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Abstract

Purpose

The effect of statins on wound healing is controversial, and their effect on trabeculectomy
outcomes remains unclear. This study aimed to examine the relationship between oral statin
use and trabeculectomy outcomes.

Methods

Medical records of patients who underwent primary mitomycin-C augmented trabeculect-
omy with 2 years of follow-up were reviewed. Pre- and postoperative intraocular pressures
(IOP) and numbers of medications, subconjunctival 5-fluorouracil (5-FU) injections, and
bleb-needling procedures were compared between statin users and nonusers. Failure was
defined as an eye that failed to achieve a 20% lowering of IOP from baseline or had an IOP
> 21 mm Hg, as well as an eye that required further surgical intervention, developed hypot-
ony, or had no light perception visual acuity.

Results

In total, 158 subjects were enrolled, with 47 eyes from statin users and 111 eyes from statin
nonusers. The 24-month cumulative probability of failure was 78.7% for statin users and
60.4% for nonusers (P =.013). Cox proportional-hazards modeling showed a significantly
higher hazard risk in statin users (adjusted hazard ratio 1.61, P=.026). There were no sig-
nificant between-group differences in mean IOPs or number of medications (both P> .05) at
24 months. Multivariable Poisson regression analysis that statin use was associated with
increased numbers of 5-FU injections (P =.014) and bleb-needling procedures (P =.031).

Conclusions

This study demonstrated that oral statin use was associated with higher rates of trabeculect-
omy failure and increased numbers of 5-FU injections and bleb-needling procedures.
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Introduction

Glaucoma is a progressive optic neuropathy that causes irreversible blindness if not treated
appropriately. Treatment approaches for this disorder are aimed at controlling intraocular
pressure (IOP), a major modifiable factor related to disease progression. Current treatment
modalities include topical medications, laser therapies, and surgical procedures [1, 2].

Trabeculectomy is now the most widely performed surgical procedure for treatment of medi-
cally uncontrolled glaucoma in adults. While wound healing is required for other types of surgery,
trabeculectomy is unique because its success is linked to interruption of this wound-healing pro-
cess in order to maintain patency of the new filtration pathway. This goal makes subconjunctival
scarring one of the most challenging issues facing clinicians after trabeculectomy [3, 4].

Statins, competitive inhibitors of 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA)
reductase, are generally used to decrease plasma low-density lipoprotein cholesterol levels and
to prevent cardiovascular disease-related morbidity and mortality. In addition to their lipid-
lowering properties, statins have been shown to have a myriad of other effects on the body,
including antioxidative, antiproliferative, angiogenic, and anti-inflammatory effects. The use
of statins has increased sharply in recent years, and they are now one of the most commonly
prescribed classes of medications worldwide [5, 6].

Researches have shown that statin use is associated with a lower risk of primary open-angle
glaucoma (POAG), a lower progression rate of visual field defects [7, 8], and a significant
increase in aqueous outflow through relaxation of the trabecular meshwork and the ciliary
body muscle [9]. Reports have also suggested that statins play a role in fibrosis, which theoreti-
cally could affect the wound-healing process following trabeculectomy [10, 11]. This study
aimed to evaluate the effect of oral statin use on patient outcomes after trabeculectomy.

Methods

The protocol for this retrospective, comparative, interventional study was approved by the
Institutional Review Board of the Faculty of Medicine at Chulalongkorn University. The
requirement for written informed consent was waived due to the retrospective nature of the
study. Medical records of patients who underwent primary mitomycin-C (MMC)-augmented
trabeculectomy and completed 2 years of follow-up were reviewed.

Study population

Patients were considered to be eligible for inclusion if they met the following criteria: 1) were
at least 20 years of age, 2) met the International Society of Geographical and Epidemiological
Ophthalmology’s diagnostic criteria for POAG, primary angle-closure glaucoma (PACG), or
secondary glaucoma [12], and 3) had regular follow-up evaluations for 24 months after pri-
mary trabeculectomy. If both eyes were treated with primary trabeculectomies, only the right
eye was included in the study.

Patients were excluded from this study if they met any of the following criteria: 1) previous
history of a trabeculectomy, 2) diagnosis of childhood glaucoma, 3) concurrent performance of
trabeculectomy and other procedures, including cataract surgery or glaucoma drainage device
implantation, 4) significant conjunctival pathology over the superior bulbar area, 5) active ocu-
lar inflammation, or 6) previous intraocular surgery within 3 months prior to trabeculectomy.

Study variables

The following data were collected for all study participants: baseline characteristics, pre- and
postoperative IOPs, visual acuity, Humphrey visual field mean deviation, cup-to-disc ratio, and
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number of glaucoma medications. The total number of subconjunctival 5-fluorouracil (5-FU)
injections and bleb-needling procedures performed after trabeculectomy were also recorded.

Information about patient statin use versus nonuse was also collected. Statin users were
defined as patients who regularly took any type of oral statin, starting at any time before pri-
mary trabeculectomy and continuing for at least 24 months after surgery. Subsequently, study
variables were compared between statin users versus nonusers.

Study intervention and follow-up

All trabeculectomies were performed by certified glaucoma specialists using the same fornix-
based approach incision and trapezoid scleral flap technique. Subconjunctival space was
undermined to create the area of reservoir in a fan-shaped fashion as far posterior and as large
horizontal as possible. A surgical sponge (Weck-Cel; Alcon Surgical, Fort Worth, TX, USA)
soaked in 0.3 mg/mL MMC was placed into the prepared subconjunctival area and removed
after 3 to 4 minutes, after which the area was irrigated with a balanced salt solution. Topical
corticosteroids were prescribed for use four to six times daily during the initial postoperative
period and then tapered off within the following 2 to 3 months.

All patients were scheduled for regular early postoperative follow-up at one day, one week,
and then every two weeks or timely at surgeon’s consideration after the procedure until dis-
continuation of topical corticosteroid use. Unexpected or undesired events, including a post-
operative IOP rise or hypotony, were evaluated at nonroutine follow-up visits. After the initial
phase of follow-up, patients were evaluated regularly at the discretion of their surgeons.

Postoperative bleb morphology was assessed using the Indiana Bleb Appearance Grading
Scale (IBAGS) [13], which is based on the presence of vascularity, bleb height, and bleb extent.
Postoperative subconjunctival injections of 5 mg of 5-FU were performed if blebs demon-
strated IBAGS vascularity grades of V3 to V4 (moderate to extensive bleb vascularity). Bleb-
needling procedures were performed if the IOP was over the target value customized to the
patient and if there was episcleral fibrosis or bleb encapsulation. Bleb needling was performed
with or without subconjunctival 5-FU injections depending on bleb vascularity.

Outcomes

This study’s primary outcome was treatment failure, which was defined as any eye with an
inadequately lowered IOP after 3 months (i.e. failure to lower the IOP by 20% from baseline or
an IOP > 21 mm Hg) or any eye that required further glaucoma-related surgical interventions,
developed hypotony (IOP < 5 mmHg), or had no light perception. Failure was analyzed and
reported in two ways: (1) ‘cumulative failure,” or the cumulative number of failure events that
occurred at any timepoint within 24 months and (2) ‘failure at 24 months,” or the number of
eyes that met the failure definition at the final timepoint of the study regardless of antiglau-
coma medication use.

Secondary outcomes included other clinical characteristics at 24 months, including visual
acuity, IOP, number of glaucoma medications, and total numbers of 5-FU injections and nee-
dling procedures required during follow-up.

Statistical analysis

Statistical analyses were performed using Stata 13.0 (StataCorp, College Station, TX). Means
with standard deviations (SD) were calculated for continuous variables, and frequencies with
percentages were tabulated for categorical variables. The Student’s ¢-test or the Mann-Whitney
U test were used to compare continuous variables. The chi-squared test or the Fisher’s exact
test were used to compare categorical variables.
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Table 1. Baseline patient characteristics.

Characteristics
Sex*
Male
Female
Aget (year)
Laterality*
Right
Left
Lens statust
Phakic
Pseudophakic
Diabetes mellitus*
Diagnosis*
Primary open-angle glaucoma
Primary closed-angle spectrum
Secondary glaucoma
Intraocular pressuret (mm Hg)
Number of medicationst
Mean deviation$ (dB)

Visual acuity$ (decimal)
Cup-to-disc ratio$

Survival analysis was performed using the Kaplan-Meier method. The log-rank test was used
to compare cumulative failure rates between groups. The association between statin use and the
cumulative failure rate was assessed using a Cox proportional-hazards regression model.

A logistic mixed-model regression was used to investigate the association between statin
use and the failure rate at 24 months. Multivariable Poisson regression models were then built
to evaluate the effect of statin use on the total numbers of 5-FU injections and bleb-needling
procedures. All multivariable models were adjusted for age, gender, lens status, history of dia-
betes mellitus, and glaucoma diagnosis. Logistic regression analyses were modeled with the fol-
low-up time. A P-value of < .05 was considered statistically significant.

Results

A total of 158 eyes of 158 patients were eligible for this study (Table 1), with 47 statin users and
111 nonusers. Eighty-three (53%) patients were male, and the mean (SD) age of patients was
59.6 (13.9) years. Most eligible eyes were phakic (115/158, 73%). Nearly half of patients in both
groups (69/158, 44%) were diagnosed with secondary glaucoma. There was no statistically sig-
nificant difference in the type of secondary glaucoma between statin users and nonusers (P =
.33) (S1 Table). The mean (SD) preoperative IOPs were 26.3 (12.4) mm Hg in statin users and
27.4 (12.2) mm Hg in nonusers. There were no statistically significant differences in sex, later-
ality, lens status, type of glaucoma, visual acuity, IOP, number of medications, cup-to-disc

Statin nonusers (N = 111) Statin users (N = 47) P-value
.65

57 (51%) 26 (55%)

54 (49%) 21 (45%)

57.2 (14.3) 65.4 (11.2) < .001
.36

72 (65%) 34 (72%)

39 (35%) 13 (28%)
.02

87 (78%) 28 (60%)

24 (22%) 19 (40%)

15 (14%) 26 (55%) < .001
.75

33 (30%) 15 (32%)

30 (27%) 11 (23%)

48 (43%) 21 (45%)

27.4 (12.2) 26.3 (12.4) .61

3.8 (1.0) 3.9 (0.8) .35

-21.45 -19.65 43

(-29.83 to -9.44) (-21.86 to -10.02)

N=24 N=13

0.29 (0.01 to 0.67) 0.29 (0.01 to 0.50) 67

0.8 (0.7 to 0.9) 0.7 (0.5 to 0.85) .08

* Data presented as n (%); P-value was obtained from chi-squared test.

t Data presented as mean (standard deviation); P-value was obtained from Student’s ¢-test.

+ Data presented as n (%); P-value was obtained from Fisher’s exact test.

§ Data presented as median (IQR); P-value was obtained from Mann-Whitney U test.

https://doi.org/10.1371/journal.pone.0245429.t001
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Fig 1. Kaplan-Meier survival analysis with log-rank test. The analysis shows that the statin user group had a
significantly higher cumulative probability failure than the nonuser group (P = .013).

https://doi.org/10.1371/journal.pone.0245429.9001

ratio, or visual field mean deviation between the groups before the primary trabeculectomy
surgery. Moreover, there was no significant difference in the median of duration of MMC in
both groups [median (IQR): statin users 3 (3-3.5) minutes, statin nonusers 3 (3-3.5) minutes,
P=.79].

Kaplan-Meier survival analysis with the log-rank test (Fig 1) showed that the statin user
group had a significantly higher cumulative failure probability than the nonuser group (P =
.013), with a 24-month cumulative failure probability of 78.7% in statin users and 60.4% in
nonusers. Identified causes for cumulative failure in both patient groups are shown in Table 2.
The Cox proportional-hazards model revealed that the unadjusted hazard ratio for statin users
was 1.51 (95% confidence interval (CI): 1.02-2.24, P = .042). The multivariable model showed
that the adjusted hazard ratio for statin users was 1.61 (95% CI: 1.06-2.45, P = .026).

Failure rate at 24 months was 46.8% in statin users and 39.6% in nonusers. There were no
statistically significant differences in visual acuity, IOP, or number of medications between the
groups at 24 months (P = .62, P = .15, and P = .99, respectively) (Table 3). Logistic mixed-
model regression analysis showed an increased risk of failure at 24 months for statin users
using both univariate (odd ratio [OR] = 3.72, 95% CI: 1.10-12.62, P = .035) and multivariate
models (adjusted OR = 5.89, 95% CI: 1.44-23.94, P = .013).

The mean (SD) number of 5-FU injections was 1.87 (2.1) in statin users and 1.21 (1.7) in
statin nonusers. Multivariable Poisson regression analysis of the number of 5-FU injections
indicated that statin users had a significantly higher number of 5-FU injections at 24 months

Table 2. Causes of 24-month cumulative failure after trabeculectomy in statin users and nonusers.

Statin nonusers (N = 111) Statin users (N = 47)
Inadequate lowering of intraocular pressure 43 (38.7%) 23 (48.9%)
Reoperation for glaucoma 21 (18.9%) 14 (29.8%)
Hypotony 3(2.7%) 1(2.1%)
No light perception 3 (2.7%) 4 (8.9%)

https://doi.org/10.1371/journal.pone.0245429.t1002
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Table 3. Clinical outcomes in statin users and nonusers at 24-month follow-up after trabeculectomy.

Statin nonusers (N = 111) Statin users (N = 47) P-value
Visual acuity* (decimal) 0.29 (0.01 to 0.67) 0.4 (0.005 to 0.67) .62
Intraocular pressuret (mm Hg) 12.7 (5.2) 14.4 (8.9) .15
Number of glaucoma medicationst | 0.95 (1.3) 0.96 (1.3) .99
Mean deviation* (dB) -16.31 (-27.5t0 -9.84) (N = 14) | -12.69 (-20.71 to -0.56) (N =11) | .34
Cup-to-disc ratio* 0.85 (0.7 to 0.95) 0.7 (0.5 to 0.85) .28

* Data presented as median (IQR); P-value was obtained from Mann-Whitney U test.
t Data presented as mean (standard deviation); P-value was obtained from Student’s ¢-test.

https://doi.org/10.1371/journal.pone.0245429.t1003

[unadjusted incidence rate ratio (IRR) = 1.55, 95% CI: 1.19-2.03, P = .001; adjusted
IRR =1.59, 95% CI: 1.08-2.08, P = .014).

The mean (SD) number of bleb-needling procedures was 0.66 (1.0) in statin users and 0.32
(0.7) in statin nonusers, with a significantly higher number of bleb-needling procedures per-
formed in statin users than in nonusers. (unadjusted IRR = 2.09, 95% CI: 1.29-3.39, P = .003
and adjusted IRR = 1.91, 95% CI: 1.06-3.45, P = .031).

Regarding bleb morphology, the bleb extent and height at 3 months post-operation accord-
ing to IBAGS grading showed no significant difference between both groups (extent P = .86
and height P = .19). Statin users showed greater vascularity than nonusers (P < .001). Repre-
sentative images of bleb vascularity grades of V2 to V4 according to IBAGS grading are shown
in S1 Fig.

In order to control for the effects of age, an additional analysis involving 2:1 age matching
analysis was performed. The data from 80 statin nonusers and 40 users showed the same
results. The 24-month cumulative failure probability was significantly higher in statin users
(77.5%) than in nonusers (62.5%) (P = .048). The Cox proportional-hazards model revealed
that the hazard ratio for statin users was 1.44 (95% CI: 0.92-2.24, P = .11). Similarly, the multi-
variable Poisson regression analysis also showed a significantly higher number of 5-FU injec-
tions and bleb-needling procedures in statin users (IRR = 1.76, 95% CI: 1.31-2.37, P <0.001;
IRR = 1.93, 95% CI: 1.14-3.27, P = .015, respectively).

Discussion

Our study revealed that statin use significantly increased the hazard risk of trabeculectomy fail-
ure and significantly increased the failure rate at 24 months. There were no statistically signifi-
cant differences in the mean IOP, visual acuity, or number of medications between statin users
and nonusers at 24 months. Statin users, however, underwent significantly more 5-FU injec-
tions and bleb-needling procedures than nonusers.

The present study identified higher trabeculectomy failure rates, both for cumulative failure
and for failure at 24 months, than other clinical trials [14, 15]. Our cumulative probability of
failure during 2 years of follow-up was 78.7% in statin users and 60.4% in nonusers. By con-
trast, in the Tube Versus Trabeculectomy Study, Gedde et al. reported a 46.9% failure rate in
their trabeculectomy group during 5 years of follow-up [16]. Our higher failure rate may be
explained by the retrospective nature of our study, which precluded assessment of washed-out
IOPs and allowed only medicated IOP values to be obtained. Since mean preoperative IOPs
are lower when using only medicated IOP data, a greater number of eyes failed to achieve a
20% IOP reduction from baseline in our study.

Inadequate IOP reduction was the most common cause of failure in both groups, though
more commonly in statin users. The success of trabeculectomy at reducing IOP is linked to an
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effective interruption of the wound-healing response in order to maintain patency of the new
filtration pathway. In a simplistic sense, wound healing after trabeculectomy may be under-
stood by dividing the process into three distinct phases, inflammatory, proliferative, and
remodeling phases [4, 17]. Previous studies have suggested that statin use may be linked to an
acceleration of this wound-healing process [18] and to excessive fibrosis formation [10, 11],
which may explain the higher failure rate in the statin group observed in our study.

The inflammatory phase of wound healing is characterized by an influx of inflammatory
cells, cytokines, and growth factors. In the early stages, this phase is controlled by immediate
leakage of blood components from incised vascular tissue. Several chemical factors, including
thrombin, thromboxane A,, platelet-derived growth factor (PDGF), vascular endothelial
growth factor (VEGEF), interleukin (IL) -1, transforming growth factor (TGF-f), and inter-
feron-y (IFN-v) are also secreted, triggering the onset of the next phase [19-21]. Previous stud-
ies have shown that statins induced proinflammatory responses by increasing the number of T
lymphocytes secreting IFN-y and by stimulating the secretion of IL-1{3, a member of the IL-1
family of cytokines, by monocytes. Moreover, studies have demonstrated that caspase-1, which
is required for the processing and secretion of IL-13, was activated by statins [22, 23].

In the proliferative phase, several processes are stimulated, including re-epithelialization,
angiogenesis, and fibroblast activity. PDGF and TGF-p are key profibrogenic cytokines implicated
in the recruitment and differentiation of fibroblasts into myofibroblasts. Akershoek et al. [24]
demonstrated an acceleration of the healing process in full-thickness burn wounds in patients
receiving atorvastatin treatment. These authors hypothesized that the shortened healing time in
atorvastatin users was related to an earlier transition from the inflammatory to the proliferative
phase of wound healing and to a faster resolution of myofibroblast presence in wounds.

During the proliferative phase, angiogenesis occurs concurrently with release of VEGF
from platelets and macrophages [4, 17]. Numerous studies have demonstrated effects of statins
on angiogenesis, including upregulation of endothelial nitric oxide synthase, stimulation of the
intracellular serine/threonine kinase Akt signaling pathway in endothelial cells, and promotion
of the migration and differentiation of endothelial progenitor cells [25-27]. In 2012, a histopa-
thology study demonstrated that topical simvastatin accelerated wound healing in diabetic
mice via promotion of angiogenesis and lymphangiogenesis [18], which supported previous in
vitro studies showing the marked angiogenic effects of statins on vascular endothelial cells [28,
29]. In addition, statins have been reported to augment VEGF expression in osteoblastic cells
and to stimulate retinal microvasculature angiogenesis [30, 31]. The presence of VEGF in tra-
beculectomy blebs has also been shown to be associated with blood vessel growth and fibrosis
[32], a finding that clarified the role of anti-VEGF therapies during wound-healing modula-
tion after glaucoma-filtering surgery [33]. In our study, statin use increased the number of
5-FU injections that were required. Since 5-FU injections were performed when blebs were
highly vascularized, we postulate that the higher number of 5-FU injections in the statin group
may reflect augmentation of VEGF expression by this class of drugs.

In 2012, Xu and colleagues [34] demonstrated that statin use was associated with interstitial
lung abnormalities, increasing a patient’s susceptibility to interstitial lung disease. Lungs from
mice treated with statins and bleomycin were shown to have increased lung fibrosis and colla-
gen deposition compared to lungs of mice exposed to bleomycin alone. The statin and bleomy-
cin group also had significant increases in expression of IL-1f3 and IL-18 in bronchoalveolar
lavage fluid and in lung tissue, which was correlated with increased caspase-1 activation. Fur-
thermore, another study described pulmonary side effects from statins, including the develop-
ment of hypersensitivity pneumonitis and fibrotic nonspecific interstitial pneumonia [10].
Although similar studies have yet to be conducted in the human eye, these findings suggest
that there may be a correlation between statin use and fibrosis formation after trabeculectomy.
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While these previous studies have demonstrated possible negative effects of statin use on
bleb outcomes, other studies have contradicted our findings by demonstrating that statins may
actually inhibit postoperative scarring after glaucoma-filtering surgery. In 2008, Mayer-ter-
Venh et al. [35] reported that lovastatin inhibited TGF-B-induced myofibroblast transdifferen-
tiation in human tenon fibroblasts, which is crucial for activation of fibroblasts in the prolifer-
ative phase and for proper extracellular matrix replacement during the remodeling phase [36,
37]. In addition, Park and colleagues [38] demonstrated lovastatin’s antifibrotic effect by show-
ing reduced myofibroblast transdifferentiation after glaucoma-filtering surgery in a rabbit
model.

We hypothesize that the contradictory findings in these prior studies may be related to the
types of statins used and to different routes of administration. Moreover, wound healing is
known to be a multifactorial and complicated process in which individuals may mount
responses differently. Another possible explanation is that statins may have biphasic, dose-
dependent effects on angiogenesis, promoting the response at lower doses and inhibiting it at
higher doses, similar to what has been proposed for endothelial cell proliferation, migration,
differentiation, and VEGEF release [26, 39]. Therefore, different or unknown doses of statins in
our study and others might have influenced these processes differently. The relationships
between the types and dosages of statins used and the wound-healing process still need to be
explored in future studies.

It is important to note that this study had limitations. First, since it was a retrospective
study, we could not perform objective assessments of bleb morphology, such as bleb imaging,
which would have helped to verify the presence of fibrosis. Second, the type and dosage of stat-
ins used by patients was not systematically recorded. Third, the study was conducted in a uni-
formly Thai population, and therefore, its applicability to other ethnicities, especially non-
Asian ethnicities, needs to be validated. Fourth, the majority of our study patients had
advanced glaucoma. The results may not, therefore, be generalizable to patients with other
degrees of glaucoma severity. Additionally, bleb grading, 5-FU injections, and bleb-needling
procedures were performed at doctors’ discretion. It should be noted, however, that all the
doctors who were making these decisions and performing these procedures were glaucoma
specialists practicing under the same guidelines outlined by our institution. Lastly, we were
unable to evaluate the duration of topical antiglaucoma medication usage before glaucoma-fil-
tering surgeries, which has been shown to have a deleterious effect on trabeculectomy out-
comes [40]. In the future, prospective studies using bleb imaging to better understand the
effect of statin use on scar formation following trabeculectomy are warranted.

In conclusion, this study demonstrated that oral statin was associated with higher rates of
trabeculectomy failure. Statin use also increased the number of 5-FU injections and bleb-nee-
dling procedures required in the post-trabeculectomy period. Although further investigation is
necessary, this study suggests that there may be a link between oral statin use and postoperative
scarring after glaucoma-filtering surgery.

Supporting information

S1 Table. Type of secondary glaucoma in statin users and nonusers.
(PDF)

S1 Fig. Images showing bleb vascularity grades of V2 (mild vascularity), V3 (moderate vas-
cularity) and V4 (extensive vascularity) according to Indiana Bleb Appearance Grading
Scale (IBAGS).

(TIFF)

PLOS ONE | https://doi.org/10.1371/journal.pone.0245429 January 15, 2021 8/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245429.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245429.s002
https://doi.org/10.1371/journal.pone.0245429

PLOS ONE

Statin use and trabeculectomy outcomes

S1 File.
(XLSX)

Author Contributions

Conceptualization: Sunee Chansangpetch.

Data curation: Abhibol Inobhas.

Formal analysis: Sunee Chansangpetch.

Investigation: Abhibol Inobhas, Sunee Chansangpetch.

Methodology: Abhibol Inobhas, Sunee Chansangpetch.

Project administration: Sunee Chansangpetch.

Resources: Anita Manassakorn, Visanee Tantisevi, Prin Rojanapongpun.
Supervision: Sunee Chansangpetch.

Writing - original draft: Abhibol Inobhas.

Writing - review & editing: Sunee Chansangpetch.

References

1. Heijl A, Leske MC, Bengtsson B, Hyman L, Bengtsson B, Hussein M. Reduction of intraocular pressure
and glaucoma progression: results from the Early Manifest Glaucoma Trial. Arch Ophthalmol. 2002
Oct; 120(10):1268—79. https://doi.org/10.1001/archopht.120.10.1268 PMID: 12365904

2. Harasymowycz P, Birt C, Gooi P, Heckler L, Hutnik C, Jinapriya D, et al. Medical Management of Glau-
coma in the 21st Century from a Canadian Perspective. J Ophthalmol. 2016; 2016:6509809. https://doi.
org/10.1155/2016/6509809 PMID: 27895937

3. Costa VP, Correa MM, Kara-Jose N. Needling versus medical treatment in encapsulated blebs. A ran-
domized, prospective study. Ophthalmology. 1997 Aug; 104(8):1215-20. https://doi.org/10.1016/
s0161-6420(97)30155-9 PMID: 9261306

4. Atreides SP, Skuta GL, Reynolds AC. Wound healing modulation in glaucoma filtering surgery. Int
Ophthalmol Clin. 2004; 44(2):61—106. https://doi.org/10.1097/00004397-200404420-00007 PMID:
15087731

5. Takemoto M, Liao JK. Pleiotropic effects of 3-hydroxy-3-methylglutaryl coenzyme a reductase inhibi-
tors. Arterioscler Thromb Vasc Biol. 2001 Nov; 21(11):1712-9. https://doi.org/10.1161/hq1101.098486
PMID: 11701455

6. Eberlein M, Heusinger-Ribeiro J, Goppelt-Struebe M. Rho-dependent inhibition of the induction of con-
nective tissue growth factor (CTGF) by HMG CoA reductase inhibitors (statins). Br J Pharmacol. 2001
Aug; 133(7):1172-80. https://doi.org/10.1038/sj.bjp.0704173 PMID: 11487529

7. KangJH, Boumenna T, Stein JD, Khawaja A, Rosner BA, Wiggs JL, et al. Association of Statin Use and
High Serum Cholesterol Levels With Risk of Primary Open-Angle Glaucoma. JAMA Ophthalmol. 2019
07 1; 137(7):756-65. https://doi.org/10.1001/jamaophthalmol.2019.0900 PMID: 31046067

8. Whigham B, Oddone EZ, Woolson S, Coffman C, Allingham RR, Shieh C, et al. The influence of oral
statin medications on progression of glaucomatous visual field loss: A propensity score analysis. Oph-
thalmic Epidemiol. 2018 06; 25(3):207—14. https://doi.org/10.1080/09286586.2017.1399427 PMID:
29172840

9. SongJ, Deng PF, Stinnett SS, Epstein DL, Rao PV. Effects of cholesterol-lowering statins on the aque-
ous humor outflow pathway. Invest Ophthalmol Vis Sci. 2005 Jul; 46(7):2424-32. https://doi.org/10.
1167/iovs.04-0776 PMID: 15980231

10. Lantuejoul S, Brambilla E, Brambilla C, Devouassoux G. Statin-induced fibrotic nonspecific interstitial
pneumonia. Eur Respir J. 2002 Mar; 19(3):577-80. https://doi.org/10.1183/09031936.02.00258802
PMID: 11936540

11.  XuJF, Washko GR, Nakahira K, Hatabu H, Patel AS, Fernandez IE, et al. Statins and pulmonary fibro-
sis: the potential role of NLRP3 inflammasome activation. Am J Respir Crit Care Med. 2012 Mar 1; 185
(5):547-56. https://doi.org/10.1164/rccm.201108-15740C PMID: 22246178

PLOS ONE | https://doi.org/10.1371/journal.pone.0245429 January 15, 2021 9/11


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0245429.s003
https://doi.org/10.1001/archopht.120.10.1268
http://www.ncbi.nlm.nih.gov/pubmed/12365904
https://doi.org/10.1155/2016/6509809
https://doi.org/10.1155/2016/6509809
http://www.ncbi.nlm.nih.gov/pubmed/27895937
https://doi.org/10.1016/s0161-6420%2897%2930155-9
https://doi.org/10.1016/s0161-6420%2897%2930155-9
http://www.ncbi.nlm.nih.gov/pubmed/9261306
https://doi.org/10.1097/00004397-200404420-00007
http://www.ncbi.nlm.nih.gov/pubmed/15087731
https://doi.org/10.1161/hq1101.098486
http://www.ncbi.nlm.nih.gov/pubmed/11701455
https://doi.org/10.1038/sj.bjp.0704173
http://www.ncbi.nlm.nih.gov/pubmed/11487529
https://doi.org/10.1001/jamaophthalmol.2019.0900
http://www.ncbi.nlm.nih.gov/pubmed/31046067
https://doi.org/10.1080/09286586.2017.1399427
http://www.ncbi.nlm.nih.gov/pubmed/29172840
https://doi.org/10.1167/iovs.04-0776
https://doi.org/10.1167/iovs.04-0776
http://www.ncbi.nlm.nih.gov/pubmed/15980231
https://doi.org/10.1183/09031936.02.00258802
http://www.ncbi.nlm.nih.gov/pubmed/11936540
https://doi.org/10.1164/rccm.201108-1574OC
http://www.ncbi.nlm.nih.gov/pubmed/22246178
https://doi.org/10.1371/journal.pone.0245429

PLOS ONE

Statin use and trabeculectomy outcomes

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

Foster PJ, Buhrmann R, Quigley HA, Johnson GJ. The definition and classification of glaucoma in prev-
alence surveys. Br J Ophthalmol. 2002 Feb; 86(2):238—42. https://doi.org/10.1136/bjo.86.2.238 PMID:
11815354

Cantor LB, Mantravadi A, WuDunn D, Swamynathan K, Cortes A. Morphologic classification of filtering
blebs after glaucoma filtration surgery: the Indiana Bleb Appearance Grading Scale. J Glaucoma. 2003
Jun; 12(3):266—-71. https://doi.org/10.1097/00061198-200306000-00015 PMID: 12782847

Lusthaus JA, Kubay O, Karim R, Wechsler D, Booth F. Primary trabeculectomy with mitomycin C:
safety and efficacy at 2 years. Clin Exp Ophthalmol. 2010 Dec; 38(9):831-8. https://doi.org/10.1111/j.
1442-9071.2010.02349.x PMID: 20572827

Maheshwari D, Kanduri S, Kadar MA, Ramakrishnan R, Pillai MR. Midterm outcome of mitomycin C
augmented trabeculectomy in open angle glaucoma versus angle closure glaucoma. Indian J Ophthal-
mol. 2019 07; 67(7):1080—4. https://doi.org/10.4103/ijo.lJO_1328_18 PMID: 31238416

Gedde SJ, Schiffman JC, Feuer WJ, Herndon LW, Brandt JD, Budenz DL, et al. Three-year follow-up of
the tube versus trabeculectomy study. Am J Ophthalmol. 2009 Nov; 148(5):670-84. https://doi.org/10.
1016/j.2j0.2009.06.018 PMID: 19674729

Yamanaka O, Kitano-lzutani A, Tomoyose K, Reinach PS. Pathobiology of wound healing after glau-
coma filtration surgery. BMC Ophthalmol. 2015 Dec 17; 15 Suppl 1:157. https://doi.org/10.1186/
512886-015-0134-8 PMID: 26818010

Asai J, Takenaka H, Hirakawa S, Sakabe J, Hagura A, Kishimoto S, et al. Topical simvastatin acceler-
ates wound healing in diabetes by enhancing angiogenesis and lymphangiogenesis. Am J Pathol. 2012
Dec; 181(6):2217—-24. https://doi.org/10.1016/j.ajpath.2012.08.023 PMID: 23138019

Chang L, Crowston JG, Cordeiro MF, Akbar AN, Khaw PT. The role of the immune system in conjuncti-
val wound healing after glaucoma surgery. Surv Ophthalmol. 2000 Jul-Aug; 45(1):49-68. https://doi.
org/10.1016/s0039-6257(00)00135-1 PMID: 10946081

Cordeiro MF, Schultz GS, Ali RR, Bhattacharya SS, Khaw PT. Molecular therapy in ocular wound heal-
ing. Br J Ophthalmol. 1999 Nov; 83(11):1219-24. https://doi.org/10.1136/bjo.83.11.1219 PMID:
10535844

Skuta GL, Parrish RK. Wound healing in glaucoma filtering surgery. Surv Ophthalmol. 1987 Nov-Dec;
32(3):149-70. https://doi.org/10.1016/0039-6257(87)90091-9 PMID: 3328315

Coward WR, Marei A, Yang A, Vasa-Nicotera MM, Chow SC. Statin-induced proinflammatory response
in mitogen-activated peripheral blood mononuclear cells through the activation of caspase-1 and IL-18
secretion in monocytes. J Immunol. 2006 May 1; 176(9):5284—92. https://doi.org/10.4049/jimmunol.
176.9.5284 PMID: 16621994

Gasse P, Riteau N, Charron S, Girre S, Fick L, Pétrilli V, et al. Uric acid is a danger signal activating
NALPS inflammasome in lung injury inflammation and fibrosis. Am J Respir Crit Care Med. 2009 May
15; 179(10):903-13. https://doi.org/10.1164/rccm.200808-12740C PMID: 19218193

Akershoek JJ, Brouwer KM, Vlig M, Boekema BKHL, Beelen RHJ, Middelkoop E, et al. Differential
effects of Losartan and Atorvastatin in partial and full thickness burn wounds. PLoS One. 2017; 12(6):
e€0179350. https://doi.org/10.1371/journal.pone.0179350 PMID: 28614412

Skaletz-Rorowski A, Walsh K. Statin therapy and angiogenesis. Curr Opin Lipidol. 2003 Dec; 14
(6):599-603. https://doi.org/10.1097/00041433-200312000-00008 PMID: 14624137

Weis M, Heeschen C, Glassford AJ, Cooke JP. Statins have biphasic effects on angiogenesis. Circula-
tion. 2002 Feb 12; 105(6):739—45. https://doi.org/10.1161/hc0602.103393 PMID: 11839631

Dimmeler S, Aicher A, Vasa M, Mildner-Rihm C, Adler K, Tiemann M, et al. HMG-CoA reductase inhibi-
tors (statins) increase endothelial progenitor cells via the Pl 3-kinase/Akt pathway. J Clin Invest. 2001
Aug; 108(3):391—7. https://doi.org/10.1172/JC113152 PMID: 11489932

Kureishi Y, Luo Z, Shiojima I, Bialik A, Fulton D, Lefer DJ, et al. The HMG-CoA reductase inhibitor sim-
vastatin activates the protein kinase Akt and promotes angiogenesis in normocholesterolemic animals.
Nat Med. 2000 Sep; 6(9):1004—10. https://doi.org/10.1038/79510 PMID: 10973320

Nakao T, Shiota M, Tatemoto Y, Izumi Y, Iwao H. Pravastatin induces rat aortic endothelial cell prolifer-
ation and migration via activation of PIBK/Akt/mTOR/p70 S6 kinase signaling. J Pharmacol Sci. 2007
Dec; 105(4):334—41. https://doi.org/10.1254/jphs.fp0070682 PMID: 18057776

Maeda T, Kawane T, Horiuchi N. Statins augment vascular endothelial growth factor expression in oste-
oblastic cells via inhibition of protein prenylation. Endocrinology. 2003 Feb; 144(2):681-92. https://doi.
org/10.1210/en.2002-220682 PMID: 12538631

Medina RJ, O’Neill CL, Devine AB, Gardiner TA, Stitt AW. The pleiotropic effects of simvastatin on reti-
nal microvascular endothelium has important implications for ischaemic retinopathies. PLoS One. 2008
Jul 9; 3(7):e2584. https://doi.org/10.1371/journal.pone.0002584 PMID: 18612412

PLOS ONE | https://doi.org/10.1371/journal.pone.0245429 January 15, 2021 10/11


https://doi.org/10.1136/bjo.86.2.238
http://www.ncbi.nlm.nih.gov/pubmed/11815354
https://doi.org/10.1097/00061198-200306000-00015
http://www.ncbi.nlm.nih.gov/pubmed/12782847
https://doi.org/10.1111/j.1442-9071.2010.02349.x
https://doi.org/10.1111/j.1442-9071.2010.02349.x
http://www.ncbi.nlm.nih.gov/pubmed/20572827
https://doi.org/10.4103/ijo.IJO%5F1328%5F18
http://www.ncbi.nlm.nih.gov/pubmed/31238416
https://doi.org/10.1016/j.ajo.2009.06.018
https://doi.org/10.1016/j.ajo.2009.06.018
http://www.ncbi.nlm.nih.gov/pubmed/19674729
https://doi.org/10.1186/s12886-015-0134-8
https://doi.org/10.1186/s12886-015-0134-8
http://www.ncbi.nlm.nih.gov/pubmed/26818010
https://doi.org/10.1016/j.ajpath.2012.08.023
http://www.ncbi.nlm.nih.gov/pubmed/23138019
https://doi.org/10.1016/s0039-6257%2800%2900135-1
https://doi.org/10.1016/s0039-6257%2800%2900135-1
http://www.ncbi.nlm.nih.gov/pubmed/10946081
https://doi.org/10.1136/bjo.83.11.1219
http://www.ncbi.nlm.nih.gov/pubmed/10535844
https://doi.org/10.1016/0039-6257%2887%2990091-9
http://www.ncbi.nlm.nih.gov/pubmed/3328315
https://doi.org/10.4049/jimmunol.176.9.5284
https://doi.org/10.4049/jimmunol.176.9.5284
http://www.ncbi.nlm.nih.gov/pubmed/16621994
https://doi.org/10.1164/rccm.200808-1274OC
http://www.ncbi.nlm.nih.gov/pubmed/19218193
https://doi.org/10.1371/journal.pone.0179350
http://www.ncbi.nlm.nih.gov/pubmed/28614412
https://doi.org/10.1097/00041433-200312000-00008
http://www.ncbi.nlm.nih.gov/pubmed/14624137
https://doi.org/10.1161/hc0602.103393
http://www.ncbi.nlm.nih.gov/pubmed/11839631
https://doi.org/10.1172/JCI13152
http://www.ncbi.nlm.nih.gov/pubmed/11489932
https://doi.org/10.1038/79510
http://www.ncbi.nlm.nih.gov/pubmed/10973320
https://doi.org/10.1254/jphs.fp0070682
http://www.ncbi.nlm.nih.gov/pubmed/18057776
https://doi.org/10.1210/en.2002-220682
https://doi.org/10.1210/en.2002-220682
http://www.ncbi.nlm.nih.gov/pubmed/12538631
https://doi.org/10.1371/journal.pone.0002584
http://www.ncbi.nlm.nih.gov/pubmed/18612412
https://doi.org/10.1371/journal.pone.0245429

PLOS ONE

Statin use and trabeculectomy outcomes

32.

33.

34.

35.

36.

37.

38.

39.

40.

Lopilly Park HY, Kim JH, Ahn MD, Park CK. Level of vascular endothelial growth factor in tenon tissue
and results of glaucoma surgery. Arch Ophthalmol. 2012 Jun; 130(6):685-9. https://doi.org/10.1001/
archophthalmol.2011.2799 PMID: 22332204

Ozgonul C, Mumcuoglu T, Gunal A. The effect of bevacizumab on wound healing modulation in an
experimental trabeculectomy model. Curr Eye Res. 2014 May; 39(5):451-9. https://doi.org/10.3109/
02713683.2013.851704 PMID: 24215335

Xu JF, Washko GR, Nakahira K, Hatabu H, Patel AS, Fernandez IE, et al. Statins and pulmonary fibro-
sis: the potential role of NLRP3 inflammasome activation. Am J Respir Crit Care Med. 2012 Mar 1; 185
(5):547-56. https://doi.org/10.1164/rccm.201108-15740C PMID: 22246178

Meyer-Ter-Vehn T, Katzenberger B, Han H, Grehn F, Schlunck G. Lovastatin inhibits TGF-beta-
induced myofibroblast transdifferentiation in human tenon fibroblasts. Invest Ophthalmol Vis Sci. 2008
Sep; 49(9):3955-60. https://doi.org/10.1167/iovs.07-1610 PMID: 18421080

Faler BJ, Macsata RA, Plummer D, Mishra L, Sidawy AN. Transforming growth factor-beta and wound
healing. Perspect Vasc Surg Endovasc Ther. 2006 Mar; 18(1):55-62. https://doi.org/10.1177/
153100350601800123 PMID: 16628336

Liarte S, Bernabé-Garcia A, Nicolas FJ. Role of TGF-B in Skin Chronic Wounds: A Keratinocyte Per-
spective. Cells. 2020 01 28; 9(2):E306. https://doi.org/10.3390/cells9020306 PMID: 32012802

Park JH, Yoo C, Kim YY. Effect of Lovastatin on Wound-Healing Modulation After Glaucoma Filtration
Surgery in a Rabbit Model. Invest Ophthalmol Vis Sci. 2016 Apr; 57(4):1871-7. https://doi.org/10.1167/
iovs.15-19003 PMID: 27082302

Zambarakji HJ, Nakazawa T, Connolly E, Lane AM, Mallemadugula S, Kaplan M, et al. Dose-dependent
effect of pitavastatin on VEGF and angiogenesis in a mouse model of choroidal neovascularization.
Invest Ophthalmol Vis Sci. 2006 Jun; 47(6):2623—-31. https://doi.org/10.1167/iovs.05-0855 PMID:
16723479

Broadway D, Grierson |, Hitchings R. Adverse effects of topical antiglaucomatous medications on the
conjunctiva. Br J Ophthalmol. 1993 Sep; 77(9):590-6. https://doi.org/10.1136/bjo.77.9.590 PMID:
8218059

PLOS ONE | https://doi.org/10.1371/journal.pone.0245429 January 15, 2021 11/11


https://doi.org/10.1001/archophthalmol.2011.2799
https://doi.org/10.1001/archophthalmol.2011.2799
http://www.ncbi.nlm.nih.gov/pubmed/22332204
https://doi.org/10.3109/02713683.2013.851704
https://doi.org/10.3109/02713683.2013.851704
http://www.ncbi.nlm.nih.gov/pubmed/24215335
https://doi.org/10.1164/rccm.201108-1574OC
http://www.ncbi.nlm.nih.gov/pubmed/22246178
https://doi.org/10.1167/iovs.07-1610
http://www.ncbi.nlm.nih.gov/pubmed/18421080
https://doi.org/10.1177/153100350601800123
https://doi.org/10.1177/153100350601800123
http://www.ncbi.nlm.nih.gov/pubmed/16628336
https://doi.org/10.3390/cells9020306
http://www.ncbi.nlm.nih.gov/pubmed/32012802
https://doi.org/10.1167/iovs.15-19003
https://doi.org/10.1167/iovs.15-19003
http://www.ncbi.nlm.nih.gov/pubmed/27082302
https://doi.org/10.1167/iovs.05-0855
http://www.ncbi.nlm.nih.gov/pubmed/16723479
https://doi.org/10.1136/bjo.77.9.590
http://www.ncbi.nlm.nih.gov/pubmed/8218059
https://doi.org/10.1371/journal.pone.0245429

