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Glaucoma is themain cause of irreversible visual loss worldwide, and comprises

a group of progressive, age-related, and chronic optic neuropathies.

Prostaglandin analogs are considered a first-line treatment in the

management of glaucoma and have the best efficacy in reducing intraocular

pressure. When comparing these therapeutic agents between them, long-term

therapy with 0.03% bimatoprost is the most effective followed by treatment

with 0.005% latanoprost and 0.004% travoprost. The prevalence of adverse

events is lower for latanoprost than for other prostaglandin analogs. However,

some patients do not respond to the treatment with prostaglandin analogs

(non-responders). Intraocular pressure-lowering efficacy differs significantly

between individuals partly owing to genetic factors. Rs1045642 in ABCB1,

rs4241366 in SLCO2A1, rs9503012 in GMDS, rs10306114 in PTGS1,

rs11568658 in MRP4, rs10786455 and rs6686438 in PTGFR were reported to

be positive with the response to prostaglandin analogs in patients with

glaucoma. A negative association was found between single nucleotide

polymorphisms of PTGFR (rs11578155 and rs6672484) and the response to

prostaglandin analogs in patients with glaucoma. The current review is an

analysis of the information relevant to prostaglandin analog treatments

based on previous literatures. It describes in detail the clinical pharmacology

and pharmacogenetics of drugs belonging to this therapeutical class to provide

a sound pharmacological basis for their proper use in ophthalmological clinical

practice.
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Introduction

Glaucoma is the second leading cause of blindness worldwide and comprises a group

of irreversible, progressive, and chronic optic neuropathies that result in vision loss owing

to the death of retinal ganglion cells (Quigley and Broman, 2006; Kang and Tanna, 2021).

Age is considered a major risk factor for glaucoma (McMonnies, 2017) and the prevalence

of this pathology increases with age. Reports indicate a prevalence of 2.93% among
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patients aged 40–80 years and 10.0% among those over the age of

90 (Schuster et al., 2020). Although the exact mechanism is

unknown, several factors seem to contribute. Firstly, increasing

age may affect neuronal function, making older patients more

susceptible to glaucoma. Additionally, fewer neurons may be

detected, allowing for earlier identification of progressive changes

in the optic nerve (Park et al., 2016).

Glaucoma is classified into open-angle glaucomas (OAGs),

angle-closure glaucoma (ACGs) based on the anatomic status of

the anterior chamber angle (Kang and Tanna, 2021). The most

frequent type may differ from one region of the world to another

(Schuster et al., 2020; Camara et al., 2022). For instance, ACGs is

more prevalent in certain regions of Asia, whereas OAGs is more

equally distributed throughout the world.Worldwide, the latter is

the most frequent form of the disease.

To date, the precise factors that trigger the cascade of cellular

events leading to glaucoma are poorly understood. However, this

pathology is associated with an interplay between several risk

factors, such as elevated intraocular pressure (IOP), older age,

increased cup-to-disc ratio, thinner central cornea, and family

history (Angeli and Supuran, 2019; Senthil et al., 2021). There are

no available treatments for reversing the damage that glaucoma

inflicts on the visual system. Early diagnosis and prompt

treatment are important to prevent progression of vision loss.

Increased intraocular pressure (IOP) is thought to damage the

lamina cribrosa and is considered a major risk factor for

glaucoma (Da Silva and Lira, 2022). Elevated IOP currently

represents the only modifiable risk factor targeted by therapy

for the prevention of glaucoma progression (Schuster et al., 2020;

Zukerman et al., 2021). IOP is dependent on the balance of

aqueous humor production, outflow of aqueous humor, and

pressure of the episcleral vein (Islam and Spry, 2020).

Aqueous humor is produced by the ciliary body, and there are

two pathways for its outflow: a conventional pathway (the

trabecular meshwork and Schlemm canal) and an

unconventional one (uveoscleral outflow pathway) (Fautsch

and Johnson, 2006; Goel et al., 2010). In the conventional

pathway, aqueous humor passes through the trabecular

meshwork into Schlemm’s Canal, then moves into an

intrascleral venous plexus, and eventually to aqueous and

episcleral veins (Costagliola et al., 2020). In the

unconventional pathway, aqueous humor moves through the

ciliary body of the angle, into ciliary body clefts, draining either

into the supraciliary space, through the sclera, or into lymphatics

(Yucel et al., 2009).

Topical and systemic medications, laser treatments, and

surgical procedures are currently used to lower intraocular

pressure (Kang and Tanna, 2021; Meier-Gibbons and

Toteberg-Harms, 2021). Prostaglandin analogs (PGAs) are

considered as a front-line medications for the treatment of

glaucoma owing to their clinical efficacy to reduce IOP, mode

of administration (once-daily dosing), and minimal side-effect

profile (Tang et al., 2019; Aihara, 2021; Casson, 2022).

Physiology of prostaglandins and
implications for the treatment of
glaucoma

Prostaglandins are pro-inflammatory molecules produced

when arachidonic acid is metabolized by cyclooxygenase

enzymes (isoforms COX-1 and COX-2). Basal levels of

prostaglandins are produced by COX-1, and further increased

by COX-2 isoform (Korbecki et al., 2014). There are five classes of

prostaglandins: prostaglandin E2 (PGE2), F2 (PGF2), I2 (PGI2),

D2 (PGD2), and thromboxane A (TXA2). Prostaglandin H2

(PGH2), a by-product of arachidonic acid metabolism by COX, is

converted to each PH species by various synthases (Winkler and

Fautsch, 2014; Angeli and Supuran, 2019; Aihara, 2021).

Different prostaglandins interact with their corresponding

G-protein-coupled receptors (GPCR) to elicit different

responses. To date, nine such specific GPCRs are known to be

expressed on different cell surfaces: DP1 and 2 receptors (DPs)

for PGD2, EP1, 2, 3, and 4 receptors for PGE2, FP receptor for

PGF2, and TP receptors for TXA2 (Aihara, 2021).

In human beings, the expression of FP receptor protein had

been detected in the corneal epithelium, ciliary epithelium, the

circular portion of ciliary muscle, and iris stromal and smooth

muscle cells (Davis and Sharif, 1999; Sharif et al., 1999; Schlotzer-

Schrehardt et al., 2002; Zhang and Yin, 2002). FP receptors

activate phosphatidylinositol metabolism through G-coupled

proteins, resulting in the increase of intracellular free calcium

concentrations and modulation of various signaling cascades.

PGF2α and prostaglandin FP agonists decrease IOP by increasing

uveoscleral outflow via an unconventional pathway. PGAs could

activate prostaglandin receptors in ciliary muscle, iris root and

sclera (Park et al., 2021). The possible mechanism of PGAs

including the relaxation of ciliary smooth muscles, the

alteration of cytoskeletal, remodeling of the extracellular

matrix of the uveoscleral pathway (Tripathy and Geetha,

2022). In addition, it might also enhance some aqueous fluid

outflow via the FP-receptors present in the trabecular meshwork

(Sharif et al., 2003). However, the underlying mechanisms of this

effect are not fully understood (Lindsey et al., 1997). FDA

approved latanoprost, the first FP-related drug for the

treatment of glaucoma, in 1996. Because of its high efficiency,

it has been the first-line drug against this pathology.

Subsequently, similar FP agonists (bimatoprost, travoprost,

and tafuprost) were approved.

The EP receptor is expressed in the trabecular meshwork and

ciliary body. The activation of EP2/EP4 receptors results in

decreased cell stiffness in Schlemm’s canal, increased cell

contractility of the trabecular meshwork, and decreased IOP

via the conventional outflow pathway (Wan et al., 2007; Wang

et al., 2013). Previous animal studies have also reported that

EP2 and EP4 agonists decrease IOP (Crider and Sharif, 2001;

Saeki et al., 2009; Boussommier-Calleja et al., 2012; Bertrand

et al., 2021). In 2018, a novel EP2 receptor agonist, omidenepag
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FIGURE 1
The distribution of IOP-lowering efficacy of PGAs at different time points of therapy and the distribution of ocular side events of PGAs in
previous RCTs. (A) The distribution of the IOP-lowering efficacy of PGAs at 1M, 3M, and 6M. The abscissa represents the mean IOP reduction from
baseline to the endpoint. The ordinate represents the data from different reported literatures. (A1): The distribution of IOP-lowering efficacy of PGAs
at 1 month. (A2): The distribution of IOP-lowering efficacy of PGAs at 3 months. (A3): The distribution of IOP-lowering efficacy of PGAs at
6 months. Red circle: Latanoprost; Green square: Bimatoprost; Dark triangle: Travoprost. (B) The distribution of ocular side events of PGAs in
previous RCTs. The horizontal axis represents the incidence of ocular side effects. The pale green columns in the top represent the ocular side effects
in Bimatoprost. The faint yellow columns in themiddle represent the ocular side effects in Travoprost. The pale blue columns in the bottom represent
the ocular side effects in Latanoprost. Green square: conjunctival hyperemia; yellow circle: growth of eyelashes; blue circle: other discomfort.
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isopropyl (OMDI), was shown to reduce IOP by increasing both

uveoscleral and trabecular outflow in animals. Later, it was

proven to also be effective in humans (Aihara et al., 2020;

Shiratori et al., 2021).

PGD2 has been reported to play important roles in

reproduction, allergic inflammation, immune response, and

sleep regulation. For the ocular system, it is involved in the

immune responses (Jung et al., 2014; Doucette andWalter, 2017).

PGD2 has been proved to increase the production of aqueous

humour, but it also shows an increase amount of uveoscleral

outflow via an unconventional pathway (Sharif et al., 2004).

PGI2 has been considered as an effective vasodilator and an anti-

platelet aggregation agent (Hara et al., 2005). It also plays

important a role in the preventing apoptosis through PPAR

pathway (Nana-Sinkam et al., 2007). In addition, it has been

proven to reduce IOP in rabbits and beagles in previous study

(Hoyng and de Jong, 1987). TXA2 is shown to promote the

activation of the platelets, induce bronchodilation, and promote

the proliferation of respiratory smooth muscle cells (Christman

et al., 1992; Rolin et al., 2006). In 2013, TPs had been shown to

induce high concentration contraction of porcine ciliary vessels

in vitro (Kringelholt et al., 2013). However, no prostaglandin

analogues (PGD2, PGI2, and TXA2) available for reducing IOP

are reported up to now.

Clinical efficacy of prostaglandin
analogues

PGAs (bimatoprost, latanoprost, travoprost, tafuprost and

omidenepag isopropyl) are the most efficacious drugs in

controlling IOP, followed by β-blockers, α-2 agonists, and

carbonic anhydrase inhibitors (Li et al., 2016; Inoue et al.,

2020). Several clinical trials have compared the efficacy and

side effects of various PGAs. However, the results of these

studies are inconsistent. For example, Florent Aptel

demonstrated that 0.03% bimatoprost is more effective in

reducing IOP than 0.005% latanoprost and 0.004% travoprost

(Aptel et al., 2008). Conversely, Denis (Denis et al., 2007)

reported that 0.004% travoprost and 03% bimatoprost might

have a greater efficacy in reducing IOP than 0.005% latanoprost.

Additionally, these studies were undertaken years ago. To

provide a summary of the efficacy and adverse events of

different PGAs, we selected relevant randomized controlled

studies published between 1 January 2000, and 1 April 2022.

The keywords were “glaucoma,” “ocular hypertension,”

“prostaglandin analogues” “latanoprost,” “travoprost,”

“bimatoprost,” “tafuprost,” “omidenepag isopropyl,”

“intraocular pressure,” “randomized controlled trial.” Reports

on the comparative efficacy of tafuprost, omidenepag isopropyl

and other newer PGAs were scarce. We did not analyze the

efficacy and side effects of tafuprost, omidenepag isopropyl.

Finally, 19 studies were included in this analysis (Figure 1)

(Gandolfi et al., 2001; Netland et al., 2001; Cardascia et al.,

2003; Noecker et al., 2003; Parrish et al., 2003; Cellini et al.,

2004; Arcieri et al., 2005; Cantor et al., 2006; Noecker et al., 2006;

Koz et al., 2007; Varma et al., 2008; Yildirim et al., 2008; Birt et al.,

2010; Faridi et al., 2010; Huang et al., 2011; Mishra et al., 2014;

Fogagnolo et al., 2015; Muz et al., 2021).

To accurately compare the efficacy and side effects of these

therapeutical agents, we undertook a subgroup analysis based on

the duration of drug administration. The result was expressed as

the absolute change in mmHg from baseline to the endpoint of

the treatment. No significant difference in the IOP reduction was

observed following 1 month of treatment with 0.03%

bimatoprost (7.49 ± 4.57 mmHg, n = 155), 0.005% latanoprost

(7.00 ± 3.64 mmHg, n = 311) or 0.004% travoprost (7.07 ±

3.87 mmHg, n = 387). Additionally, there was no significant

difference in IOP reduction after one, three, and 6 months of

treatment with 0.005% latanoprost and 0.004% travoprost. While

three and 6 months of therapy with 0.03% bimatoprost are more

effective for IOP control than three and 6 months of therapy with

0.004% travoprost or 0.005% latanoprost (0.03% bimatoprost:

8.13 ± 3.59, 7.93 ± 3.81; 0.004% travoprost: 7.21 ± 3.64, 6.95 ±

3.64; 0.005% latanoprost: 7.63 ± 3.29, 7.25 ± 3.80 respectively).

Systemic and ocular adverse effects
of anti-glaucoma prostaglandin
analogues

Similar to other medications, drugs against glaucoma have

specific adverse effects (Arbabi et al., 2022). However,

prostaglandin analogs administered for the treatment of

glaucoma have an optimal safety profile in terms of systemic

adverse events, and some of the side effects are only of cosmetic

significance (Wang et al., 2021). These agents are safe for the

cardiovascular and respiratory systems and do not induce any

related-adverse events (Waldock et al., 2000; Hollo, 2007; Alm

et al., 2008). Headache is a potential systemic adverse event of

PGAs therapy (Wang et al., 2021; Arbabi et al., 2022), these

agents may induce headaches or activate migraines in some

individuals (Antonova et al., 2013). Headaches are reversible

after the cessation of PGAs treatment (Wang et al., 2021; Arbabi

et al., 2022).

Ocular side effects include conjunctival hyperemia, growth of

eyelashes, and other discomforts (eye irritation, itching, tearing,

foreign body sensation, iris cysts, cystoid macular edema,

anterior uveitis, and reactivation of herpes simplex keratitis)

(Hollo, 2007; Alm et al., 2008; Silvio et al., 2018). Conjunctival

hyperemia is the most frequent mild transient ocular adverse

effect in patients receiving PGAs. It seems to be caused

exclusively by vasodilation because associated-inflammation

has not been previously documented (Lee et al., 2019).

Additionally, severe hyperemia is associated more frequently

with PGAs therapy than with other anti-glaucoma drugs (Li
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et al., 2018). However, the severity of conjunctival hyperemia

tends to decrease as the treatment continues (Sakata et al., 2016).

The growth of lashes (darker and longer eyelashes) is an

interesting and well-documented side effect associated with the

use of PGAs. In a retrospective study in 1997, Johnstone reported

43 individuals receiving topical PGAs therapy suffered

hypertrichosis and growth of lashes (Johnstone, 1997).

Changes related to eyelashes include their number, thickness,

length, and curvature (Johnstone, 1997). A total of 46.3% of

individuals with adaptation to PGAs presented changes in the

thickness and length of the eyelashes (Chiba et al., 2004). The

average length of eyelashes at baseline and following sixth

months of latanoprost therapy was 5.5–6.1 mm and

6.2–6.8 mm, respectively (Elgin et al., 2006). Additionally,

bimatoprost gel suspension applied on the eyelashes for

6 weeks resulted in a statistically significant growth of

eyelashes length (average length: 2.0 mm) (Wester et al., 2010).

We summarized the ocular adverse effects presented in the

11 RCT studies comprised in this analysis. These included

conjunctival hyperemia, growth of lashes, and other

discomfort associated with the topical administration of

latanoprost, bimatoprost, and travoprost (Gandolfi et al.,

2001; Netland et al., 2001; Cardascia et al., 2003; Noecker

et al., 2003; Parrish et al., 2003; Arcieri et al., 2005; Cantor

et al., 2006; Noecker et al., 2006; Birt et al., 2010; Faridi et al.,

2010; Mishra et al., 2014) (Figure 1). Conjunctival hyperemia

was the most frequent ocular side effect of all three

prostaglandin analogs. The prevalence of conjunctival

hyperemia in travoprost (42.23%) and bimatoprost

(43.57%) groups was significantly higher than in

latanoprost (27.62%) group (p = 1.22E-8). Patients who

received travoprost had a higher prevalence of eyelash

growth than those receiving latanoprost and bimatoprost

(p = 5.16E-4). In summary, latanoprost therapy has the

lowest prevalence of adverse events among these PGAs.

Pharmacogenetics and prostaglandin
analogues

Pharmacogenetics is the field of research on the

contribution of genetic factors to drug treatment outcomes.

Interindividual genetic variations can affect the

bioavailability, efficacy, metabolism, and toxicity of

medicines. The primary goal is to help pharmacologists

develop more effective and safer drugs by considering

genetic factors (Fini et al., 2017; Relling et al., 2020).

Detailed knowledge of drug pharmacogenetics enables the

optimization of therapy by dosage customization according

to the patient’s genetic profile. Though “pharmacogenetics”

was raised by Friedrich Vogel in 1959, the relevance of

inherited genetic traits in affecting clinical outcomes had

been detected long before (Daly, 2017; Fini et al., 2017).

Pharmacogenetics has been successfully used for developing

treatments of several diseases, such as PXT3003 for Charcot-

Marie-Tooth (Attarian et al., 2014; Mandel et al., 2015) and

Parkinson’s disease (Hajj et al., 2015), inhibitors of the

epidermal growth factor receptor and anaplastic lymphoma

kinase, for the treatment of various types of cancer (Kerr et al.,

2014; Morganti et al., 2019). Single nucleotide polymorphisms

(SNPs) and small indels are the most frequent and extensively

studied genetic variations that affect pharmacokinetics,

FIGURE 2
Genetic variants that influence latanoprost therapy
outcomes. Blue circular cylinder: negative association; gray
circular cylinder: no association; orange circular cylinder: positive
association.
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efficacy, and toxicity of drugs. Other studies indicated that

genomic structural variations, such as inversions,

translocations, and copy number variants (CNVs), are also

a rich source of genetic variability (Gao et al., 2015).

To date, 65 SNPs in 47 genes are reported to be associated

with POAG, 13 SNPs in 19 genes with PACG, and 11 SNPs in

18 genes with pseudoexfoliation (Zukerman et al., 2020).

Linkage, genome-wide association, and candidate gene studies

have identified several loci (TMCO1, CDKN2B-AS1, CAV1, and

CAV2, AFAP1 GMDS, et al.) responsible for the development of

glaucoma.

The efficacy of anti-glaucoma drugs significantly differs

between patients with glaucoma, and some anti-glaucoma

drugs may prove ineffective in some individuals with

glaucoma (Inoue et al., 2016). To date, the response to

latanoprost of patients with glaucoma and ocular

hypertension, is reported to be associated with the genetic

polymorphism of seven genes (ABCB1, SLCO2A1, AFAP1,

GMDS, PTGS1, MRP4, and PTGFR) (McCarty et al., 2012;

Sakurai et al., 2014; Gao et al., 2015; Ussa et al., 2015; Liu

et al., 2016; Zhang et al., 2016; Cui et al., 2017) (Figure 2).

However, such studies on pharmacogenetics have not yet been

conducted for other PGAs.

Prostaglandin F2 receptor negative regulator (PTGFR) is a

primary target for latanoprost. Latanoprost activates PTGFR

to produce Gq-mediated inositol triphosphate-3, increasing

the levels of intracellular calcium and matrix

metalloproteinases (MMP) (Hinz et al., 2005). Increasing

the activity of MMP reduces the extracellular matrix in

ciliated muscle, increases the outflow of aqueous humor

and consequently reduces IOP (Zhang et al., 2016). Up to

now, six studies reported the association between the SNPs in

PTGFR (rs1073611, rs10786455, rs11578155, rs12093097,

rs35586449, rs3753380, rs376635, rs3766354, rs3766355,

rs6672484, and rs6686438) and glaucoma with the

treatment of latanoprost (McCarty et al., 2012; Sakurai

et al., 2014; Gao et al., 2015; Ussa et al., 2015; Zhang et al.,

2016; Cui et al., 2017). Among these SNPs, four were not

correlated with the response to latanoprost (rs1073611,

rs35586449, rs376635, rs3766354). SNPs (rs10786455,

rs6686438) were associated with a positive response to

latanoprost. Conversely, rs11578155 and rs6672484 were

associated with a negative response to latanoprost. These

studies on the association between SNPs (rs12093097,

rs3753380, rs3766355) in PTGFR and the change in IOP to

prostaglandin analogs showed inconsistent in different studies

(Sakurai et al., 2014; Gao et al., 2015; Ussa et al., 2015; Zhang

et al., 2016).

The correlation between the remaining 13 SNPs in six

genes and IOP-lowering efficacy of latanoprost in patients

with glaucoma was also investigated (McCarty et al., 2012;

Gao et al., 2015; Zhang et al., 2016). SLCO2A1 is a transporter

of latanoprost acid highly expressed in human ocular tissues

(Fuchsjager-Mayrl et al., 2005; Zhang et al., 2016). Actin

filament-associated protein (AFAP) can affect the actin

filament and cytoskeleton and plays important roles in

aqueous outflow (Fuchsjager-Mayrl et al., 2005; Cui et al.,

2017). GDP-mannose 4,6-dehydratase (GMDS) is required for

the first step of de novo fucose synthesis (Gharahkhani et al.,

2014). Fucose is necessary for various biological functions,

including growth factor receptor signaling. It had been

reported to corrected with the development of glaucoma

(Becker and Lowe, 2003; Miyoshi et al., 2008). Multidrug

resistance protein 4 (MRP4) is expressed in human

trabecular meshwork cells and thus, in the human aqueous

humor outflow pathway (Pattabiraman et al., 2013; Gao et al.,

2015). Prostaglandin-endoperoxide synthase 1 (PTGS1/COX-

1) plays important roles in the production of prostaglandins.

Rs1128503, rs2032582 and rs3213619 in ABCB1, rs2370512 in

SLCO2A1, rs34550074 in SLCO2A1, rs11723068 and

rs757253 in AFAP1, rs17134549 in GMDS showed no

association with the response to latanoprost (Gao et al.,

2015; Liu et al., 2016; Zhang et al., 2016; Cui et al., 2017).

Rs1045642 in ABCB1, rs11568658 in MRP4, rs4241366 in

SLCO2A1, rs9503012 in GMDS and rs10306114 in

PTGS1 were correlated with positive responses to

latanoprost (Gao et al., 2015; Zhang et al., 2016; Cui et al.,

2017).

Different effects of the same SNPs on the efficacy of

latanoprost might be caused by different ethnicities, different

diagnostic criteria for glaucoma and the minor error between

prostaglandin analogs and latanoprost (Canut et al., 2021). The

frequencies of the different variants showed prominent

interethnic variability. Therefore, this might be a possible and

important factor in the response to PGAs in the treatment of

glaucoma.

Discussion

In summary, we investigated the clinical pharmacology and

pharmacogenetics of PGAs in glaucoma patients. Long-duration

treatment with 0.03% bimatoprost is more effective than those

with 0.005% latanoprost and 0.004% travoprost. Latanoprost

shows the lowest prevalence of adverse events among the

other PGAs. Data on the recently developed EP2 receptor

agonist OMDI are limited. The IOP-lowering efficacy of

OMDI was noninferior to latanoprost and may also be used

as a first-line drug to treat glaucoma (Aihara et al., 2020).

More studies are needed to demonstrate its efficacy, identify

the associated-adverse effects and study on the pharmacogenetics

of PGAs. Individuals and ethnic populations with different

genetic background may show significant differences in drug

metabolism and efficacy, sometimes manifesting as severe

adverse drug reactions or lack of efficacy. Ophthalmologists

need to understand the clinical pharmacology and
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pharmacogenetics of PGAs and prescribe them accordingly to

maximize their beneficial effects.

Author contributions

LZ and XW designed this study. LZ and WZ analyzed the data.

LZ and XW wrote the manuscript. LZ, WZ, and XW revised the

manuscript.

Funding

Supported by grants from the Natural Science Foundation of

China (No.82070954); The Innovative Spark Grant of Sichuan

University (No. 2018SCUH0062); 1·3·5 project for disciplines of

excellence–Clinical Research Incubation Project, West China

Hospital, Sichuan University (No. 2021HXFH057); The “0-1”

Innovation Research Project of Sichuan University (No.

2022SCUH0036); Natural Science Foundation of Sichuan

(2022NSFSC1370).

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

References

Aihara, M., Lu, F., Kawata, H., Iwata, A., Odani-Kawabata, N., and Shams, N. K.
(2020). Omidenepag isopropyl versus latanoprost in primary open-angle glaucoma
and ocular hypertension: The phase 3 AYAME study. Am. J. Ophthalmol. 220,
53–63. doi:10.1016/j.ajo.2020.06.003

Aihara, M. (2021). Prostanoid receptor agonists for glaucoma treatment. Jpn.
J. Ophthalmol. 65 (5), 581–590. doi:10.1007/s10384-021-00844-6

Alm, A., Grierson, I., and Shields, M. B. (2008). Side effects associated with
prostaglandin analog therapy. Surv. Ophthalmol. 53 (1), S93–S105. doi:10.1016/j.
survophthal.2008.08.004

Angeli, A., and Supuran, C. T. (2019). Prostaglandin receptor agonists as
antiglaucoma agents (a patent review 2013 - 2018). Expert Opin. Ther. Pat. 29
(10), 793–803. doi:10.1080/13543776.2019.1661992

Antonova, M., Wienecke, T., Olesen, J., and Ashina, M. (2013). Prostaglandins in
migraine: Update. Curr. Opin. Neurol. 26 (3), 269–275. doi:10.1097/WCO.
0b013e328360864b

Aptel, F., Cucherat, M., and Denis, P. (2008). Efficacy and tolerability of
prostaglandin analogs: A meta-analysis of randomized controlled clinical trials.
J. Glaucoma 17 (8), 667–673. doi:10.1097/IJG.0b013e3181666557

Arbabi, A., Bao, X., Shalaby, W. S., and Razeghinejad, R. (2022). Systemic side
effects of glaucoma medications. Clin. Exp. Optom. 105 (2), 157–165. doi:10.1080/
08164622.2021.1964331

Arcieri, E. S., Santana, A., Rocha, F. N., Guapo, G. L., and Costa, V. P. (2005).
Blood-aqueous barrier changes after the use of prostaglandin analogues in patients
with pseudophakia and aphakia: A 6-month randomized trial. Arch. Ophthalmol.
123 (2), 186–192. doi:10.1001/archopht.123.2.186

Attarian, S., Vallat, J. M., Magy, L., Funalot, B., Gonnaud, P. M., Lacour, A., et al.
(2014). An exploratory randomised double-blind and placebo-controlled phase
2 study of a combination of baclofen, naltrexone and sorbitol (PXT3003) in patients
with Charcot-Marie-Tooth disease type 1A. Orphanet J. Rare Dis. 9, 199. doi:10.
1186/s13023-014-0199-0

Becker, D. J., and Lowe, J. B. (2003). Fucose: Biosynthesis and biological function
in mammals. Glycobiology 13 (7), 41R–53R. doi:10.1093/glycob/cwg054

Bertrand, J. A., Woodward, D. F., Sherwood, J. M.,Wang, J. W., and Overby, D. R.
(2021). The role of EP2 receptors in mediating the ultra-long-lasting intraocular
pressure reduction by JV-GL1. Br. J. Ophthalmol. 105 (11), 1610–1616. doi:10.1136/
bjophthalmol-2020-317762

Birt, C. M., Buys, Y. M., AhmedII, and Trope, G. E. (2010). Toronto Area
GlaucomaProstaglandin efficacy and safety study undertaken by race (the
PRESSURE study). J. Glaucoma 19 (7), 460–467. doi:10.1097/IJG.
0b013e3181c4aeac

Boussommier-Calleja, A., Bertrand, J., Woodward, D. F., Ethier, C. R., Stamer, W.
D., and Overby, D. R. (2012). Pharmacologic manipulation of conventional outflow
facility in ex vivomouse eyes. Invest. Ophthalmol. Vis. Sci. 53 (9), 5838–5845. doi:10.
1167/iovs.12-9923

Camara, J., Neto, A., Pires, I. M., Villasana, M. V., Zdravevski, E., and Cunha, A.
(2022). Literature review on artificial intelligence methods for glaucoma screening,
segmentation, and classification. J. Imaging 8 (2), 19. doi:10.3390/jimaging8020019

Cantor, L. B., Hoop, J., Morgan, L., Wudunn, D., Catoira, Y., and Bimatoprost-
Travoprost Study, G. (2006). Intraocular pressure-lowering efficacy of bimatoprost
0.03% and travoprost 0.004% in patients with glaucoma or ocular hypertension. Br.
J. Ophthalmol. 90 (11), 1370–1373. doi:10.1136/bjo.2006.094326

Canut, M. I., Villa, O., Kudsieh, B., Mattlin, H., Banchs, I., Gonzalez, J. R., et al.
(2021). MLIP genotype as a predictor of pharmacological response in primary
open-angle glaucoma and ocular hypertension. Sci. Rep. 11 (1), 1583. doi:10.1038/
s41598-020-80954-2

Cardascia, N., Vetrugno, M., Trabucco, T., Cantatore, F., and Sborgia, C. (2003).
Effects of travoprost eye drops on intraocular pressure and pulsatile ocular blood
flow: A 180-day, randomized, double-masked comparison with latanoprost eye
drops in patients with open-angle glaucoma. Curr. Ther. Res. Clin. Exp. 64 (7),
389–400. doi:10.1016/S0011-393X(03)00112-7

Casson, R. J. (2022). Medical therapy for glaucoma: A review. Clin.
Exp. Ophthalmol. 50 (2), 198–212. doi:10.1111/ceo.13989

Cellini, M., Caramazza, R., Bonsanto, D., Bernabini, B., and Campos, E. C. (2004).
Prostaglandin analogs and blood-aqueous barrier integrity: A flare cell meter study.
Ophthalmologica. 218 (5), 312–317. doi:10.1159/000079472

Chiba, T., Kashiwagi, K., Ishijima, K., Furuichi, M., Kogure, S., Abe, K., et al.
(2004). A prospective study of iridial pigmentation and eyelash changes due to
ophthalmic treatment with latanoprost. Jpn. J. Ophthalmol. 48 (2), 141–147. doi:10.
1007/s10384-003-0039-6

Christman, B. W., McPherson, C. D., Newman, J. H., King, G. A., Bernard, G. R.,
Groves, B. M., et al. (1992). An imbalance between the excretion of thromboxane
and prostacyclin metabolites in pulmonary hypertension. N. Engl. J. Med. 327 (2),
70–75. doi:10.1056/NEJM199207093270202

Costagliola, C., dell’Omo, R., Agnifili, L., Bartollino, S., Fea, A. M., Uva, M. G.,
et al. (2020). How many aqueous humor outflow pathways are there? Surv.
Ophthalmol. 65 (2), 144–170. doi:10.1016/j.survophthal.2019.10.002

Crider, J. Y., and Sharif, N. A. (2001). Functional pharmacological evidence for
EP2 and EP4 prostanoid receptors in immortalized human trabecular meshwork
and non-pigmented ciliary epithelial cells. J. Ocul. Pharmacol. Ther. 17 (1), 35–46.
doi:10.1089/108076801750125658

Frontiers in Pharmacology frontiersin.org07

Zhou et al. 10.3389/fphar.2022.1015338

https://doi.org/10.1016/j.ajo.2020.06.003
https://doi.org/10.1007/s10384-021-00844-6
https://doi.org/10.1016/j.survophthal.2008.08.004
https://doi.org/10.1016/j.survophthal.2008.08.004
https://doi.org/10.1080/13543776.2019.1661992
https://doi.org/10.1097/WCO.0b013e328360864b
https://doi.org/10.1097/WCO.0b013e328360864b
https://doi.org/10.1097/IJG.0b013e3181666557
https://doi.org/10.1080/08164622.2021.1964331
https://doi.org/10.1080/08164622.2021.1964331
https://doi.org/10.1001/archopht.123.2.186
https://doi.org/10.1186/s13023-014-0199-0
https://doi.org/10.1186/s13023-014-0199-0
https://doi.org/10.1093/glycob/cwg054
https://doi.org/10.1136/bjophthalmol-2020-317762
https://doi.org/10.1136/bjophthalmol-2020-317762
https://doi.org/10.1097/IJG.0b013e3181c4aeac
https://doi.org/10.1097/IJG.0b013e3181c4aeac
https://doi.org/10.1167/iovs.12-9923
https://doi.org/10.1167/iovs.12-9923
https://doi.org/10.3390/jimaging8020019
https://doi.org/10.1136/bjo.2006.094326
https://doi.org/10.1038/s41598-020-80954-2
https://doi.org/10.1038/s41598-020-80954-2
https://doi.org/10.1016/S0011-393X(03)00112-7
https://doi.org/10.1111/ceo.13989
https://doi.org/10.1159/000079472
https://doi.org/10.1007/s10384-003-0039-6
https://doi.org/10.1007/s10384-003-0039-6
https://doi.org/10.1056/NEJM199207093270202
https://doi.org/10.1016/j.survophthal.2019.10.002
https://doi.org/10.1089/108076801750125658
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1015338


Cui, X. J., Zhao, A. G., and Wang, X. L. (2017). Correlations of AFAP1, GMDS
and PTGFR gene polymorphisms with intra-ocular pressure response to
latanoprost in patients with primary open-angle glaucoma. J. Clin. Pharm. Ther.
42 (1), 87–92. doi:10.1111/jcpt.12468

Da Silva, F., and Lira, M. (2022). Intraocular pressure measurement: A review.
Surv. Ophthalmol. 67, 1319–1331. doi:10.1016/j.survophthal.2022.03.001

Daly, A. K. (2017). Pharmacogenetics: A general review on progress to date. Br.
Med. Bull. 124 (1), 65–79. doi:10.1093/bmb/ldx035

Davis, T. L., and Sharif, N. A. (1999). Quantitative autoradiographic visualization and
pharmacology of FP-prostaglandin receptors in human eyes using the novel phosphor-
imaging technology. J. Ocul. Pharmacol. Ther. 15 (4), 323–336. doi:10.1089/jop.1999.
15.323

Denis, P., Lafuma, A., Khoshnood, B., Mimaud, V., and Berdeaux, G. (2007). A
meta-analysis of topical prostaglandin analogues intra-ocular pressure lowering in
glaucoma therapy. Curr. Med. Res. Opin. 23 (3), 601–608. doi:10.1185/
030079907X178720

Doucette, L. P., and Walter, M. A. (2017). Prostaglandins in the eye: Function,
expression, and roles in glaucoma. Ophthalmic Genet. 38 (2), 108–116. doi:10.3109/
13816810.2016.1164193

Elgin, U., Batman, A., Berker, N., and Ilhan, B. (2006). The comparison of eyelash
lengthening effect of latanoprost therapy in adults and children. Eur. J. Ophthalmol.
16 (2), 247–250. doi:10.1177/112067210601600209

Faridi, U. A., Saleh, T. A., Ewings, P., Venkateswaran, M., Cadman, D. H.,
Samarasinghe, R. A., et al. (2010). Comparative study of three prostaglandin
analogues in the treatment of newly diagnosed cases of ocular hypertension,
open-angle and normal tension glaucoma. Clin. Exp. Ophthalmol. 38 (7),
678–682. doi:10.1111/j.1442-9071.2010.02305.x

Fautsch, M. P., and Johnson, D. H. (2006). Aqueous humor outflow: What do we
know? Where will it lead us? Invest. Ophthalmol. Vis. Sci. 47 (10), 4181–4187.
doi:10.1167/iovs.06-0830

Fini, M. E., Schwartz, S. G., Gao, X., Jeong, S., Patel, N., Itakura, T., et al. (2017).
Steroid-induced ocular hypertension/glaucoma: Focus on pharmacogenomics and
implications for precision medicine. Prog. Retin. Eye Res. 56, 58–83. doi:10.1016/j.
preteyeres.2016.09.003

Fogagnolo, P., Dipinto, A., Vanzulli, E., Maggiolo, E., De Cilla, S., Autelitano, A.,
et al. (2015). A 1-year randomized study of the clinical and confocal effects of
tafluprost and latanoprost in newly diagnosed glaucoma patients. Adv. Ther. 32 (4),
356–369. doi:10.1007/s12325-015-0205-5

Fuchsjager-Mayrl, G., Markovic, O., Losert, D., Lucas, T., Wachek, V., Muller, M.,
et al. (2005). Polymorphism of the beta-2 adrenoceptor and IOP lowering potency
of topical timolol in healthy subjects. Mol. Vis. 11, 811–815.

Gandolfi, S., Simmons, S. T., Sturm, R., Chen, K., VanDenburgh, A. M., and
Bimatoprost Study, G. (2001). Three-month comparison of bimatoprost and
latanoprost in patients with glaucoma and ocular hypertension. Adv. Ther. 18
(3), 110–121. doi:10.1007/BF02850299

Gao, L. C., Wang, D., Liu, F. Q., Huang, Z. Y., Huang, H. G., Wang, G. H.,
et al. (2015). Influence of PTGS1, PTGFR, and MRP4 genetic variants on
intraocular pressure response to latanoprost in Chinese primary open-angle
glaucoma patients. Eur. J. Clin. Pharmacol. 71 (1), 43–50. doi:10.1007/s00228-
014-1769-8

Gharahkhani, P., Burdon, K. P., Fogarty, R., Sharma, S., Hewitt, A. W., Martin, S.,
et al. (2014). Common variants near ABCA1, AFAP1 and GMDS confer risk of
primary open-angle glaucoma.Nat. Genet. 46 (10), 1120–1125. doi:10.1038/ng.3079

Goel, M., Picciani, R. G., Lee, R. K., and Bhattacharya, S. K. (2010). Aqueous
humor dynamics: A review. Open Ophthalmol. J. 4, 52–59. doi:10.2174/
1874364101004010052

Hajj, R., Milet, A., Toulorge, D., Cholet, N., Laffaire, J., Foucquier, J., et al. (2015).
Combination of acamprosate and baclofen as a promising therapeutic approach for
Parkinson’s disease. Sci. Rep. 5, 16084. doi:10.1038/srep16084

Hara, A., Yuhki, K., Fujino, T., Yamada, T., Takayama, K., Kuriyama, S., et al.
(2005). Augmented cardiac hypertrophy in response to pressure overload in mice
lacking the prostaglandin I2 receptor. Circulation 112 (1), 84–92. doi:10.1161/
CIRCULATIONAHA.104.527077

Hinz, B., Rosch, S., Ramer, R., Tamm, E. R., and Brune, K. (2005). Latanoprost
induces matrix metalloproteinase-1 expression in human nonpigmented ciliary
epithelial cells through a cyclooxygenase-2-dependent mechanism. FASEB J. 19
(13), 1929–1931. doi:10.1096/fj.04-3626fje

Hollo, G. (2007). The side effects of the prostaglandin analogues. Expert Opin.
Drug Saf. 6 (1), 45–52. doi:10.1517/14740338.6.1.45

Hoyng, P. F., and de Jong, N. (1987). Iloprost, a stable prostacyclin analog,
reduces intraocular pressure. Invest. Ophthalmol. Vis. Sci. 28 (3), 470–476.

Huang, H. L., Sun, X. H., and Xiao, M. (2011). Comparison of intraocular
pressure reducing effects of three prostaglandin eyedrops in open-angle glaucoma.
Zhonghua. Yan Ke Za Zhi. 47 (2), 109–113.

Inoue, K., Ishida, K., Tomita, G., and Noma, H. (2020). A scoping review and
network meta-analysis for efficacy and safety of glaucoma medication in Japanese
patients. Jpn. J. Ophthalmol. 64 (2), 103–113. doi:10.1007/s10384-019-00708-0

Inoue, K., Setogawa, A., and Tomita, G. (2016). Nonresponders to prostaglandin
analogs among normal-tension glaucoma patients. J. Ocul. Pharmacol. Ther. 32 (2),
90–96. doi:10.1089/jop.2015.0086

Islam, S., and Spry, C. (2020). “Prostaglandin analogues for ophthalmic use: A
review of comparative clinical effectiveness,” in Cost-effectiveness, and guidelines
(Ottawa (ON).

Johnstone, M. A. (1997). Hypertrichosis and increased pigmentation of eyelashes
and adjacent hair in the region of the ipsilateral eyelids of patients treated with
unilateral topical latanoprost. Am. J. Ophthalmol. 124 (4), 544–547. doi:10.1016/
s0002-9394(14)70870-0

Jung, W. K., Lee, C. M., Lee, D. S., Na, G., Lee, D. Y., Choi, I., et al. (2014). The 15-
deoxy-δ12, 14-prostaglandin J2 inhibits LPS‑stimulated inflammation via enhancement
of the platelet‑activating factor acetylhydrolase activity in human retinal pigment
epithelial cells. Int. J. Mol. Med. 33 (2), 449–456. doi:10.3892/ijmm.2013.1588

Kang, J. M., and Tanna, A. P. (2021). Glaucoma. Med. Clin. North Am. 105 (3),
493–510. doi:10.1016/j.mcna.2021.01.004

Kerr, K. M., Bubendorf, L., Edelman, M. J., Marchetti, A., Mok, T., Novello, S.,
et al. (2014). Second ESMO consensus conference on lung cancer: Pathology and
molecular biomarkers for non-small-cell lung cancer. Ann. Oncol. 25 (9),
1681–1690. doi:10.1093/annonc/mdu145

Korbecki, J., Baranowska-Bosiacka, I., Gutowska, I., and Chlubek, D. (2014).
Cyclooxygenase pathways. Acta Biochim. Pol. 61 (4), 639–649. doi:10.18388/abp.
2014_1825

Koz, O. G., Ozsoy, A., Yarangumeli, A., Kose, S. K., and Kural, G. (2007).
Comparison of the effects of travoprost, latanoprost and bimatoprost on ocular
circulation: A 6-month clinical trial. Acta Ophthalmol. Scand. 85 (8), 838–843.
doi:10.1111/j.1600-0420.2007.00960.x

Kringelholt, S., Simonsen, U., and Bek, T. (2013). Dual effect of prostaglandins on
isolated intraocular porcine ciliary arteries. Acta Ophthalmol. 91 (6), 498–504.
doi:10.1111/j.1755-3768.2012.02479.x

Lee, S. S., Robinson, M. R., and Weinreb, R. N. (2019). Episcleral venous pressure
and the ocular hypotensive effects of topical and intracameral prostaglandin
analogs. J. Glaucoma 28 (9), 846–857. doi:10.1097/IJG.0000000000001307

Li, F., Huang, W., and Zhang, X. (2018). Efficacy and safety of different regimens
for primary open-angle glaucoma or ocular hypertension: A systematic review and
network meta-analysis. Acta Ophthalmol. 96 (3), e277–e284. doi:10.1111/aos.13568

Li, T., Lindsley, K., Rouse, B., Hong, H., Shi, Q., Friedman, D. S., et al. (2016).
Comparative effectiveness of first-line medications for primary open-angle
glaucoma: A systematic review and network meta-analysis. Ophthalmology 123
(1), 129–140. doi:10.1016/j.ophtha.2015.09.005

Lindsey, J. D., Kashiwagi, K., Kashiwagi, F., and Weinreb, R. N. (1997).
Prostaglandins alter extracellular matrix adjacent to human ciliary muscle cells
in vitro. Invest. Ophthalmol. Vis. Sci. 38 (11), 2214–2223.

Liu, H., Yang, Z. K., Li, Y., Zhang, W. J., Wang, Y. T., and Duan, X. C. (2016).
ABCB1 variants confer susceptibility to primary open-angle glaucoma and predict
individual differences to latanoprost treatment. Biomed. Pharmacother. 80,
115–120. doi:10.1016/j.biopha.2016.02.028

Mandel, J., Bertrand, V., Lehert, P., Attarian, S., Magy, L., Micallef, J., et al. (2015).
A meta-analysis of randomized double-blind clinical trials in CMT1A to assess the
change from baseline in CMTNS and ONLS scales after one year of treatment.
Orphanet J. Rare Dis. 10, 74. doi:10.1186/s13023-015-0293-y

McCarty, C. A., Berg, R., Patchett, R., Wilke, R. A., and Burmester, J. K. (2012).
Lack of association between polymorphisms in the prostaglandin F2α receptor and
solute carrier organic anion transporter family 2A1 genes and intraocular pressure
response to prostaglandin analogs. Ophthalmic Genet. 33 (2), 74–76. doi:10.3109/
13816810.2011.628357

McMonnies, C. W. (2017). Glaucoma history and risk factors. J. Optom. 10 (2),
71–78. doi:10.1016/j.optom.2016.02.003

Meier-Gibbons, F., and Toteberg-Harms, M. (2021). Structure/function/
treatment in glaucoma: Progress over the last 10 years. Ophthalmologe. 118
(12), 1216–1221. doi:10.1007/s00347-021-01505-2

Mishra, D., Sinha, B. P., and Kumar, M. S. (2014). Comparing the efficacy of
latanoprost (0.005%), bimatoprost (0.03%), travoprost (0.004%), and timolol (0.5%)
in the treatment of primary open angle glaucoma. Korean J. Ophthalmol. 28 (5),
399–407. doi:10.3341/kjo.2014.28.5.399

Frontiers in Pharmacology frontiersin.org08

Zhou et al. 10.3389/fphar.2022.1015338

https://doi.org/10.1111/jcpt.12468
https://doi.org/10.1016/j.survophthal.2022.03.001
https://doi.org/10.1093/bmb/ldx035
https://doi.org/10.1089/jop.1999.15.323
https://doi.org/10.1089/jop.1999.15.323
https://doi.org/10.1185/030079907X178720
https://doi.org/10.1185/030079907X178720
https://doi.org/10.3109/13816810.2016.1164193
https://doi.org/10.3109/13816810.2016.1164193
https://doi.org/10.1177/112067210601600209
https://doi.org/10.1111/j.1442-9071.2010.02305.x
https://doi.org/10.1167/iovs.06-0830
https://doi.org/10.1016/j.preteyeres.2016.09.003
https://doi.org/10.1016/j.preteyeres.2016.09.003
https://doi.org/10.1007/s12325-015-0205-5
https://doi.org/10.1007/BF02850299
https://doi.org/10.1007/s00228-014-1769-8
https://doi.org/10.1007/s00228-014-1769-8
https://doi.org/10.1038/ng.3079
https://doi.org/10.2174/1874364101004010052
https://doi.org/10.2174/1874364101004010052
https://doi.org/10.1038/srep16084
https://doi.org/10.1161/CIRCULATIONAHA.104.527077
https://doi.org/10.1161/CIRCULATIONAHA.104.527077
https://doi.org/10.1096/fj.04-3626fje
https://doi.org/10.1517/14740338.6.1.45
https://doi.org/10.1007/s10384-019-00708-0
https://doi.org/10.1089/jop.2015.0086
https://doi.org/10.1016/s0002-9394(14)70870-0
https://doi.org/10.1016/s0002-9394(14)70870-0
https://doi.org/10.3892/ijmm.2013.1588
https://doi.org/10.1016/j.mcna.2021.01.004
https://doi.org/10.1093/annonc/mdu145
https://doi.org/10.18388/abp.2014_1825
https://doi.org/10.18388/abp.2014_1825
https://doi.org/10.1111/j.1600-0420.2007.00960.x
https://doi.org/10.1111/j.1755-3768.2012.02479.x
https://doi.org/10.1097/IJG.0000000000001307
https://doi.org/10.1111/aos.13568
https://doi.org/10.1016/j.ophtha.2015.09.005
https://doi.org/10.1016/j.biopha.2016.02.028
https://doi.org/10.1186/s13023-015-0293-y
https://doi.org/10.3109/13816810.2011.628357
https://doi.org/10.3109/13816810.2011.628357
https://doi.org/10.1016/j.optom.2016.02.003
https://doi.org/10.1007/s00347-021-01505-2
https://doi.org/10.3341/kjo.2014.28.5.399
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1015338


Miyoshi, E., Moriwaki, K., and Nakagawa, T. (2008). Biological function of
fucosylation in cancer biology. J. Biochem. 143 (6), 725–729. doi:10.1093/jb/mvn011

Morganti, S., Tarantino, P., Ferraro, E., D’Amico, P., Duso, B. A., and Curigliano,
G. (2019). Next generation sequencing (ngs): A revolutionary technology in
pharmacogenomics and personalized medicine in cancer. Adv. Exp. Med. Biol.
1168, 9–30. doi:10.1007/978-3-030-24100-1_2

Muz, O. E., Dagdelen, K., Pirdal, T., and Guler, M. (2021). Comparison of BAK-
preserved latanoprost and polyquad-preserved travoprost on ocular surface
parameters in patients with glaucoma and ocular hypertension. Int. Ophthalmol.
41 (11), 3825–3835. doi:10.1007/s10792-021-01947-2

Nana-Sinkam, S. P., Lee, J. D., Sotto-Santiago, S., Stearman, R. S., Keith, R. L.,
Choudhury, Q., et al. (2007). Prostacyclin prevents pulmonary endothelial cell
apoptosis induced by cigarette smoke. Am. J. Respir. Crit. Care Med. 175 (7),
676–685. doi:10.1164/rccm.200605-724OC

Netland, P. A., Landry, T., Sullivan, E. K., Andrew, R., Silver, L., Weiner, A., et al.
(2001). Travoprost compared with latanoprost and timolol in patients with open-
angle glaucoma or ocular hypertension. Am. J. Ophthalmol. 132 (4), 472–484.
doi:10.1016/s0002-9394(01)01177-1

Noecker, R. J., Earl, M. L., Mundorf, T. K., Silverstein, S. M., and Phillips, M. P.
(2006). Comparing bimatoprost and travoprost in black Americans. Curr. Med. Res.
Opin. 22 (11), 2175–2180. doi:10.1185/030079906X148418

Noecker, R. J., Earl, M. L., Mundorf, T., Peace, J., and Williams, R. D. (2003).
Bimatoprost 0.03% versus travoprost 0.004% in black Americans with glaucoma or
ocular hypertension. Adv. Ther. 20 (2), 121–128. doi:10.1007/BF02850259

Park, H. L., Hong, K. E., and Park, C. K. (2016). Impact of age and myopia on the
rate of visual field progression in glaucoma patients. Med. Baltim. 95 (21), e3500.
doi:10.1097/MD.0000000000003500

Park, J. H., Yoo, C., Chung, H. W., and Kim, Y. Y. (2021). Effect of prostaglandin
analogues on anterior scleral thickness and corneal thickness in patients with
primary open-angle glaucoma. Sci. Rep. 11 (1), 11098. doi:10.1038/s41598-021-
90696-4

Parrish, R. K., Palmberg, P., and Sheu, W. P.X.L.T.S. Group (2003). A comparison
of latanoprost, bimatoprost, and travoprost in patients with elevated intraocular
pressure: A 12-week, randomized, masked-evaluator multicenter study. Am.
J. Ophthalmol. 135 (5), 688–703. doi:10.1016/s0002-9394(03)00098-9

Pattabiraman, P. P., Pecen, P. E., and Rao, P. V. (2013). MRP4-mediated
regulation of intracellular cAMP and cGMP levels in trabecular meshwork cells
and homeostasis of intraocular pressure. Invest. Ophthalmol. Vis. Sci. 54 (3),
1636–1649. doi:10.1167/iovs.12-11107

Quigley, H. A., and Broman, A. T. (2006). The number of people with glaucoma
worldwide in 2010 and 2020. Br. J. Ophthalmol. 90 (3), 262–267. doi:10.1136/bjo.
2005.081224

Relling, M. V., Klein, T. E., Gammal, R. S., Whirl-Carrillo, M., Hoffman, J. M., and
Caudle, K. E. (2020). The clinical pharmacogenetics implementation consortium:
10 Years later. Clin. Pharmacol. Ther. 107 (1), 171–175. doi:10.1002/cpt.1651

Rolin, S., Masereel, B., and Dogne, J. M. (2006). Prostanoids as pharmacological
targets in COPD and asthma. Eur. J. Pharmacol. 533 (1-3), 89–100. doi:10.1016/j.
ejphar.2005.12.058

Saeki, T., Ota, T., Aihara, M., and Araie, M. (2009). Effects of prostanoid EP
agonists on mouse intraocular pressure. Invest. Ophthalmol. Vis. Sci. 50 (5),
2201–2208. doi:10.1167/iovs.08-2800

Sakata, R., Sakisaka, T., Matsuo, H., Miyata, K., and Aihara, M. (2016). Time
course of prostaglandin analog-related conjunctival hyperemia and the effect of a
nonsteroidal anti-inflammatory ophthalmic solution. J. Glaucoma 25 (3),
e204–e208. doi:10.1097/IJG.0000000000000227

Sakurai, M., Higashide, T., Ohkubo, S., Takeda, H., and Sugiyama, K. (2014).
Association between genetic polymorphisms of the prostaglandin F2α receptor
gene, and response to latanoprost in patients with glaucoma and ocular
hypertension. Br. J. Ophthalmol. 98 (4), 469–473. doi:10.1136/bjophthalmol-
2013-304267

Schlotzer-Schrehardt, U., Zenkel, M., and Nusing, R. M. (2002). Expression and
localization of FP and EP prostanoid receptor subtypes in human ocular tissues.
Invest. Ophthalmol. Vis. Sci. 43 (5), 1475–1487.

Schuster, A. K., Erb, C., Hoffmann, E. M., Dietlein, T., and Pfeiffer, N. (2020). The
diagnosis and treatment of glaucoma. Dtsch. Arztebl. Int. 117 (13), 225–234. doi:10.
3238/arztebl.2020.0225

Senthil, S., Nakka, M., Sachdeva, V., Goyal, S., Sahoo, N., and Choudhari, N.
(2021). Glaucoma mimickers: A major review of causes, diagnostic evaluation, and
recommendations. Semin. Ophthalmol. 36 (8), 692–712. doi:10.1080/08820538.
2021.1897855

Sharif, N. A., Davis, T. L., and Williams, G. W. (1999). [3H]AL-5848 ([3H]9beta-
(+)-Fluprostenol). Carboxylic acid of travoprost (AL-6221), a novel FP prostaglandin to

study the pharmacology and autoradiographic localization of the FP receptor. J. Pharm.
Pharmacol. 51 (6), 685–694. doi:10.1211/0022357991772989

Sharif, N. A., Kelly, C. R., and Crider, J. Y. (2003). Human trabecular meshwork
cell responses induced by bimatoprost, travoprost, unoprostone, and other FP
prostaglandin receptor agonist analogues. Invest. Ophthalmol. Vis. Sci. 44 (2),
715–721. doi:10.1167/iovs.02-0323

Sharif, N. A., Williams, G. W., Crider, J. Y., Xu, S. X., and Davis, T. L. (2004).
Molecular pharmacology of the DP/EP2 class prostaglandin AL-6598 and
quantitative autoradiographic visualization of DP and EP2 receptor sites in
human eyes. J. Ocul. Pharmacol. Ther. 20 (6), 489–508. doi:10.1089/jop.2004.20.489

Shiratori, N., Nishio, Y., Takeda, A., Sugimoto, S., Takazawa, K., Otsuka, N., et al.
(2021). Twenty-four-hour intraocular pressure control with omidenepag isopropyl
0.002% in patients with glaucoma and ocular hypertension. Clin. Ophthalmol. 15,
3997–4003. doi:10.2147/OPTH.S333042

Silvio, D. I. S., Agnifili, L., Cecannecchia, S., Angela, D. I. G., and Ciancaglini, M.
(2018). In vivo analysis of prostaglandins-induced ocular surface and periocular
adnexa modifications in patients with glaucoma. Vivo 32 (2), 211–220. doi:10.
21873/invivo.11227

Tang, W., Zhang, F., Liu, K., and Duan, X. (2019). Efficacy and safety of
prostaglandin analogues in primary open-angle glaucoma or ocular
hypertension patients: A meta-analysis. Med. Baltim. 98 (30), e16597. doi:10.
1097/MD.0000000000016597

Tripathy, K., and Geetha, R. (2022). Latanoprost. Treasure Island FL: StatPearls.

Ussa, F., Fernandez, I., Brion, M., Carracedo, A., Blazquez, F., Garcia, M. T., et al.
(2015). Association between SNPs of metalloproteinases and prostaglandin F2α
receptor genes and latanoprost response in open-angle glaucoma. Ophthalmology
122 (5), 1040–1048. doi:10.1016/j.ophtha.2014.12.038

Varma, R., Hwang, L. J., Grunden, J. W., and Bean, G. W. (2008). Inter-visit
intraocular pressure range: An alternative parameter for assessing intraocular
pressure control in clinical trials. Am. J. Ophthalmol. 145 (2), 336–342. doi:10.
1016/j.ajo.2007.10.002

Waldock, A., Snape, J., and Graham, C.M. (2000). Effects of glaucomamedications on
the cardiorespiratory and intraocular pressure status of newly diagnosed glaucoma
patients. Br. J. Ophthalmol. 84, 710–713. (2001), *(1) Snape J, Graham CM. Br J
Ophthalmol 2000;84:710-713. Am. J. Ophthalmol., *(1)Am J Ophthalmol. 131(1):
p. 155 doi: 10.1016/s0002-9394(00)00916-8. doi:10.1136/bjo.84.7.710

Wan, Z., Woodward, D. F., Cornell, C. L., Fliri, H. G., Martos, J. L., Pettit, S. N.,
et al. (2007). Bimatoprost, prostamide activity, and conventional drainage. Invest.
Ophthalmol. Vis. Sci. 48 (9), 4107–4115. doi:10.1167/iovs.07-0080

Wang, H., Masselos, K., Kalloniatis, M., and Phu, J. (2021). Headaches related to
latanoprost in open-angle glaucoma. Clin. Exp. Optom. 104 (5), 625–633. doi:10.
1080/08164622.2021.1878846

Wang, J. W., Woodward, D. F., and Stamer, W. D. (2013). Differential effects of
prostaglandin E2-sensitive receptors on contractility of human ocular cells that
regulate conventional outflow. Invest. Ophthalmol. Vis. Sci. 54 (7), 4782–4790.
doi:10.1167/iovs.13-12363

Wester, S. T., Lee, W. W., and Shi, W. (2010). Eyelash growth from application of
bimatoprost in gel suspension to the base of the eyelashes. Ophthalmology 117 (5),
1024–1031. doi:10.1016/j.ophtha.2009.10.017

Winkler, N. S., and Fautsch, M. P. (2014). Effects of prostaglandin analogues on
aqueous humor outflow pathways. J. Ocul. Pharmacol. Ther. 30 (2-3), 102–109.
doi:10.1089/jop.2013.0179

Yildirim, N., Sahin, A., and Gultekin, S. (2008). The effect of latanoprost,
bimatoprost, and travoprost on circadian variation of intraocular pressure in
patients with open-angle glaucoma. J. Glaucoma 17 (1), 36–39. doi:10.1097/IJG.
0b013e318133fb70

Yucel, Y. H., Johnston, M. G., Ly, T., Patel, M., Drake, B., Gumus, E., et al. (2009).
Identification of lymphatics in the ciliary body of the human eye: A novel
"uveolymphatic" outflow pathway. Exp. Eye Res. 89 (5), 810–819. doi:10.1016/j.
exer.2009.08.010

Zhang, P., Jiang, B., Xie, L., and Huang, W. (2016). PTGFR and SLCO2A1 gene
polymorphisms determine intraocular pressure response to latanoprost in han
Chinese patients with glaucoma. Curr. Eye Res. 41 (12), 1561–1565. doi:10.3109/
02713683.2016.1143013

Zhang, Z., and Yin, H. (2002). Detection of EP1 and FP receptor mRNAs in the
iris-ciliary body using in situ hybridization. Chin. Med. J. 115 (8), 1226–1228.

Zukerman, R., Harris, A., Oddone, F., Siesky, B., Verticchio Vercellin, A., and
Ciulla, T. A. (2021). Glaucoma heritability: Molecular mechanisms of disease. Genes
(Basel) 12 (8), 1135. doi:10.3390/genes12081135

Zukerman, R., Harris, A., Vercellin, A. V., Siesky, B., Pasquale, L. R., and Ciulla, T.
A. (2020). Molecular genetics of glaucoma: Subtype and ethnicity considerations.
Genes (Basel) 12 (1), 55. doi:10.3390/genes12010055

Frontiers in Pharmacology frontiersin.org09

Zhou et al. 10.3389/fphar.2022.1015338

https://doi.org/10.1093/jb/mvn011
https://doi.org/10.1007/978-3-030-24100-1_2
https://doi.org/10.1007/s10792-021-01947-2
https://doi.org/10.1164/rccm.200605-724OC
https://doi.org/10.1016/s0002-9394(01)01177-1
https://doi.org/10.1185/030079906X148418
https://doi.org/10.1007/BF02850259
https://doi.org/10.1097/MD.0000000000003500
https://doi.org/10.1038/s41598-021-90696-4
https://doi.org/10.1038/s41598-021-90696-4
https://doi.org/10.1016/s0002-9394(03)00098-9
https://doi.org/10.1167/iovs.12-11107
https://doi.org/10.1136/bjo.2005.081224
https://doi.org/10.1136/bjo.2005.081224
https://doi.org/10.1002/cpt.1651
https://doi.org/10.1016/j.ejphar.2005.12.058
https://doi.org/10.1016/j.ejphar.2005.12.058
https://doi.org/10.1167/iovs.08-2800
https://doi.org/10.1097/IJG.0000000000000227
https://doi.org/10.1136/bjophthalmol-2013-304267
https://doi.org/10.1136/bjophthalmol-2013-304267
https://doi.org/10.3238/arztebl.2020.0225
https://doi.org/10.3238/arztebl.2020.0225
https://doi.org/10.1080/08820538.2021.1897855
https://doi.org/10.1080/08820538.2021.1897855
https://doi.org/10.1211/0022357991772989
https://doi.org/10.1167/iovs.02-0323
https://doi.org/10.1089/jop.2004.20.489
https://doi.org/10.2147/OPTH.S333042
https://doi.org/10.21873/invivo.11227
https://doi.org/10.21873/invivo.11227
https://doi.org/10.1097/MD.0000000000016597
https://doi.org/10.1097/MD.0000000000016597
https://doi.org/10.1016/j.ophtha.2014.12.038
https://doi.org/10.1016/j.ajo.2007.10.002
https://doi.org/10.1016/j.ajo.2007.10.002
https://doi.org/10.1136/bjo.84.7.710
https://doi.org/10.1167/iovs.07-0080
https://doi.org/10.1080/08164622.2021.1878846
https://doi.org/10.1080/08164622.2021.1878846
https://doi.org/10.1167/iovs.13-12363
https://doi.org/10.1016/j.ophtha.2009.10.017
https://doi.org/10.1089/jop.2013.0179
https://doi.org/10.1097/IJG.0b013e318133fb70
https://doi.org/10.1097/IJG.0b013e318133fb70
https://doi.org/10.1016/j.exer.2009.08.010
https://doi.org/10.1016/j.exer.2009.08.010
https://doi.org/10.3109/02713683.2016.1143013
https://doi.org/10.3109/02713683.2016.1143013
https://doi.org/10.3390/genes12081135
https://doi.org/10.3390/genes12010055
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1015338

	Clinical pharmacology and pharmacogenetics of prostaglandin analogues in glaucoma
	Introduction
	Physiology of prostaglandins and implications for the treatment of glaucoma
	Clinical efficacy of prostaglandin analogues
	Systemic and ocular adverse effects of anti-glaucoma prostaglandin analogues
	Pharmacogenetics and prostaglandin analogues
	Discussion
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	References


