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PURPOSE. To determine the effect of metformin on early Nd:YAG laser treatment for poste-
rior capsule opacification (PCO) and to explore a molecular mechanism to explain a
possible protective effect of metformin against PCO.

METHODS. We conducted: 1) a retrospective cohort study of patient eyes undergoing
phacoemulsification at our institution; and 2) laboratory investigation of the effect of
metformin on the behavior of lens epithelial cells in the context of an animal model
for PCO. Population-averaged Cox proportional hazards modeling was used to estimate
risk for time to Nd:YAG. For laboratory studies, expression of markers for epithelial-to-
mesenchymal transition (EMT) implicated in PCO pathogenesis was measured in tissue
culture and following extracapsular lens extraction in a mouse model.

RESULTS. The rate of Nd:YAG laser capsulotomy was 13.1% among the 9798 eyes. Both
metformin use and diabetes were protective factors for Nd:YAG laser capsulotomy in
univariate analysis. However, in multivariable analysis with nondiabetics as the refer-
ence group, only metformin use among diabetics was significantly protective of Nd:YAG
(hazard ratio: 0.68, 95% CI: 0.54–0.85, P = 0.0008), while eyes of patients with diabetes
without metformin use did not significantly differ (P = 0.5026). Treatment of lens epithe-
lial cells with metformin reduced the level of the EMT markers α-SMA and pERK induced
by TGF-β2. Similarly, metformin treatment reduced α-SMA expression in lens epithelial
cells following extracapsular lens extraction in a mouse model.

CONCLUSIONS. The protective effect of metformin against early Nd:YAG may relate to its
ability to downregulate EMT in residual lens epithelial cells that otherwise trend toward
myofibroblast development and PCO.
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Cataract surgery is the most common surgical procedure
in the United States with approximately three million

cases annually. While this surgery is typically safe with
very low rates of intraoperative complications, undesirable
postoperative events can occur, including the onset and
progression of visually disabling posterior capsular opacifi-
cation (PCO). PCO develops, in part, from proliferation and
migration of lens epithelial cells left from the lens extrac-
tion process.1 Following surgery, epithelial cells undergo
a process of epithelial-to-mesenchymal transition (EMT),
resulting in cell migration and deposition of extracellular
matrix components which induce contraction and wrinkling
of the lens capsule. PCO can reduce visual acuity when the
visual axis is involved.2 The incidence of PCO for uncom-
plicated senile cataract surgeries increases over time and is
reportedly as high as 50% to as low as <5%.3 Restoration
of a clear visual axis, most often accomplished by use of a
Nd:YAG laser to create a capsulotomy, is typically success-
ful and uneventful. However, complications of YAG capsulo-
tomy can lead to retinal detachment, damage to the intraoc-

ular lens implant, cystoid macular edema, and increased
intraocular pressure.4 Furthermore, it is typically more diffi-
cult to perform future IOL exchange on eyes treated with
YAG capsulotomy to correct for dissatisfaction with vision or
IOL adjustment. In addition to these medical issues, Nd:YAG
laser is a financial burden for both patients and insurers,
and access to the procedure can be an obstacle in develop-
ing countries.5 Given the relatively high incidence of PCO
and the potential undesirable outcomes from YAG capsulo-
tomy, there is considerable interest in discovery of therapeu-
tic agents and IOL design modifications to reduce the need
for YAG therapy.

Although many studies have examined intraocular lens
(IOL) material and design as risk factors for PCO,6–13 only a
few have assessed demographics and clinical characteristics
as risk factors for PCO and the need for Nd:YAG capsulo-
tomy.14–19 Younger age and female gender are risk factors
for Nd:YAG,14,17 and lower IOL power has also been found
to increase the risk.17,18 Some studies have demonstrated
lower incidence of PCO in diabetics when compared to
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nondiabetics,20,21 yet other studies have shown a higher inci-
dence of PCO in patients with diabetes.16,19,22,23

Studies have demonstrated TGF-β plays an important role
in molecular signaling leading to EMT.24 Numerous factors
have been identified to suppress TGF-β-dependent molecu-
lar signaling in EMT, including inhibitors of aldose reductase,
as well as additional factors that regulate signaling down-
stream from the TGF-β receptor.25 However, no study has
yet examined related medications, such as metformin, and
its impact on Nd:YAG laser capsulotomy.

A recently published case-control study demonstrated
a dose-response relationship of metformin as a protec-
tive factor for the development of age-related macular
degeneration (AMD).26 Metformin is one of the most
widely prescribed medications in patients with type 2
diabetes, where it improves insulin sensitivity and reduces
hepatic gluconeogenesis to affect an overall improvement in
metabolic control. The primary purpose of the present trans-
lational study was firstly, to explore the effect of metformin
use on the occurrence of early Nd: YAG laser capsulotomy
using a prospective cohort of cataract surgeries from an
academic institution. Secondly, we tested the hypothesis that
metformin reduces epithelial-to-mesenchymal transition of
lens epithelial cells in vitro as well as in an in vivo animal
model of lens extraction.

MATERIALS AND METHODS

Cohort Study

Part one of this research is a retrospective cohort study
of phacoemulsification cataract surgeries performed at the
University of Colorado Denver Sue Anschutz-Rodgers Eye
Center. All cataract surgeries from January 1, 2014, through
December 31, 2018, included in the institution’s Cataract
Outcomes Registry are included in the present study. Details
of this registry are further described in Miller et al.27 In
brief, data from the medical chart regarding demographic
characteristics, medical history, ocular comorbidities, preop-
erative ocular measures, surgical events, and postoperative
outcomes are entered into a secure web-based RedCAP
system by trained research assistants. For the present study,
eyes among patients < 55 years old, eyes that had traumatic
cataracts, and eyes with an anterior chamber intraocular lens
or no intraocular lens inserted were excluded. The study was
adherent to the guidelines of the Declaration of Helsinki
and approved by the Colorado Multiple Institutional Review
Board (COMIRB).

Surgeries were performed using the standard phacoemul-
sification technique using clear corneal incisions. Femtosec-
ond laser and intraoperative aberrometry were utilized
based on surgeon and patient preference. Surgery was
performed under topical anesthesia unless otherwise
dictated by patient comorbidities. At the conclusion of the
surgery, moxifloxacin was injected into the anterior chamber
for infection prophylaxis. Postoperatively, patients were typi-
cally prescribed either difluprednate 0.05% twice daily for
two weeks and nepafenac 0.1% once daily for two weeks, or
prednisolone acetate 1% and ketorolac 0.5% four times daily
with a taper of one drop per week for four weeks.

Statistical Analysis for Cohort Study. The main
outcome of the cohort study was development of PCO to
the extent that an Nd:YAG laser capsulotomy was performed
at one of our clinic locations within six years of cataract
surgery. Medical records for all patients included in the

cohort were reviewed for Nd:YAG procedure code (CPT
66821) through April 1, 2020. Follow-up time for each
patient eye was calculated as the difference in days between
date of cataract surgery and date of Nd:YAG for those
patients who underwent this procedure, and date of surgery
and the last day of medical record review (April 1, 2020) for
patients who did not undergo Nd:YAG laser capsulotomy.

Associations between early Nd:YAG capsulotomy and
potential risk factors included demographic and clinical
characteristics. Demographic factors examined included
gender, race/ethnicity, and age. Clinical variables included
use of metformin, patient history of diabetes, and history of
autoimmune disease. Ocular comorbidities included history
of uveitis, glaucoma, combined surgeries with vitrectomy
at the time of phacoemulsification, complex surgeries, and
complicated surgeries. Complicated surgeries included one
or more of the following: posterior capsule rupture, vitre-
ous loss, retained lens, choroidal hemorrhage, iris trauma,
and zonular dialysis. Complex surgeries were defined as
cases requiring one or more of the following: Malyugin
ring expansion device, iris hooks, stretch pupilloplasty, ante-
rior capsule staining with trypan blue or capsular support
devices such as capsular tension ring or capsular hooks.
Surgeon level was categorized as attending or resident. Lens
types were grouped into monofocal, monofocal toric, or
multifocal. The vast majority of monofocal lenses implanted
at our institution include: ZCB00 (Johnson & Johnson, Santa
Ana, CA, USA), SN60WF/SA60WF (Alcon, Fort Worth, TX,
USA), or MX60 (Bausch and Lomb, Bridgewater, NJ, USA).
Most monofocal torics implanted are SA6ATx (Alcon) or
ZCTxxx (Johnson & Johnson). The majority of lenses catego-
rized for our analysis as multifocal included ZXR00, ZXTxx,
ZKB00, or ZMB00 (Johnson & Johnson).

Basic frequencies were used to describe categorical vari-
ables and the incidence rate of the main outcome Nd:YAG
laser capsulotomy. Kaplan-Meier estimates were used to
assess incidence rates of Nd:YAG capsulotomy for each of
the first six years of follow-up. Kaplan-Meier curves are
also presented to illustrate Nd:YAG rates by metformin use
and diabetic status: diabetic patients on metformin, diabetic
patients not on metformin, and patients not having either.
Curves are presented for these three groups stratified by age
group, an important factor associated with Nd:YAG. Univari-
ate and multivariable Cox proportional hazards models were
used to examine associations of potential predictors of the
outcome with sandwich estimators to account for the intrap-
atient correlation of some patients having two eyes included
in the analysis. Hazards ratios (HRs) are used as rela-
tive measures of associations between patient groups since
patients have variable follow-up time. Patients on metformin
who did not have diabetes were excluded from multivariable
and stratified analyses. Variables with P values < 0.05 were
included in the multivariable analysis. SAS version 9.4 was
used for the retrospective cohort study analysis (SAS Insti-
tute, Cary, NC, USA).

Tissue Culture Studies

Lens epithelial cells in tissue culture were used to exam-
ine the effect of metformin (N,N-dimethylbiguanide; Sigma-
Aldrich, St. Louis, MO, USA) on the EMT response to expo-
sure to TGF-β2. Primary mouse lens epithelial cells (LEC)
were purified from an aldose reductase (AKR1B1) transgenic
mouse model previously characterized for elevated risk of
diabetic cataract formation.25,28 Lenses were dissected from
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four- to six-week-old mouse eyes and the capsule-epithelium
removed by careful dissection from the lens mass. LECs
were detached by incubating capsular bags in PBS contain-
ing 0.05% Trypsin-EDTA (ATCC, Manassas, VA, USA) at 37°C
for eight minutes. LECs were recovered by centrifugation
and seeding on a 60 mm plate. Cultures were expanded by
incubation at 37°C in the presence of 5% CO2 in DMEM
(Corning Cellgro, Manassas, VA, USA), 10% Fetal Bovine
Serum (Gemini Bio products, West Sacramento, CA, USA),
100U penicillin, 100 μg streptomycin (Corning) and 0.25 μg
amphotericinB (Lonza Biosciences, Basel, Switzerland) per
ml for three to five weeks. Cells were replated and cultured
for 24 hours before treatment with either 3 mM metformin
(Sigma-Aldrich) alone or with TGF-β2 at 10 ng/ml (Novus
Biologicals, Centennial, CO, USA) in serum-free medium
for 48 hours. Cells were then harvested with RIPA lysis
buffer containing proteinase inhibitors (Pierce Biotechnol-
ogy, Rockford, IL, USA). Protein content in cell lysates was
determined using the BCA Protein Assay Reagent (Thermo
Scientific, Waltham, MA, USA). For Western blot analysis,
equal amounts of proteins were separated by SDS-PAGE
precast gels (Bio-Rad, Hercules, MA, USA) and transferred
to PVDF membrane (GE, Piscataway, NJ, USA). Membranes
were blocked with 5% nonfat dry milk in TBST buffer and
probed with antibodies to the following markers: Gapdh
(1:1000 dilution, Santa Cruz, CA, USA), α-SMA (1:1000 dilu-
tion, Abcam, Cambridge, MA, USA), extracellular signal-
regulated kinase 1 and 2 (ERK 1/2) and phospho ERK/2
(1:1000 dilution, Cell Signaling Technology, Danvers, MA,
USA). Blots were incubated with primary antibody overnight
at 4°C, then probed with secondary antibodies conjugated
with horseradish peroxidase at room temperature for one
hour. Immune complexes were visualized by enhanced
chemiluminescence and imaging with Bio-Rad ChemiDoc
XRS+ imaging system (Bio-Rad), with signal intensity quan-
tified using ImageLab Software Version 3.0. Statistical anal-
ysis was performed using GraphPad Prism version 5.03
(GraphPad Software, La Jolla, CA, USA). The relative expres-
sion of α-SMA was normalized to GAPDH and pERK expres-
sion was normalized to total ERK. Relative fold change of α-
SMA and pERK were analyzed by 1-way ANOVA with Tukey’s
multiple comparison test. Data are mean ± standard error of
the mean (SEM) of three experiments.

Extracapsular Lens Extraction in a Mouse Model

We used Mus musculus strain C57BL/6 to measure the
impact of metformin treatment on the wound response to
lens extraction. Transgenic mice on C57BL/6 background,
designed for overexpression of human aldose reductase
(strain PAR40), have been described previously.28 Metformin
was given ad lib in drinking water at 0.2 mg/mL to give a
dose range of approximately 26 to 70 mg/kg/day beginning
48 hours prior to surgery and continuing during five post-
surgical days until tissue collection for analysis. We followed
a previously described method for lens extraction,29 with
slight modifications, as follows. Animals were anesthetised
using 90 mg/kg ketamine (VetOne, Cambridge, ON, Canada),
10 mg/kg xylazine (VetOne) and given 1 mg/kg buprenor-
phine SR (ZooPharm, Laramie, WY, USA). The pupils were
then dilated by topical application of one drop of 0.2%
tropicamide (Akron, Lake Forest, IL, USA), 0.5% phenyle-
phrine (Akron) and the cornea anesthetised with one drop of
ophthalmic proparacaine (Alcon, Fort Worth, TX, USA) and
5% ophthalmic betadine (Alcon). Extracapsular lens extrac-

tion (ECLE) was performed by making an incision through
the cornea and then the lens capsule using a 1 mm slit
scalpel (Alcon) followed by hydrodissection of the lens fiber
mass using a bent cannula (Alcon). The anterior chamber
was reinflated using viscoat (Alcon) and the cornea opening
was sealed using Resure (Ocular Therapeutix, Bedford, MA,
USA). The animals were allowed to recover for five days and
then the lens capsule was recovered for RNA analysis or the
whole globe was fixed for immunohistochemistry studies.

Quantitative RT-PCR

Lens capsules were kept in a solution of Qiazol (Qiagen,
Austin, TX, USA): chloroform (Sigma) and stored at
−80°C prior to RNA extraction using an RNeasy micro
kit (Qiagen) according to the manufacturer’s instruc-
tions. Complementary DNA was created using iScript
reverse transcription supermix for RT-qPCR (Bio-Rad)
and the qPCR was performed with iTaq Universal
SYBR green supermix (Bio-Rad). Primers for αSMA
were forward 5′-CTGTTATAGGTGGTTTCGTGGA-3′,
reverse 5′-GAGCTACGAACTGCCTGAC-3′ (Integrated
DNA Technologies, Coralville, IA, USA) and GAPDH
were 5′-AATGGTGAAGGTCGGTGTG-3′, reverse 5′-
GTGGAGTCATACTGGAACATGTAG-3′ (Integrated DNA
Technologies) using the CFX (Bio-Rad). Each sample was
performed in triplicate.

Immunohistochemistry

Whole globes were fixed in 4% paraformaldehyde for 10
minutes at 4°C followed by four hours per each sucrose
(Fisher,Waltham,MA, USA) gradient 10%, 20%, 30% and then
frozen into optimal cutting temperature (OCT, Tissue Tek,
Torrance, CA, USA). The sections were stained with 1:500
αSMA A488 (Abcam, catalog# Abcam ab202295) diluted in
1% BSA (Sigma) and 0.1% tween 20 (Fisher) in saline for
one hr at room temperature. The slides were then washed
and counterstained with fluoromount (Electron Microscope
Systems, Hatfield, PA, USA) containing DAPI. Slides were
imaged on a confocal microscope Nikon Eclipse Ti (Nikon,
Tokyo, Japan) using NIS Elements software version 5.20.02
(Nikon).

Statistical Analysis of Laboratory Studies

Statistical analyses were performed using GraphPad Prism
software version 5.03 (GraphPad Software) using unpaired
two-tailed Student’s t-test.

RESULTS

Cohort Study

After exclusions of patients under age 55 years (n = 904),
traumatic cataracts (n = 25), ACIOLs (n = 24), and surg-
eries with no lens inserted (n = 11), a total of 9798 eyes
that underwent phacoemulsification at our institution were
included in the analytic dataset. Demographic variables
are shown in Table 1. Patient eyes were 58.9% female,
74.0% White, and the average age was 71.1 years (SD:
7.9). The overall rate of Nd:YAG laser capsulotomy was
13.1% (n = 1283 eyes). The mean time to Nd:YAG was
630 (SD 469) days after cataract surgery. Based on Kaplan-
Meier estimates the incidence rate of Nd:YAG laser capsu-
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TABLE 1. Demographic Predictors of Time to YAG Following Cataract Surgery, N = 9798

Time to YAG

Characteristic Total (Column %) YAG # (Row %) HR (95% CI) P Value

Total 9798 1283 (13.1%) — —
Gender
Male 4028 (41.1%) 451 (11.2%) Reference —
Female 5770 (58.9%) 832 (14.4%) 1.33 (1.16–1.52) <0.0001

Race/ethnicity
White 7255 (74.0%) 1045 (14.4%) Reference —
Hispanic 795 (8.1%) 78 (9.8%) 0.66 (0.51–0.86) 0.0022
African American 831 (8.5%) 68 (8.2%) 0.53 (0.40–0.71) <0.0001
Asian 422 (4.3%) 42 (10.0%) 0.67 (0.47–0.96) 0.0305
Other 271 (2.8%) 19 (7.0%) 0.48 (0.28–0.83) 0.0080
Unknown 224 (2.3%) 31 (13.8%) 1.05 (0.67–1.63) 0.8366

Age, years
Mean (SD) 71.1 (7.9) 69.3 (7.6) 0.97 (0.96–0.98) <0.0001

Age group, years
55–64 2304 (23.5%) 381 (16.5%) Reference —
65–75 4834 (49.3%) 663 (13.7%) 0.84 (0.72–0.97) 0.0198
76+ 2660 (27.2%) 239 (9.0%) 0.52 (0.42–0.62) <0.0001

TABLE 2. Clinical Characteristics of Time to YAG Following Cataract Surgery

Time to YAG

Characteristic Total (Column %) YAG # (Row %) HR (95% CI) P Value

Metformin
Yes 1296 (13.2%) 114 (8.9%) 0.63 (0.50–0.79) <0.0001
No 8502 (86.8%) 1169 (13.8%) Reference —

Diabetes
Yes 2347 (24.0%) 231 (9.8%) 0.68 (0.57–0.80) <0.0001
No 7451 (76.0%) 1052 (14.1%) Reference —

Autoimmune disease
Yes 861 (8.8%) 130 (15.0%) 1.20 (0.97–1.49) 0.0937
No 8937 (91.2%) 1153 (12.9%) Reference —

History of uveitis
Yes 132 (1.4%) 22 (16.7%) 1.51 (0.90–2.55) 0.1213
No 9666 (98.6%) 1261 (13.0%) Reference —

Glaucoma
Yes 1423 (14.5%) 196 (13.8%) 1.00 (0.85–1.20) 0.9425
No 8370 (85.5%) 1087 (13.0%) Reference —

Combined surgery with vitrectomy
Yes 131 (1.3%) 24 (18.3%) 1.59 (1.05–2.42) 0.0304
No 9667 (98.3%) 1259 (13.0%) Reference —

Complex surgery
Yes 1421 (14.5%) 129 (9.1%) 0.65 (0.53–0.79) <0.0001
No 8377 (85.5%) 1154 (13.8%) Reference —

Type of lens
Monofocal 8730 (89.1%) 1069 (12.2%) Reference —
Multifocal 440 (4.5%) 130 (29.6%) 3.22 (2.55–4.06) <0.0001
Toric 628 (6.4%) 84 (13.4%) 1.12 (0.87–1.43) 0.3920

Surgeon
Attending 9192 (94.1%) 1210 (13.2%) Reference —
Resident 577 (5.9%) 72 (12.5%) 0.82 (0.64–1.06) 0.1223
Missing 29

Complicated surgery*

Yes 107 (1.1%) 17 (15.9%) 1.22 (0.75–1.99) 0.4252
No 9691 (98.9%) 1266 (13.1%) Reference —

Prolonged steroids
Yes 885 (9.3%) 125 (14.1%) 0.92 (0.76–1.12) 0.4095
No 8613 (90.7%) 1141 (13.2%) Reference —
Missing 300

No YAG YAG
Mean (SD) Mean (SD) HR (95% CI) P Value

IOL Power, diopters 19.7 (4.0) 18.7 (4.4) 0.95 (0.94–0.97) <0.0001
Preoperative BCVA, logMAR 0.36 (0.47) 0.31 (0.39) 0.77 (0.65–0.90) 0.0010

* Complicated surgery includes choroidal hemorrhage, iris trauma, posterior capsule rupture, vitreous loss, retained lens, and zonular
dialysis.
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TABLE 3. Multivariable Predictors of Time to YAG Following Cataract Surgery

Characteristic Hazard Ratio 95% Confidence Interval P Value*

Metformin and diabetes 0.68 0.54–0.85 0.0008
Diabetes, no metformin 0.93 0.74–1.16 0.5026
Neither diabetes nor metformin Reference — —
Female 1.32 1.15–1.51 <0.0001
Race/ethnicity

White Reference — —
Hispanic 0.76 0.58–1.00 0.0477
African American 0.61 0.45–0.82 0.0012
Asian 0.75 0.53–1.07 0.1158
Other 0.51 0.29–0.88 0.0154
Unknown 1.03 0.66–1.61 0.8832

Combined w/vitrectomy 1.86 1.21–2.86 0.0045
Complex surgery 0.81 0.66–0.99 0.0440
Type of lens

Monofocal Reference — —
Multifocal 2.63 2.08–3.33 <0.0001
Toric 0.94 0.73–1.21 0.6149

Age, years 0.97 0.96–0.98 <0.0001
IOL power, diopters 0.96 0.95–0.98 <0.0001
Preoperative Logmar, logMAR 0.85 0.73–0.99 0.0343

lotomy increased each follow-up year from 5.0% at one
year, to 12.0% at three years, and 17.1% at five years. Inci-
dence of having an Nd:YAG during the follow-up time were
higher among females (14.4% vs. 11.2% for males, P <

0.0001) and Whites (14.4%) versus other race/ethnic groups.
Younger age was a strong predictor of having had Nd:YAG
laser capsulotomy both as a continuous and categorical
variable.

Potential clinical characteristics assessed for their asso-
ciations with having a Nd:YAG are shown in Table 2.
Metformin use, diabetes, and complex surgery were all
protective of later requiring a Nd:YAG. Almost all of patients
taking metformin had diabetes (with the exception of eight
patients), and a little over half, 54.8%, of the 2347 patient
eyes with diabetes were on metformin. In univariate analysis,
eyes of patients on metformin had a lower hazard of Nd:YAG
compared to patients not on metformin (HR: 0.63, 95% CI:
0.50–0.79, P < 0.0001), and patients with diabetes also had
a lower hazard (HR: 0.68, 95% CI: 0.57–0.80, P < 0.0001).
Multifocal lenses (P < 0.0001) and surgeries combined with
vitrectomy (P = 0.0304) had higher hazards of Nd:YAG.
Whereas, patient eyes with complex surgeries (P < 0.0001),
increasing IOL power (P < 0.0001), and worse preopera-
tive best-corrected visual acuity (BCVA) (P = 0.0010) were
inversely associated with the hazard for Nd:YAG laser capsu-
lotomy during the study period.

As expected, our three patient groups of diabetic patients
on metformin, diabetic patients not on metformin, and
not having either differed in terms of several variables.
For example, nondiabetic patients were more likely to
be female (60.3%) than diabetic patients on and not on
metformin (57.7% and 50.1%, respectively) and nondia-
betic patients were less likely to have complex surgery
(12.9%) than both diabetic groups (17.8% and 21.8%, respec-
tively). Multivariable analysis to account for these confound-
ing variables is shown in Table 3 and demonstrated that
diabetics not on metformin did not have a significantly
different hazard from nondiabetics, whereas diabetics on
metformin were significantly protective compared to nondi-
abetics (HR: 0.68, 95% CI: 0.54–0.85, P = 0.0008). Other
risk factors that were significant in the multivariable model

were female gender, decreasing age, and multifocal versus
monofocal lens. Kaplan-Meier estimates of Nd:YAG for three
patient groups of metformin and diabetes, diabetes and no
metformin, and neither diabetes nor metformin are shown
in Figure 1 by age group. These figures show consistently
lower rates of Nd:YAG laser capsulotomy for patients with
metformin use (blue curves).

Effect of Metformin on EMT Markers in Tissue
Culture Cells

EMT is considered a hallmark feature marking the early
stages of lens changes leading to PCO. We conducted a lens
tissue culture study as an initial test of whether metformin
exposure had an effect on EMT in lens cells. The levels of
α-smooth muscle actin (α-SMA) and phospho-ERK (extra-
cellular signal-regulated kinase), well-recognized markers of
cells undergoing epithelial-to-mesenchymal transition, and
thus indicators of early steps in the pathogenesis of poste-
rior capsule opacification, were measured in lens epithelial
cells following exposure to TGF-β2 either in the presence
or absence of metformin. As shown in Figure 2, addition
of metformin to culture media reduced the level of α-SMA
expression in LEC in the absence (P < 0.01) or presence (P
< 0.001) of TGF-β2. Similarly, metformin blunted phospho-
ERK levels in LEC incubated with TGF-β2 (P < 0.01).

Effect of Metformin on αSMA Expression in a
Mouse Model of Extracapsular Lens Extraction

To assess the impact of metformin on EMT in lens in vivo,
we used qRT-PCR to measure the abundance of αSMA gene
transcripts in lens capsules recovered from animals five days
following extracapsular lens extraction. As shown in Figure
3, αSMA transcript levels were elevated approximately three-
fold following extracapsular lens extraction (P < 0.001) in
comparison with capsules from unoperated control mice.
However, treatment of mice with metformin in drinking
water for 48 hours prior to surgery essentially normal-
ized the abundance of αSMA gene transcripts following
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FIGURE 1. Unadjusted incidence rate of Nd:YAG laser following
cataract surgery by (1A) monofocal and multifocal lens types and
(1B) age category 55–64, 65–75, and 76+ years for three study
groups of patients eyes: 1) Metformin and diabetes (blue); 2)
Diabetes, no metformin (red); and 3) Neither metformin or diabetes
(green).

lens extraction. Immunostaining for αSMA confirmed these
patterns. Strong staining for αSMA, observed in capsules
five days following lens extraction, was essentially at back-
ground levels in capsules of metformin-treated mice five
days following lens extraction and in unoperated control
mice (Fig. 4).

DISCUSSION

This translational study identified metformin as a protective
factor for early Nd:YAG laser capsulotomy in our analysis of
a large retrospective cohort of patients undergoing cataract
surgery. Furthermore, we demonstrated that metformin can
decrease the EMT in vitro and in vivo in the mouse lens
capsule, which is an early cellular transformational process
involved in the development of PCO. Metformin may inhibit
TGF-β-induced EMT in exposed lens epithelial cells, thereby
decreasing PCO formation. Accordingly, this may explain
why diabetic patients taking metformin in our study were
found to be at significantly lower risk for development of
PCO and subsequent YAG capsulotomy as compared to
cataract patients not on metformin or nondiabetic patients.

Many mechanisms of action have been identified to
explain the therapeutic effects of metformin in the context
of type 2 diabetes.30 Chief among possible mechanisms of
action is the ability of metformin to stimulate AMP-activated
protein kinase (AMPK), a key energy sensing enzyme that is
activated by elevations in AMP/ATP ratio. While AMPK activ-
ity is reduced in diabetes mellitus, its activation in response
to therapeutic agents such as metformin helps to improve
metabolic control. Activation of AMPK is also reported to
inhibit TGF-β-induced EMT and myofibroblast activation
in kidney and lung fibrosis,31,32 presumably by interfer-
ing with the ability of activated and nuclear-translocated
Smad3 to effect transcriptional activation of target genes
such as the EMT marker αSMA. Work from our lab and
others has demonstrated that exposure of LEC to TGF-β
results in activation of Smad3 and upregulation of αSMA
expression.25 Therefore, we consider it likely that reduced
levels of TGF-β-induced αSMA expression in LEC cultures
exposed to metformin may well follow a similar mechanism
as seen in kidney proximal tubule epithelial cells and mesan-
gial cells. Given that the basal level of αSMA expression is
relatively high in LECs derived from our mouse model, we
recognize that the metformin-mediated reduction in αSMA
from a level modestly elevated by TGF-β must be inter-
preted with caution33. It is possible that metformin acts
through redundant mechanisms to suppress EMT. For exam-
ple, Lasiste and coworkers recently reported on the ability
of metformin to suppress the induction of EMT markers in a
virally transformed human lens-derived cell line after expo-
sure to both TGF-β and an unspecified isoform of fibroblast
growth factor.34 Given that other signaling pathways have
been shown to affect growth and proliferation of lens epithe-
lial cells, including those influenced by extracellular matrix
components including fibronectin,35,36 it is possible that the
inhibiting effect of metformin against lens changes leading
to the need for YAG capsulotomy acts at one or more steps
in these regulatory pathways. Indeed, contraction of the
extracellular matrix, which may not be functionally linked
to signaling downstream from the TGF-β receptor, may be
an important readout on the therapeutic effect of metformin.
Metformin may also exert therapeutic effects through AMPK-
independent mechanisms involving inhibition of mitochon-
drial complex I activity.37
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FIGURE 2. Metformin suppresses TGF-β2-induced expression of α-SMA and ERK activation. Mouse primary lens epithelial cells were treated
with metformin (3 mM) with or without TGF-β2 for 48 hours. Western blot analysis shown significant inhibitory effect of metformin on
α-SMA expression (A) and ERK activation (B) in the presence of TGF-β2. The relative expression of α-SMA was normalized to Gapdh and
pERK expression was normalized to total ERK as well. Relative fold-change of α-SMA and pERK were analyzed by 1-way ANOVA with Tukey’s
multiple comparison test. Data are mean ± SEM of three experiments (n = 3), *P < 0.05, **P < 0.01, and ***P < 0.001.

FIGURE 3. Metformin suppresses TGF-β2-induced activation of α-
SMA gene expression. Fold-change of αSMA gene transcript levels
measured by qRT-PCR. Metformin was given ad lib in the drink-
ing water for 48 hrs prior to extracapsular lens extraction (ECLE)
surgery and continued for five days after surgery. Data are mean ±
SEM of three experiments (n = 3), **P < 0.01, and ***P < 0.001.

The duration of metformin exposure necessary to achieve
protection against the need for Nd:YAG capsulotomy is not
yet known. In our studies, the protective effects of metformin
were observed in animals receiving the drug for two days
preceding lens extraction and continuously thereafter for
five days before tissue analysis. Future studies will test
whether initiation of metformin therapy after the onset of
PCO symptoms will halt or even reverse fibrotic changes to
the lens capsule.

Several other populations in our study were also associ-
ated with decreased Nd:YAG capsulotomy rate in the multi-
variable analysis. Our study supports previously published
findings that female gender, younger age, lower IOL power,
and better preoperative visual acuity are associated with
increased Nd:YAG capsulotomy rate. Gender differences in
YAG rate may be related to women more frequently seek-

ing medical advice and higher levels of symptom report-
ing.14 Better preoperative visual acuity has been proposed
as a risk factor for YAG as it seems very plausible that
those who are interested in cataract surgery sooner due
to visual symptoms would also be patients who note
decline in vision due to PCO sooner as well.14,17 Lower
IOL powers in axial myopes may be more prone to PCO
formation due to mechanical properties of larger capsu-
lar bags forming less PCO-limiting capsular adhesion.17,18

Greater proliferative ability of LECs in younger patients may
be responsible for increased PCO in the younger popu-
lation, as well as a possibility of more demanding visual
needs.17 Multifocal lens implantation has also previously
been associated with increased Nd:YAG capsulotomy rate
as compared to monofocal lenses, likely due to a combina-
tion of visual needs of the patient and interaction between
the multifocal optics and visual obscuration generated by
the PCO.38,39

The racial differences in YAG capsulotomy rate amongst
Hispanics and African Americans, as well as decreased
YAG rate in complex surgeries and increased YAG rate
in combined cataract surgery with vitrectomy have not
previously been explored to our knowledge and warrant
further investigation. It is unclear whether racial differences
represent differences in access to care, or cultural varia-
tions in visual expectations following cataract surgery. We
initially hypothesized that eyes that underwent complex
surgery were more likely to undergo a prolonged course
of steroids following surgery, which may impact PCO forma-
tion, however, the hazard ratio for this group was below one,
indicating steroid use a less likely contributor. Combined
phacoemulsification and vitrectomy surgeries were more
likely to undergo YAG capsulotomy. It is unclear whether
this is secondary to changes in the molecular environment
of the vitreous cavity in these eyes that could affect the rate
of PCO formation, or greater involvement of ophthalmologic
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FIGURE 4. Metformin suppresses αSMA expression in lens following lens extraction. Lens cryosections were immunostained for αSMA
(green) and nuclei (blue). In comparison to lens capsule of unoperated eye (panel A), ECLE surgery induces robust staining for αSMA (panel
B) unless mice are treated with metformin (panel C).

care for eyes with coexisting retinal pathology with attempts
to maximize vision.

The retrospective nature of this study has inherent limi-
tations of potential confounders that are not accounted for
in the analysis or data capture. In addition, patients who
are more likely to return to clinic because of other visual
issues are more likely to have an Nd:YAG laser capsulotomy
procedure. These procedures can also be performed outside
our institution’s clinics, which would not be captured in our
dataset. However, findings from an unpublished study at our
institution found that very few patients (n = 14) included
in our study received Nd:YAG capsulotomies at outside
Colorado clinics, suggesting that most patients return to our
clinics for cataract-related care.

Further studies of larger cohorts are warranted to vali-
date these findings from our single academic institution and
to examine the association of metformin as a protective
factor for Nd:YAG in various subpopulations. Future studies
are also required to more fully understand how metformin
may interfere with onset and development of PCO. The data
in this study generated in vivo and in vitro using mouse
lens capsule suggest that the effect of metformin on PCO
development is not dependent on the presence of diabetes.
However, virtually all patients in our clinical study used
metformin in the context of treatment for diabetes. Although
diabetes was eliminated as a covariate in PCO opacification,
we cannot predict whether metformin would also have a
protective effect if used in nondiabetic patients, nor can we
comment on the length of metformin therapy that might
be useful after cataract surgery in nondiabetics. Further
research on this protective effect of metformin would be
important to determine if its use may be optimized as a ther-
apeutic for PCO prevention in a broader population.
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