 6 wks.
Case report [187] VLU 1 93 y/o ♀ Medial LLE 0.5% TM, QD × 12 wks 20  cm2 100% 12 wks.
Case report [76] VLU 1 67 y/o ♂ Posterior LLE 0.5% TM, q2d × 12 wks 4.25  cm2 100% 12 wks.
Case report [188] VLU 1 80 s, ♀ Dorsal R foot 0.5% TM, q1wk × 7 wks 1  cm2 100% 7 wks.
Case report [188] VLU 1 70 s, ♀ Medial LLE 0.5% TM, q1wk × 8 wks 3.2  cm2 100% 8 wks.
Case report [188] Pressure injury (PI) 1 Age UNS, ♀ Lateral RLE 0.5% TM, QD × 4 wks 2.0  cm2 70% 4 wks.
Case report [188] Traumatic refractory 

wound
1 Age UNS, ♀ L mid-back 0.5% TM, QD × 8 wks 4.8  cm2 100% 8 wks.

Case report [188] Mixed-origin sickle cell 
and VLU

1 Age UNS, ♂ Medial LLE 0.5% TM, q1wk × 8 wks 3.6  cm2 21% 8 wks.

Case report [189] Post-traumatic reactive 
angioendotheliomatoses

3 20 s, ♂ R forearm
R wrist
Scalp

0.5% TM, TID × 6 wks UNS 100% 6 wks.

Case series [17] Variable 55 7 ♀
32 ♂
n = 39

Variable 0.5% TM, variable 
frequency > 4 wks

UNS  UNS 89.5 days.

Case report [75] Chronic wound 1 43 y/o ♀ L mid-back 0.5% TM × 8 wks 20  cm2 100% 8 wks.
Case report [190] Refractory hypergranu-

lation secondary to 
electrodessiction and 
curettage (ED&C)

2 UNS, ♂ L upper-back
L forearm

0.5% TM gel, BID × 2 
wks

UNS 100% 2 wks.

Case report [190] Refractory hypergranula-
tion secondary to trauma

1 UNS, ♂ LUE 0.5% TM gel, 
BID × 9 days

UNS 100% 9 days.

Case report [191] Irradiated surgical scalp 
wound

1 UNS, ♂ L parietal scalp
L frontal scalp

0.5% TM, BID
Then PRN d/t mild 

irritant dermatitis × 17 
wks

UNS 100% 17 wks.

Case report [192] Post-HSCT Kaposi 
sarcoma

3 11 y/o ♂ Scalp
Chest
Face

0.5% TM (2 gtt), 
TID × 26 wks

UNS 100% 24 wks.

Case report [193] Junctional epidermolysis 
bullosa

1 1 y/o UNS R hallux nail 0.5% TM, BID × 8 wks UNS 100% 8 wks.

Case report [193] Junctional epidermolysis 
bullosa

1 2 y/o UNS R neck fold 0.5% TM, BID × 8 wks UNS 80% 8 wks.

Case report [194] Vasculitic ulcer 1 40 y/o ♂ LLE 0.5% TM (5 gtt), TID × 6 
wks

5 cm diameter 100% 6 wks.

Case report [195] Hydroxyurea-induced 
ulcers

2 67 y/o ♂ R dorsal foot
L dorsal foot

0.5% TM, BID × 17 wks UNS 100% 17 wks.

Case report [196] Deep heel fissure 2 36 y/o ♀ R heel
L heel

0.5% TM (2–3 gtt), 
QD × 4 wks

UNS 100% 4 wks.

Therapeutic pearl 
[197]

Recalcitrant fissures 
and erosions 2/2 hand 
eczema

2 UNS R palm
L palm

0.5% TM (2–3 gtt), 
QD × 1 wk

UNS UNS 1 wk.

Case report [87] Pyoderma gangrenosum 1 46 y/o ♀ Periumbilical 0.5% TM (4 gtt) + Algi-
nate Dressing, q2d × 18 
wks

UNS 100% 18 wks.

Case report [86] Pyoderma gangrenosum 1 77 y/o ♀ Medial RLE 0.5% TM gel + colla-
genase, QD applied to 
wound edge × 18 wks

67.5  cm2 100% 18 wks.

Case report [198] Onychocryptosis 1 22 y/o ♂ L hallux 0.5% TM (2 gtt), BID × 3 
wks

UNS 100% 3 wks.

Case report [199] Paronychia 2 83 y/o ♀ R hand
L hand

0.5% TM, BID × 4 wks UNS 100% 4 wks.
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Other Descriptive Studies

Refractory Hypergranulation Tissue (RHT)

Two case studies exhibited complete resolution within two 
weeks of start 0.5% topical TM treatment for refractory 
hypergranulation tissue (RHT) [190].

Hidradenitis Suppurativa

A reported case of a patient showing and 80% area reduction 
with the use of 0.5% topical TM [201].

Junctional Epidermolysis Bullosa

A case report including two infants treated with 0.5% topical TM 
for lesions associated with junctional epidermolysis bullosa 
showed a signficant improvement with a 100% area reduction in 
one infant, and 80% in the other after 8 weeks of treatment [193].

Hydroxyurea‑Induced Ulcers

A case report documented complete resolution of hydrox-
yrea-induced ulcers after using 0.5% topical TM for 17 
weeks [195].

Recalcitrant Fissures

Two separate reports of 0.5% topical TM use in in deep non-
healing fissures of the heels and hands were reported with 

complete resolution after 4 weeks for the heel fissures and 
only 1 week for the hands [196], 197].

Pyoderma Gangranosum (PG)

Two case reports documented the successful treatment of 
idiopathic PG in two female patients after 5 months of 0.5% 
topical TM therapy [86, 87].

Considerations for Use

TM is currently widely used as a topically applied oph-
thalmologic treatment for wide-angle glaucoma, and gen-
erally considered to be well tolerated. With the growing 
repurpose of TM for topical applications, understanding 
its potential for systemic effects and adverse events (AEs) 
is critical. Given that a recent prospective study revealed 
no significant difference in plasma levels of TM 1 hour 
post-ophthalmic  application compared to the  topical 
application chronic wounds, it is assumed that the safety 
profile for both applications can be considered equivalent 
[184]. Yoon et al. [210•] provided clinical guidelines that 
offer valuable considerations accompanied by a proposed 
prescribing algorithm  for  dermatologic  applications. 
This section further underscores the importance of these 
guidelines, aiming to equip clinicians with the tools need 
to make informed decisions regarding the use of TM in 
wound healing for their patients.

Table 4  (continued)

Descriptive studies

Study type Wound type Number 
of 
wounds

Size/
demographics

Location TM intervention Initial size Area 
reduction

Time to heal

Case report [199] Paronychia 2 68 y/o ♀ R hand 0.5% TM, BID × 4 wks UNS 100% 4 wks.
Case report [200] Paronychia 1 60 s ♂ Fingernail 0.5% TM gel, BID × 4 

wks
UNS 100% 4 wks.

Case report [200] Paronychia 2 50 s ♂ Toenail 0.5% TM gel, BID × 4 
wks

UNS 100% 4 wks.

Case report [200] Paronychia 2 50 s ♂ Toenail 0.5% TM gel, BID × 4 
wks

UNS Partial 4 wks.

Case report [200] Paronychia 2 70 s ♂ Toenail
Fingernail

0.5% TM gel, BID × 4 
wks

UNS 100% 4 wks.

Case report [200] Paronychia 5 60 s ♂ Fingernail (5) 0.5% TM gel, BID × 4 
wks

UNS 100% 4 wks.

Case report [201] Hidradenitis suppurativa 6 26 y/o ♂ Bilateral axil-
lae (2)

Gluteal cleft
Perineum
Inguinal 

folds (2)

0.5%TM (2–3 gtt), 
QD × 12 wks

UNS 80% 12 wks.
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Current Clinical Data and Guidelines

Contraindications

The use of TM for wound healing is contraindicated in 
patients with preexisting heart block, syncope, bradycardia, 
asthma, or COPD [211].

Adverse Events (AEs)

AEs are most often reported from ophthalmic TM solution 
use due to the significant prevalence of use over the past 
4 decades. With the absorption of ophthalmic and topical 
TM applications being comparable [184], it is reasonable to 
assume similar potential for systemic AEs which have been 
listed as the following: arrhythmia, tachycardia, palpitations, 
heart failure, angina, respiratory arrest, respiratory failure, 
respiratory distress, dyspnea, apnea, asthma, bronchitis, con-
tracted lung function, apneic spell, syncope, headache, cer-
ebrovascular accident, depression, gastrointestinal distress, 
and sexual impotence [212].

Patient Monitoring

Yoon et al. recommend observing heart rate, blood pressure, 
and lung function prior to and 20 min after TM application. 
An ambulatory ECG may be necessary for high-risk candi-
dates [210•, 212].

Dosage and Application

Lower concentration formulations (0.1% of TM solution) have 
exhibited fewer cardiac side effects in glaucoma patients [213]. 
However, both 0.25% and 0.5% formulations have shown good 
tolerability in previous studies as well [184]. Notably, the most 
common formulation provided in the literature for topical use 
in wound healing is 0.5% TM between once and twice a day  
(Tables 1, 3, and 4). Regarding application, the current standard 
is that the TM drops should be applied directly to the wound 
edges to promote keratinocyte migration [212]. Given the com-
parable AEs and absorption profiles between the two types of 
applications, stringent patient monitoring, pre-screening, and  
dosing continue to be essential.

Safety Concerns from Historical Data

Bradycardia stands out as the most common significant 
AE, with other major concerns being cardiac and respira-
tory dysfunctions. Historical data highlights 20 reported 
deaths linked to TM use since 2013, primarily from cardiac 
and respiratory causes [214]. This further underscores the 
need for rigorous safety evaluations, especially as 4.29% of 
AEs reported since 1978 relate to bradycardia in topical TM 

use [214]. Current clinical studies focusing on dermatologi-
cal applications tend to prioritize drug efficacy and often 
overshadowing the importance of monitoring for potential 
AEs [210•], however as with all medications, the poten-
tial benefits and risks must be weighed for each patient 
independently. 

Pharmacodynamics, Metabolism, and Potential 
Genetic Considerations

Systemic effects of TM, even if not considered as sig-
nificant AEs, should be evaluated cautiously, especially 
given the potential for unique individual predispositions. 
Genetic variances, such as polymorphisms in genes like 
CYP2D6 or the β1-AR, can affect TM response, creating 
suggested metabolization categories for patients which 
have been defined as: ultra-rapid metabolizers, extensive 
metabolizers, intermediate metabolizers, and poor metabo-
lizers [215–217]. Genotyping for these polymorphisms may 
offer an added safety layer for those susceptible to AEs, as 
suggested by Yoon et al. [210•, 212], especially given the 
ambiguous correlation between TM’s plasma concentration 
and its bioactivity [210•].

Drug‑Drug Interactions

Recent discoveries highlight potential drug interactions 
between TM and other drugs such as selective serotonin 
reuptake inhibitors (SSRIs), cyclo-oxygenase-2 (COX-2) 
inhibitors, and histamine receptor antagonists [218–221]. 
These interactions might amplify the systemic absorption 
of TM and potentially exacerbate AEs, especially in elderly 
patients within the setting of potential polypharmacy, and 
should be considered prior to prescribing to patients [210•].

Conclusion

Since its initial use for glaucoma, the application of tim-
olol has evolved considerably over the years, now pre-
senting a novel opportunity for therapeutic discovery in 
wound healing. Significant efforts have been invested in 
both pre-clinical and clinical studies, revealing not only 
its mechanism of action but its positive impact on inflam-
mation, proliferation, and maturation of wounds through 
interactions with both endogenous and microbial adren-
ergic signaling. As the use of timolol for wound healing 
expands, it is vital to ensure sound research to further 
understand its efficacy and safety. This is particularly 
important considering the years of stagnation in finding 
significant improvement in potential wound healing thera-
pies. Timolol appears to be a promising therapeutic option 
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that is low-cost, globally accessible, and a high incidence 
of reported effectiveness, making it a viable treatment 
choice for wounds in the appropriate circumstance.
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