
Redox Biology 69 (2024) 102986

Available online 6 December 2023
2213-2317/© 2023 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).

Estrogen genotoxicity causes preferential development of Fuchs endothelial 
corneal dystrophy in females 

Varun Kumar a,2,1, Neha Deshpande a,1, Mohit Parekh a, Raymond Wong a, Shazia Ashraf a, 
Muhammad Zahid b, Hanna Hui a, Annie Miall a, Sylvie Kimpton a, Marianne O. Price c, 
Francis W. Price Jr. c, Frank J. Gonzalez d, Eleanor Rogan b, Ula V. Jurkunas a,* 

a Schepens Eye Research Institute of Massachusetts Eye and Ear, Department of Ophthalmology, Harvard Medical School, Boston, MA, 02115, USA 
b Department of Environmental, Agricultural and Occupational Health, College of Public Health, University of Nebraska Medical Center, Omaha, NE, 68198-4388, USA 
c Price Vision Group and Cornea Research Foundation of America, Indianapolis, IN, USA 
d Center for Cancer Research, National Cancer Institute, Bethesda, MD, USA   

A R T I C L E  I N F O   

Keywords: 
Fuchs endothelial corneal dystrophy 
Estrogen metabolism 
TMS 
CYP1B1 
NQO1 
Mitochondrial DNA damage 
Berberine 
Estrogen-DNA adducts 
Catechol estrogen 
Oxidized estrogen 
Ultraviolet-A 

A B S T R A C T   

Fuchs endothelial corneal dystrophy (FECD) is a genetically complex, age-related, female-predominant disorder 
characterized by loss of post-mitotic corneal endothelial cells (CEnCs). Ultraviolet-A (UVA) light has been shown 
to recapitulate the morphological and molecular changes seen in FECD to a greater extent in females than males, 
by triggering CYP1B1 upregulation in females. Herein, we investigated the mechanism of greater CEnC sus
ceptibility to UVA in females by studying estrogen metabolism in response to UVA in the cornea. Loss of NAD(P) 
H quinone oxidoreductase 1 (NQO1) resulted in increased production of estrogen metabolites and mitochondrial- 
DNA adducts, with a higher CEnC loss in Nqo1− /− female compared to wild-type male and female mice. The 
CYP1B1 inhibitors, trans-2,3′,4,5′-tetramethoxystilbene (TMS) and berberine, rescued CEnC loss. Injection of 
wild-type male mice with estrogen (E2; 17β-estradiol) increased CEnC loss, followed by increased production of 
estrogen metabolites and mitochondrial DNA (mtDNA) damage, not seen in E2-treated Cyp1b1− /− male mice. 
This study demonstrates that the endo-degenerative phenotype is driven by estrogen metabolite-dependent CEnC 
loss that is exacerbated in the absence of NQO1; thus, explaining the mechanism accounting for the higher 
incidence of FECD in females. The mitigation of estrogen-adduct production by CYP1B1 inhibitors could serve as 
a novel therapeutic strategy for FECD.   

1. Introduction 

Corneal endothelium (CE) is a monolayer of hexagonal cells lining 
the posterior surface of the cornea that maintains corneal transparency 
by constant pumping of ions and providing a barrier between the corneal 
stroma and the aqueous humor. Corneal endothelial cells (CEnCs) are 
arrested in a postmitotic state and have a limited proliferative capacity 
in vivo [1,2]. Fuchs endothelial corneal dystrophy (FECD) is an 
age-related, genetically heterogeneous, oxidative stress disorder result
ing in progressive loss of CEnCs and ensuing corneal edema [3,4]. Pro
gressive loss of CEnCs, mainly via apoptosis [5], is accompanied by 
changes in the cellular junctional complexes [5–7] and deposition of 
extracellular matrix excrescences in the Descemet’s membrane (DM), 

known as guttae [8], which are notably the main characteristic of FECD 
(Fig. 1a). FECD affects approximately 4 % of the U.S. population over 40 
years of age, with a significantly higher incidence (3- to 4-fold) in 
women compared to males, suggesting a possible hormonal role in the 
sex-driven differences of the disease pathogenesis [9–11]. FECD is most 
commonly associated with expansion of the intronic trinucleotide CTG 
repeats (>40) in the TCF4 gene [12], accounting for about 70 % of all 
FECD cases in the European and U.S. populations. Despite progress in 
studies on the genetic underpinnings of FECD, corneal transplantation is 
the only treatment for FECD, and it is the major cause of allogeneic 
corneal transplants performed in the U.S. and worldwide [13]. The lack 
of pharmacological treatments for FECD presents an unmet need for 
studies that explore the molecular mechanisms involved in the CEnC 
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loss, including the contribution of female sex in its pathogenesis. 
In multiple studies, female sex, in addition to age, has been reported 

to be the most significant risk factor for FECD development [11,14,15]. 
Notably, development of guttae, which lead to CEnC loss, is significantly 
higher in females compared to males across various racial populations. 
For example, the Reykjavik study detected guttae prevalence of 11 % in 
females and 7 % in males in the Icelandic population [11], while other 
studies showed a guttae prevalence of 5.8 % in females and 2.4 % in 
males in Japanese population and 8.5 % in females and 4.4 % in males in 
Chinese Singaporeans [9–11,15]. A retrospective analysis of 546 corneal 
transplants performed for FECD found that women represent 77 % of 
patients [16,17]. Additionally, smoking and diabetes, the major risk 
factors for FECD, show an increased effect on severity and advanced 

FECD stage in a female compared to male cohort [14]. Even though 
females are more affected than males by FECD, the regulators of 
sex-driven differences in the disease pathogenesis are unknown. 

Various studies have implicated the role of oxidative stress in FECD 
pathogenesis [4,18–21]. Post-mitotically arrested CEnCs engage in high 
metabolic activity due to their ionic pump function, facilitated by a high 
density of mitochondria, which increases the susceptibility to oxidative 
stress and related molecular changes. Previously, we and others have 
demonstrated that acquired oxidative DNA damage and a pro-oxidant 
environment contribute significantly to the development of FECD 
[22–24]. There is reduced expression of nuclear factor erythroid 
2-related factor-2 (NRF2), a critical redox-sensitive transcription factor, 
and its downstream antioxidant defense enzyme NAD(P)H quinone 

Fig. 1. CYP1B1-related metabolites and effect of estrogen treatment on mitochondria of human corneal endothelial cells and CYP1B1 protein expression 
in normal and FECD cell lines. (a) Illustration of the human eye showing normal compared to FECD corneal endothelium. (b) Effect of NQO1 deletion on CYP1B1 
expression, and the role of CYP1B1 specific inhibitor, TMS and NRF2-ARE-NQO1 agonist, berberine in estrogen metabolism. UPLC/MS/MS analysis of CYP1B1- 
related metabolites showing upregulation of (c) harmful catechol estrogens (4-OHE1/2) in aqueous humor (n = 6,*p < 0.05; normal and FECD), (d) increased es
trogen DNA adducts (4-OHE1/2-DNA), (e) downregulation of non-harmful 4-OHE1/2 catechol conjugates in ex vivo corneal endothelial tissue of FECD (pooled n = 12, 
*p < 0.05) compared to normal samples (non-pooled n = 8,*p < 0.05). (f) Expression of CYP1B1 protein in normal male (SVN3-65M), FECD male (SVF3-76M), 
normal female (SVN1-67F), and FECD female (SVF1-73F) cell lines in response to 2,3,7,8 -Tetrachlorodibenzo-p-dioxin (TCDD, 30 nM). (g) Bar graph showing 
significantly increased CYP1B1 expression in SVF3-76M, SVN1-67F and SVF1-73F post TCDD (n = 3,*p < 0.05,**p < 0.01). (h) FECD ex vivo tissue (n = 4) showing 
exogenous estrogen (E2-biotin, red) colocalized (yellow) to mitochondria (MitoTracker, green) represented by Pearson’s correlation; stained for nucleus (DAPI, blue). 
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oxidoreductase 1 (NQO1), leading to a defective oxidant-antioxidant 
system and oxidative stress in FECD [4,18–21]. NRF2 activates NQO1 
expression by binding to the antioxidant response element (ARE) 
sequence in the NQO1 upstream promoter region [25,26]. NQO1 is a 
highly inducible cytoprotective flavoprotein that performs the catalytic 
reduction of quinones and nitroaromatic compounds, thereby limiting 
the formation of reactive oxygen species (ROS) and free radicals in the 
cellular environment [27]. Besides ROS, endogenous estrogen quinones 
(E2-3,4-Q) are also substrates of NQO1, where it catalyzes the reduction 
of quinone back to catechol estrogen, 4-hydroxyestradiol (4-OHE1/2) 
[28]. This diverts the quinones from binding to DNA and prevents the 
generation of harmful depurinating estrogen-DNA adducts. Further
more, the neutralizing enzyme catechol-O-methyl transferase (COMT) 
converts catechol estrogen into nonreactive and non-toxic methoxy es
trogen conjugates (4-OCH3E1/2) (Fig. 1b) [29]. 

Our group recently established a nongenetic FECD animal model 
based on the physiological outcome of FECD susceptibility to oxidative 
stress [7]. We have shown that exposure to ultraviolet-A (UVA) light, 
which is a physiological stressor of corneal endothelium, causes a 
greater FECD phenotype, i.e. loss of junctional contacts, extracellular 
matrix deposition, and CEnC loss, in female compared to male mice due 
to altered estrogen metabolism, recapitulating greater incidence of 
FECD in females [7]. The sex-dependent effect of UVA was associated 
with activation of CYP1B1 and induction of reactive estrogen metabolite 
production; however, a direct mechanistic link between defective anti
oxidant system, mainly NRF2-NQO1, and increased production of es
trogen DNA adducts in causing a higher prevalence of FECD in females 
has not been investigated [7,30] (Fig. 1b). Many diseases such as lym
phoma, breast and prostate cancers demonstrate an unbalanced meta
bolism of endogenous estrogens resulting in the accumulation of 
harmful depurinating DNA adducts [31]. Specifically, aberrant endog
enous estrogen hormones increase breast cancer risk due to cytochrome 
P450 (CYP) 1B1 (CYP1B1)-mediated oxidation of estrogens to reactive 
quinones, which generate estrogen-DNA adducts leading to DNA dam
age [31,32]. CYP1B1 catalyzes the 4-hydroxylation of estrone (E1) and 
estradiol (E2) into catechol estrogens 4-OHE1/2, favoring estrogen 
quinone [E1(E2)-3,4-Q] formation. CYP1B1 is expressed in adult tissues 
with high expression in estrogen-related tissues in females [33,34]. Also, 
CYP expression varies between males and females [34]. 

In this study, we investigated the involvement of CYP1B1 and NQO1 
in driving sex-dependent differences in corneal endothelial (CE) sus
ceptibility to UVA in FECD. First, we found marked increases of CYP1B1- 
related estrogen metabolites in human FECD aqueous humor and tissues 
containing endothelium Descemet’s membrane (EDM). Second, irradi
ation of genetically modified mouse lines, namely, Nqo1− /− and 
Cyp1b1− /− mice, revealed that Nqo1− /− female mice carry greater sus
ceptibility to CE cell loss than male mice, due to lack of neutralization of 
estrogen metabolites. Next, we developed the first ocular E2-treated 
male mouse model and determined that systemic administration of es
trogen causes a significant estrogen metabolite production in the CEnCs 
and aqueous humor in vivo, creating a tool to study relative effects of 
estrogen in female predominance of FECD. Estrogen injection of male 
mice augmented their ocular response to UVA irradiation, that was 
mitigated in Cyp1b1− /− male mice. Similarly, we have employed phar
macological interventions to augment NQO1 (via berberine) and inhibit 
CYP1B1 (via TMS) levels in vivo by studying their therapeutic potential 
against FECD. Since mitochondrial DNA (mtDNA) damage was the main 
differentiating factor in the greater female susceptibility to UVA- 
induced cell loss [7], we further investigated the mitochondrial locali
zation of estrogen and estrogen-mediated mtDNA damage in response to 
UVA-induced redox imbalance, compounded by loss of NQO1. This 
study provides mechanistic insight into the role of oxidative stress 
involving CYP1B1-mediated estrogen genotoxicity during 
oxidant-antioxidant imbalance seen in FECD. 

2. Materials and methods 

2.1. Human tissue 

This study was conducted according to the Declaration of Helsinki 
and approved by the Massachusetts Eye and Ear Institutional Review 
Board. Written and informed consent was obtained from patients un
dergoing surgical treatment for FECD. Post-keratoplasty specimens were 
procured from surgeries performed at Price Vision Group (Indianapolis, 
IN) and Massachusetts Eye and Ear Hospital (Boston, MA). Normal 
donor corneas harvested and preserved in hypothermic storage media 
within 24 h of death were obtained from Eversight Eye Bank (Ann Arbor, 
MI) based on criteria reported in our previous studies [21,35]. See 
Table 1 for further details on human specimens used in this study. 
Human aqueous humor was collected during cataract or transplant 
surgeries from normal or FECD patients respectively. Briefly, a 1 mm 
paracentesis was made in the peripheral cornea and the tip of a 30-gauge 
cannula was inserted through the paracentesis tract into the 
mid-anterior chamber. Small volume of aqueous humor (50–100 μL) was 
slowly aspirated. Aspiration was stopped as soon as the anterior cham
ber began to shallow. The aqueous humor specimens were placed on dry 
ice and stored at − 80◦C. 

2.2. Animals 

Nqo1− /− (PMID: 9516435) and Cyp1b1− /− mice (PMID: 10051580) 
were described in earlier studies. Healthy, live breeders of Nqo1− /− and 
Cyp1b1− /− mice were generated at Charles River (Wilmington, MA) by 
embryo reconstitution and crossing with healthy wild-type-C57BL6/N 
female mice, respectively. Monogamous pairs consisting of one male 
and one female mouse were crossed as per a heterozygous X heterozy
gous breeding scheme and the litters were genotyped by PCR to identify 
knockouts. Mice were housed at Schepens Eye Research Institute, Bos
ton, USA, in a controlled environment with constant temperature, 12-h 
light/dark cycle, and food and water available ad libitum. Mice were 
anesthetized with a combined dose of ketamine (100 mg/kg) and xyla
zine (20 mg/kg) administered intraperitoneally (IP). Female mice were 
irradiated at the proestrus stage [36]. Animal studies were in accordance 
with the ARVO Statement for the Use of Animals in Ophthalmic and 
Visual Research as well as the NIH Guide for the Care and Use of Animals 
and were performed at Schepens Eye Research Institute (SERI) with 
approval from SERI Institutional Animal Care and Use Committees 
IACUC. 

2.3. UVA irradiation of mouse Cornea 

The method and details of UVA irradiation were described in our 
earlier publication [7]. Briefly, a UVA LED light source (M365LP1; 
Thorlabs, USA) with an emission peak of 365 nm light, 8 nm bandwidth 
(FWHM), and irradiance of 398 mW/cm2 was focused down to a 4 mm 
diameter illumination spot onto the mouse cornea. The time of UVA 
exposure was adjusted to deliver the appropriate fluence (20 min 57 s for 
500 J/cm2) as measured with a thermal power sensor head (S425C, 
Thorlabs, USA) and energy meter console (PM100D, Thorlabs). The 

Table 1 
Cornea donor information.   

Normal FECD 

Female Male Female Male 

Age, ya 64 ± 8 58 ± 10 67 ± 1 68 ± 6 
Tissue donors 4 4 24b 24b 

Aqueous humor donors 3 3 3 3 
Preservation time, days 9.8 9.5 4.8 4  

a Average age in years with standard deviation shown. 
b Four tissue donors were pooled per sample. 
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right eye (OD) was irradiated, while the contralateral eye (OS) served as 
untreated control and was covered with retention drapes (SpaceDrapes, 
Inc., USA). Mouse eyes were enucleated in sterile PBS, and corneas were 
isolated, snap-frozen, and sent for estrogen metabolite analysis or 
Western blot following treatment with vehicle or drugs. 

2.4. TMS, berberine, and estrogen treatment 

For the specific inhibition of CYP1B1, 2,4,3′,5′-tetramethoxystilbene 
(TMS) (1.5 mg/kg) (#10038, Cayman Chemicals, USA) [37–39] or the 
vehicle, dimethyl sulfoxide (DMSO) (#D2650, Sigma Aldrich, USA), was 
administered (IP) three times a week for two weeks in both Nqo1+/+ and 
Nqo1− /− mice. Berberine (activation of NRF2 and inhibition of CYP1B1) 
(10 mg/kg) (#14050, Sigma Aldrich, USA) or the vehicle, cyclodextrin 
(#332593, Sigma Aldrich, USA) was injected (IP) once a week for up to 
three weeks starting immediately after UVA. For determining the effect 
of estrogen in Cyp1b1+/+ and Cyp1b1− /− male mice, 
cyclodextrin-encapsulated 17β-estradiol (E2) (0.4 mg/kg) (#E4389, 
Sigma Aldrich, USA) or cyclodextrin (vehicle) was injected (IP) three 
times a week for four weeks after UVA irradiation. A similar dose of 
estradiol was shown to regulate inflammatory changes caused by asthma 
in male mice [40] and neurodegenerative changes in male rats [41]. 

2.5. UVA irradiation of NQO1+/+ and NQO1− /− cell lines in vitro 

Two 19.5-inch tubes (XX-15L; Analytic Jena US LLC) emitting 365 
nm light (irradiance: 14.77 mW/cm2) were used to irradiate NQO1+/+

and NQO1− /− cell lines in 6-well culture plates with estrogen-free 
Chen’s media (modified Chen’s). The fluence delivered was 5 J/cm2 

(5 min 33 s) or 10 J/cm2 (11 min 06 s) at 10 cm from the light source. 
After irradiation, the cells were recovered in the same media for 24 h at 
37 ◦C with 5 % CO2 and harvested for mitochondrial isolation using a 
mitochondria isolation kit (#K256, Bio Vision, USA). 

2.6. Western blot analysis 

Whole cell extracts from mouse corneal cups or NQO1+/+ and 
NQO1− /− cell lines were taken as described in earlier publications [7, 
30]. Briefly, proteins were loaded onto 4–12 % Bis-Tris NuPAGE gels 
(#NP0336, Thermo Fisher Scientific, USA), run, and transferred to 
polyvinylidene difluoride membrane (PVDF), blocked with 5 % non-fat 
dry milk, probed with primary antibodies overnight, then exposed to 1-h 
secondary antibody next day and finally probed with Super Signal West 
Pico or Femto (#34577 or # 34096, Thermo Fisher Scientific, USA). 
Densitometry was performed using Image J software (NIH, USA). The 
primary antibodies used were NQO1 (1:1000, #ab2346, Abcam, USA), 
Cytochrome c (1: 1000, #11940, Cell Signaling, USA), VDAC (1: 1000, 
#4661, Cell Signaling, USA), Actin (1: 5000, #A1978, Sigma, USA), 
Tom20 (1: 1000, #sc-17764, Santa Cruz Biotechnology, USA), CYP1B1 
(1:600, #18505-1-AP, Proteintech, USA), GAPDH (1:1000, #G9545, 
Sigma, USA), COMT (1:1000, #AB5873-I, Sigma, USA) and secondary 
antibodies were horseradish peroxidase-conjugated mouse anti-rabbit 
IgG (1:1000, #sc-2357), anti-mouse IgG (1:1000, #sc-516102), and 
mouse anti-goat (1:1000, sc-2354), from Santa Cruz Biotechnology Inc., 
USA. 

2.7. Immunohistochemistry 

For in vitro colocalization studies, NQO1+/+ and NQO1− /− cells were 
cultured on a 4-well chamber slide that was pre-coated with fibronectin 
collagen (FNC) coating mix (#0407, AthenaES, USA) for 24 h in Chen’s 
media at a plating density of 1X105/1.7 cm2. The cells were refreshed 
with modified Chen’s media containing 0.3 μM of biotin-labeled estro
gen (E2-biotin) complex (#MBS537732, My BioSource, USA) followed 
by treatment with or without 5 J/cm2 UVA and recovered after 6 h of 
incubation in the same media. The treated cells on the slides were fixed 

with 4 % paraformaldehyde (PFA) at room temperature (RT) for 15 min 
and permeabilized with 0.25 % Triton-X100 for 10 min at RT, followed 
by blocking with 10 % normal goat and donkey serum (1:1) for 1 h at RT. 
The cells were incubated with anti-biotin (#ab53494, Abcam, USA) and 
Tom-20 (#sc-136211, Santa Cruz, USA) antibodies diluted in 5 % bovine 
serum albumin (BSA) and left overnight at 4◦C in the dark. The 
following day, secondary antibodies (1: 500, donkey anti-rabbit FITC, 
#ab150073, Abcam, USA and 1:500, goat anti-mouse 568, #ab175473, 
Abcam, USA) were added. The cells were washed at least three times 
with 1 % BSA after each primary and secondary incubation step. The 
cells were incubated for 1 h in secondary antibody at RT before 
mounting with DAPI (VectaShield, Vectorlabs, USA). Images were ac
quired using Leica SP8 confocal microscope (Leica microsystems), the 
cells were analyzed for Pearson’s correlation, and the R-value was 
determined using Coloc 2 plugin in ImageJ software (NIH, USA). For ex 
vivo immunostaining and colocalization studies, cornea-scleral rims 
from healthy human cadaveric donors and FECD patients were obtained. 
Following a standard DMEK peeling with a scoring technique, EDM 
tissue from the cadaveric donor was obtained. EDM from both, the 
healthy (69 year-old female, 63 year-old male) and FECD (30 year-old 
female, 78 year-old female) tissues were treated with 0.3 μM exoge
nous estrogen labeled with biotin (E2-biotin) [42] in modified Chen’s 
media and incubated for 6 h. We did not detect mitochondrial frag
mentation with 0.3 μM of E2-biotin, suggesting a non-toxic dose range, 
as shown in other studies [42]. The tissues were washed and fixed with 
4 % PFA overnight at 4 ◦C followed by the same staining process and 
concentrations described above. At the end of the staining, the tissues 
were flat mounted on microscope glass slides with endothelium facing 
upwards, imaged using Leica SP8 confocal microscope, and analyzed 
with coloc2 plugin in ImageJ, as described above. To detect the apur
inic/abasic sites, NQO1+/+ and NQO1− /− cells were cultured as above, 
treated with 5 J/cm2 UVA in PBS, and recovered after 6 h of incubation 
in modified Chen’s media. The immunohistochemistry protocol (as 
described above) was followed with minor modifications that included 
sequential blocking of the cells with 10 % goat serum, Avidin, and Biotin 
(1 h each) (#SP-2001, Avidin/Biotin blocking kit, Vector Laboratories) 
in a dry incubator (37 ◦C), incubation with primary antibody (#A10550, 
0.1 mg/ml, aldehyde reactive probe; ARP, Invitrogen, USA) and Tom20 
(1: 1000, #sc-17764, Santa Cruz, USA) overnight at 4 ◦C followed by 
secondary antibody (1: 200, #SA1001, Streptavidin conjugated FITC, 
Invitrogen, USA; 1: 500, #ab175471, goat anti-rabbit Alexa fluor 568, 
Abcam, USA). The images were acquired and analyzed following the 
same settings as described above. 

2.8. In vivo imaging 

Mice were anesthetized as described earlier, and the corneal images 
were taken using a slit lamp biomicroscope attached to a camera (Nikon 
D100, Tokyo, Japan). The epithelial cell integrity was assessed by 
observing punctate staining under cobalt blue light using fluorescein (1 
μL in 2.5 % PBS; Sigma Aldrich, USA) applied topically onto the lateral 
conjunctival sac. Anterior segment images were taken using anterior 
segment optical coherence tomography (OCT) (Bioptigen Spectral 
Domain Ophthalmic Imaging System Envisu R2200) with a 12 mm tel
ecentric lens to scan the cornea. Central corneal thickness was measured 
using the inbuilt software in the OCT. For imaging the CE, mice were 
wrapped with heat retention drapes on the platform that holds them 
securely and then imaged by laser scanning in vivo confocal microscopy 
using the Heidelberg Retina Tomograph III (HRT III) with Rostock 
Corneal Module (RCM) (Heidelberg Engineering). The laser confocal 
microscope acquires 2D images representing a coronal cornea section of 
400 × 400 μm (160,000 μm2) at selectable corneal depth. Acquired 
images comprise 384 X 384 pixels with a lateral resolution of 1 μm per 
pixel. Digital images were stored on a computer workstation at 3 frames 
per sec. 
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2.9. Corneal endothelial density 

The corneal endothelial (CE) density was obtained at weeks 1, 2, and 
4 post-UVA and analyzed by a semi-automated cell counter in the Hei
delberg Eye Explorer, version 1.3.0 (Heidelberg Engineering GmbH) 
inbuilt in HRT3 software. The average cell density was calculated from 3 
HRT images collected from each mouse in each group of 5–7 mice. For 
each image, an area with at least 50 cells was considered for counting. 
Two blinded observers performed the CE density. 

2.10. DNA damage analysis 

Genomic DNA was isolated from NQO1+/+ and NQO1− /− cell line or 
estrogen-treated Cyp1b1+/+ and Cyp1b1− /− mice 24 h post-UVA using 
Genomic tip-20/G (#10223, Qiagen). Long amplicon-quantitative po
lymerase chain reaction (LA-qPCR) analysis for mitochondria (mt) DNA 
and nuclear (n)DNA was performed as previously described [43]. 

2.11. ROS measurement assay 

Extracellular H2O2 levels in the mouse aqueous humor (AH) were 
measured as described previously [7]. Mouse AH was collected from the 
anterior chamber using a capillary needle and H2O2 levels were assayed 
using Amplex Red Assay kit (#A22188, Thermo Fisher). Fluorescence 
was measured using a microplate reader (Bio-Tek) with Gen5 software at 
37◦C. 

2.12. Estrogen measurement ELISA 

Estrogen levels in the mouse AH after IP injection of cyclodextrin- 
encapsulated 17β-estradiol were measured using Estradiol ELISA kit 
(ab108667, Abcam). AH was collected as described previously and a 
colorimetric readout of the estrogen concentration was recorded using a 
microplate reader (Bio-Tek) with Gen5 software. 

2.13. Estrogen metabolite analysis 

Normal and FECD human tissues or corneal cups dissected from mice 
euthanized at week 4 post-UVA were collected and stored at – 80◦C. Two 
pooled mouse corneal cups (same-sex and treatment) or human tissues 
(pooled as described in the Results section) were snap frozen in liquid 
nitrogen, mechanically ground, and subjected to solvent extraction with 
methanol/water (1:1) three times. Supernatant fractions were pooled, 
concentrated using Speed-Vac, and lyophilized. The lyophilized residue 
was resuspended in 70 μl of methanol/water 1:1 with 0.1 % formic acid 
and filtered through a 5000-molecular weight cutoff filter (Millipore) 
before analysis by ultraperformance liquid chromatography/tandem 
mass spectrometry (UPLC/MS/MS). The details of sample analysis on 
UPLC/MS/MS were described in earlier studies [7,44]. The levels of 
metabolites in the mouse samples were normalized to the weight of the 
corneal cups, while those in the human specimens were normalized to 
the DNA concentration determined from the pellet using QIAamp DNA 
mini kit (#51304, Qiagen, USA) and a PicoGreen kit (#P7589, Thermo 
Fisher, USA) for DNA extraction and quantification respectively. 

2.14. Mitochondrial fragmentation analysis 

After stressing with UVA and E2-biotin, the cells were stained with 
Tom20 antibody to visualize the mitochondrial morphology. The 
captured images were imported in ImageJ and mitochondrial fragmen
tation count (MFC) was calculated by counting non-contiguous mito
chondrial particles and dividing by the number of pixels which comprise 
the mitochondrial network i.e., the total number of objects/sums of all 
object voxels X 100 per cell. The values were exported to Excel for 
statistical analysis. 

2.15. Statistical analysis 

We performed Student’s t-test (Unpaired) for two groups and One- 
way ANOVA (Tukey’s multiple comparison test) or Brown-Forsythe 
ANOVA (Dunnett’s T3 multiple comparisons test) for more than two 
groups, using GraphPad Prism 8 (V8, La Jolla, CA). The level of signif
icance was chosen at *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001. Data are expressed as mean ± standard error of mean (SEM) 
with 95 % confidence interval (unless otherwise specified). All experi
ments were repeated thrice using 3 to 6 technical replicates each time. 

3. Results 

3.1. Human corneal tissue and aqueous humor show increased CYP1B1- 
mediated estrogen-DNA adducts 

Previous studies have shown upregulation of CYP1B1 protein in 
human cornea [7]. To investigate the contribution of CYP1B1 in FECD, 
we analyzed estrogen metabolites in normal and FECD human tissues 
containing EDM as well as aqueous humor using a mass spectrometer 
(UPLC/MS/MS). Table 1 shows all the relevant biological information 
about the tissues. Tissues from four FECD donors were pooled to achieve 
one sample (n) to compensate for the low cell count of a single diseased 
tissue, while tissues from normal donors were not pooled and used 
individually. In the aqueous humor, 4-hydroxyestradiol (4-OHE1/2), a 
potentially toxic CYP1B1-mediated metabolite, was significantly 
increased (2-fold) in FECD compared to normal controls (Fig. 1c). 
Similarly, in FECD EDM tissues, estrogen DNA adducts (4-OHE1/2DNA 
adduct) were significantly increased (6-fold) compared to normal con
trols (Fig. 1d). Additionally, non-toxic, protective 4-OCH3E1/2 
(4-COMT) conjugates were significantly decreased (20-fold) in FECD 
compared to normal EDM tissues (Fig. 1e). This could be due to the 
previously detected loss of the enzyme catechol-O-methyltransferase 
(COMT) in FECD; COMT is known to methylate catechol estrogens to 
form nontoxic catechol conjugates without ROS generation [30]. This 
metabolite data suggests that the estrogen genotoxic pathway is upre
gulated with a concomitant downregulation of the non-toxic protective 
pathways in FECD patients. Since FECD is highly prevalent in females, 
we analyzed male and female differences in the estrogen metabolites for 
FECD. There was no difference in the levels of 4-OHE1/2 in the aqueous 
humor (Supplemental Fig. 1a) or 4-OHE1/2 DNA adducts in the EDM 
tissue (Supplemental Fig. 1b) between males and females in both normal 
and FECD groups; indicating that both males and females harbor 
metabolite-driven changes after the onset of degeneration. Of note, 
there were greater levels of 4-COMT conjugates in normal females 
compared to males and FECD females, indicating that the generation of 
protective catechol estrogens is deficient in FECD (Supplemental 
Fig. 1c). With respect to non-toxic CYP1A1-related metabolites, there 
were no significant differences for 2-hydroxyestradiol (2-OHE1/2) in the 
aqueous humor (Supplemental Figs. 1d and e) or 2-OHE1/2DNA adducts 
(Supplemental Fig f, g) and 2-OCH3E1/2 (2-COMT) conjugates in EDM 
tissues (Supplemental Fig h, i) between normal and FECD or males and 
females. 

Since CYP1B1 and its associated metabolites as well as adducts were 
significantly higher in FECD, we also investigated CYP1B1 induction by 
its pharmacological activator 2,3,7,8-tetrachlorodibenzo-p-dioxin 
(TCDD). We found that CYP1B1 was increased in normal female 
(SVN1-67F) (6.3-fold), FECD female (SVF1-73F) (4.5-fold), and FECD 
male (SVF3-76M) (4.5-fold) cell lines in response to TCDD with no 
changes in a normal male (SVN3-65M) cell line (Fig. 1f and g). This 
suggests that the estrogen metabolizing enzyme CYP1B1 is highly 
inducible in FECD female and male cell lines irrespective of sex. Previ
ously we have shown mtDNA damage and CYP1B1 translocation to the 
mitochondria after UVA-induced Fuchs dystrophy [7]. Since FECD 
specimens showed increased estrogen metabolite formation and greater 
mtDNA damage [22], we investigated whether estrogen translocated to 
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mitochondria and provided the substrate for the CYP1B1-mediated es
trogen metabolism in human specimens. Using immunohistochemistry 
and confocal microscopy, we detected colocalization of estrogen using 
E2-biotin within mitochondria of CEnCs in the FECD specimens 
(Fig. 1h), indicating that estrogen is a possible substrate for mitochon
drial CYP1B1. 

3.2. UVA irradiation causes the greatest CEnC loss and FECD phenotype 
in Nqo1− /− females 

Previously, we showed a decrease in a key antioxidant protein, 
NQO1, in the ex vivo FECD tissue [30] and FECD cell lines [30] leading to 
the oxidant-antioxidant imbalance seen in FECD. We also demonstrated 
increased estrogen-DNA adducts in an NQO1− /− CEnC cell line in 
response to oxidative stress [30]; however, in vivo data was lacking. 
Hence, we generated the Nqo1− /− mice and irradiated Nqo1+/+ and 
Nqo1− /− (male and female) with 500 J/cm2 UVA, which was the dose 
that showed the most discernible differences between the sexes previ
ously (Fig. 2a) [7]. We confirmed the Nqo1− /− mice genotype by PCR 
(Fig. 2b) and Western blot (Fig. 3a) analyses and further characterized 
Nqo1− /− mice to ensure lack of ocular developmental defects. Nqo1− /−

mice were normal in appearance compared to Nqo1+/+ with no 
phenotypic differences in the eye prior to irradiation. 

Since extracellular matrix deposition and CEnC junctional changes 
are a hallmark of FECD, we evaluated Descemet’s membrane (DM) 
thickness using hematoxylin and eosin (H&E) and periodic acid-schiff 
(PAS) staining and characterized CEnC morphology using Zonula 
occludens-1 (ZO-1) staining. The CEnC number was quantified by using 
HRT at pre-UVA as well as weeks 2 and 4 post-UVA. UVA irradiation 
caused an epithelial defect and corneal swelling at day 1 in all geno
types, including Nqo1− /− females, which demonstrated immediate 
swelling of the cornea at day 1 post-UVA, as shown in the representative 
image (Fig. 2c). Compared to Nqo1+/+ there was an increase in DM 
thickness shown by H&E and PAS staining (Fig. 2d and e) and loss of 
junctional contacts shown by ZO-1 staining leading to enlarged irregular 
CEnCs (Fig. 2f) in Nqo1− /− at week 4 post-UVA. 

The in vivo HRT analysis revealed no significant difference in the 
CEnC number between the genotypes and sexes before UVA (Supple
mental Fig. 2a), suggesting that loss of NQO1 did not affect CE cell 
number during development. At week 1 post-UVA, there was a signifi
cant decrease in CEnC number in Nqo1+/+ female (23 %), Nqo1− /− male 
(25 %), Nqo1− /− female (35.3 %) but not in Nqo1+/+ male mice (8.5 %) 
compared to CEnC number pre-UVA, indicating that Nqo1− /− females 
were most sensitive to cell loss at early time-points (Fig. 2h, Supple
mental Fig. 2b). At week 2 post-UVA, Nqo1− /− female had the most 
significant decrease (45.2 %) in CEnC number, while Nqo1− /− male and 
Nqo1+/+ female had an equal decrease in CEnC number (24 %) followed 
by Nqo1+/+ male (8.5 %) compared to CEnC number pre-UVA (Fig. 2h 
and i), indicating that a continuous and rapid decline in cell loss per
sisted in Nqo1− /− females, differentiating them from the other cohorts. 
Interestingly, there was similar cell loss between Nqo1+/+ females and 
Nqo1− /− males at this time-point, suggesting that NQO1 depletion in 
males provides the same effect as baseline hormone (i.e. estrogen 
metabolite)-mediated genotoxicity seen in wild type females [7]. The 
loss of NQO1 in females showed maximum susceptibly, which was 
further evident at 4 weeks post UVA, where Nqo1− /− females had a 59.9 
% decrease in CEnCs, while Nqo1+/+ female, Nqo1− /− male, and 
Nqo1+/+ male had a 41.2 %, 23.4 %, and 16.1 % decrease, respectively, 
compared to pre-UVA (Fig. 2 h, j). This was a critical time point where 
CEnC loss in Nqo1+/+ females exceeded that of Nqo1− /− males, indi
cating the female sex was a predominant factor in CEnC susceptibility to 
degenerative loss. The finding of greatest and continuous cell loss in 
Nqo1− /− females suggests the absence of NQO1 activity has an 
augmented effect on the CEnC loss in females, the mechanism of which is 
further investigated below. Of note, there were no significant differences 
in CCT at weeks 1, 2, and 4 post-UVA compared to baseline CCT 

(pre-UVA) across all genotypes (Supplemental Fig. 2c), suggesting that 
this particular dose of UVA, although sufficient to cause CEnC damage, 
was not high enough to induce corneal edema, unlike seen with 1000 
J/cm2 UVA dose [7]. 

3.3. CYP1B1-metabolizing estrogen metabolites and adducts are 
increased in Nqo1− /− female mice post-UVA 

CYP1B1 drives the conversion of E1/2 into 4-OHE1/2 followed by the 
generation of reactive catechol quinones which generate ROS [45,46] 
and toxic depurinating estrogen DNA adducts (4-OHE1/2 adducts) [47] 
(Fig. 1b). In the current study, UVA decreased NQO1 protein levels 
(1.27-fold) in Nqo1+/+ female mice (Fig. 3a and b), with a similar 
decrease in Nqo1+/+ male mice (Sup Fig. 3e) at day 1 post-UVA. Simi
larly, UVA significantly increased CYP1B1 protein expression (4.0-fold) 
in Nqo1− /− female mice compared to Nqo1+/+ females. Although UVA 
did not upregulate COMT, known to generate protective catechol con
jugates (Fig. 1b), in Nqo1+/+ females, there was a significant decrease in 
COMT levels (3-fold) in Nqo1− /− females compared to non-UVA control 
(Fig. 3a and d). UVA irradiation also increased ROS levels in the aqueous 
humor of Nqo1− /− female mice compared to Nqo1+/+ female, Nqo1+/+

male, and Nqo1− /− male mice respectively (1.7, 2.2, 2.6-fold), at week 4 
(Fig. 3e). Analysis of estrogen metabolites by UPLC/MS/MS showed a 
significant increase of toxic CYP1B1-related 4-OHE1/2 (4-fold, p <
0.0005) and 4-OHE1/2 DNA adducts (50-fold, p < 0.0001) in EDM 
complexes of Nqo1+/+ female mice compared to Nqo1− /− male, Nqo1+/+

male, and Nqo1+/+ female mice at week 4 post-UVA (Fig. 3f and g). 
There was also a trend towards increased 4-quinone conjugates in 
Nqo1− /− female mice compared to Nqo1+/+ female mice (Supplemental 
Fig. 3d), which ultimately contributes to estrogen-DNA adducts [47]. 
Interestingly, the non-harmful 4-OCH3E1/2 (4-COMT conjugates) 
significantly decreased (4.3-fold, p < 0.05) in Nqo1− /− females 
compared to Nqo1+/+ females (Fig. 3h), similar to the findings in FECD 
human specimens (Fig. 1e), suggesting that lack of COMT upregulation 
in Nqo1− /− females leads to decreased levels of protective methoxy es
trogen conjugates that are generated when estrogen quinones are 
reduced back to catechol estrogens by NQO1. Therefore, when NQO1 is 
lost, UVA leads to a more robust production of ROS that is compounded 
by lack of catechol quinone neutralization and continuous conversion of 
4-OHE1/2 to harmful 4-OHE1/2 adducts, thus accelerating the estrogen 
genotoxic pathway. 

CYP1A1 is another estrogen metabolizing enzyme, which converts 
E1/2 to 2-OHE1/2, followed by the generation of 2-OHE1/2 DNA adducts, 
that are less likely to cause DNA mutations and cellular toxicity 
compared to CYP1B1 metabolites [48]. Nqo1− /− females also showed a 
20-fold increase in 2-OHE1/2 compared to Nqo1+/+ and Nqo1− /− males 
and a 1.33-fold significant increase compared to Nqo1+/+ females at 
week 4 post-UVA (Supplemental Fig. 3a). However, 2-OHE1/2 DNA ad
ducts significantly decreased (3.5-fold) in Nqo1− /− females compared to 
Nqo1− /− males (Supplemental Fig. 3b), suggesting that even though 
2-OHE1/2 metabolites were high, they did not lead to the formation of 
2-OHE1/2 DNA adducts. Similarly, 2-OCH3E1/2 significantly decreased 
(2-fold) in Nqo1− /− females compared to Nqo1− /− males (Supplemental 
Fig. 3c). Overall, there was a similar trend between CYP1A1-and 
CYP1B1-mediated metabolites in Nqo1− /− females compared to other 
genotypes, except for 2-OHE1/2 DNA adducts. Taken together, these data 
suggest that loss of NQO1 amplifies the estrogen genotoxic pathway in 
females as evidenced by the increased CYP1B1-derived estrogen me
tabolites and DNA-adducts along with decreased non-toxic catechol 
conjugates. This likely contributes to redox imbalance resulting in the 
greatest CEnC loss in Nqo1− /− females compared to other genotypes and 
renders female mice the most susceptible to CEnC loss post UVA. 
(Fig. 3i). 
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Fig. 2. Nqo1− /− female mice are most susceptible to loss of CEnCs after UVA treatment. (a) Timeline for evaluation of various phenotypic parameters in Nqo1+/ 

+ and Nqo1− /− male and female mice post-UVA treatment. (b) Genotyping PCR gel confirming the homozygous knockout of NQO1 in Nqo1− /− mice. (c) Corneal 
opacity and epithelial defect assessed by slit lamp exam using white and blue light illumination with fluorescein staining (green) respectively, and corneal swelling 
measured by OCT at day 1 post-UVA in Nqo1− /− female mice. Descemet’s membrane (DM) thickening indicated by the arrow in Nqo1− /− female mice at week 4 post- 
UVA using (d) hematoxylin and eosin (H&E) staining and (e) periodic acid-schiff (PAS) staining. (f) Zonula occludens-1 (ZO-1, green) immunostaining showing 
enlargement and loss of corneal endothelial (CE) cells in Nqo1− /− female at week 4 post-UVA. (g) In vivo confocal HRT images of Nqo1+/+ and Nqo1− /− male and 
female mice at week 2 and 4 post-UVA (Scale bar: 100 μm). (h, i, j) Comparison of CEnC numbers in Nqo1+/+ and Nqo1− /− male and female mice pre-UVA and at 
week 1,2 and 4 post-UVA (n = 4, *p < 0.05). #, +, and α, represent significant differences between Nqo1− /− females and Nqo1+/+ males, Nqo1+/+ females, and 
Nqo1− /− males respectively. 

V. Kumar et al.                                                                                                                                                                                                                                  



Redox Biology 69 (2024) 102986

8

3.4. TMS and berberine attenuates CEnC loss after UVA 

To determine whether CYP1B1 activation causes CEnC loss in 
Nqo1− /− females, we used a systemic administration of a specific 
CYP1B1 inhibitor, TMS, right after UVA irradiation in Nqo1+/+ and 
Nqo1− /− female mice (Fig. 4a). There was no significant difference in 
CEnC number at the baseline between vehicle (DMSO)- and TMS-treated 
Nqo1+/+ and Nqo1− /− female groups (Fig. 4c, Sup Fig. 4a). At week 2 
post-UVA, there was a 37.6 % CEnC loss in the DMSO-treated Nqo1+/+

female mice, 19.2 % CEnC loss in the TMS-treated Nqo1+/+ female mice, 
42.1 % CEnC loss in the DMSO-treated Nqo1− /− female mice, and 27.9 % 
CEnC loss in the TMS-treated Nqo1− /− female mice compared to their 
respective pre-UVA baseline (Fig. 4b, c, d). Thus, at week 2 post-UVA, 

TMS-treated Nqo1+/+ female mice showed an 18.4 % CEnC rescue 
compared to DMSO-treated Nqo1+/+ females, and TMS-treated Nqo1− /−

female showed a 14.2 % CEnC rescue compared to DMSO-treated 
Nqo1− /− females. Similarly, at week 4 post-UVA, there was a 51 % 
CEnC loss in the DMSO-treated Nqo1+/+ female mice, 37.6 % CEnC loss 
in the TMS-treated Nqo1+/+ female mice, 54 % CEnC in the DMSO- 
treated Nqo1− /− female mice, and 41.8 % CEnC loss in the TMS- 
treated Nqo1− /− female mice compared to their respective pre-UVA 
baseline (Fig. 4b, c, d). Thus, at week 4 post-UVA, TMS-treated 
Nqo1+/+ females showed a 13.4 % CEnC rescue compared to DMSO- 
treated Nqo1+/+ females while TMS-treated Nqo1− /− females showed 
a 12.2 % CEnC rescue compared to DMSO-treated Nqo1− /− females. We 
also compared the effect of TMS on the rescue of CEnC loss between the 

Fig. 3. CYP1B1-related toxic metabolites are upregulated, and antioxidant protein NQO1 and non-toxic catechol conjugates are downregulated in Nqo1− / 

− female mice after UVA treatment. (a) Representative western blots of NQO1, CYP1B1, and COMT, and densitometry showing (b) downregulation of NQO1 in 
Nqo1+/+ females, (c) increased CYP1B1, and (d) downregulated protective enzyme COMT in Nqo1− /− compared to Nqo1+/+ females at day 1 post-UVA irradiation. 
(e) Upregulation of reactive oxygen species (ROS) at day 1 and an increase in CYP1B1-mediated harmful metabolites, namely (f) catechol estrogens (4-OHE1/2) and 
(g) estrogen DNA adducts (4-OHE1/2-DNA adducts) along with downregulation of (h) COMT-mediated protective catechol conjugates (4-OCH3E1/2) at week 4 post- 
UVA irradiation in Nqo1− /− females compared to Nqo1− /− males and Nqo1+/+ -males and -females (n = 4, *p < 0.05) (i) Diagram showing the inverse relationship 
between levels of CYP1B1-mediated estrogen metabolites and CEnC count, indicating that cell loss is inversely associated with harmful estrogen metabolites seen due 
to the lack of neutralizing effect of NQO1. 
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Fig. 4. CYP1B1-specific inhibitor TMS prevents CEnC loss in Nqo1+/+ and Nqo1− /− females, and antioxidant as well as CYP1B1 inhibitor, berberine, 
rescues CEnC loss and prevents ROS formation in Nqo1+/+ females post-UVA. (a) Schematic of the treatment regimen of TMS indicated by black arrows. (b) In 
vivo confocal HRT images of vehicle (DMSO)- or TMS-treated Nqo1+/+ and Nqo1− /− female mice at weeks 2 and 4 post-UVA. (c, d) Quantification of CEnC number 
and fold change from baseline at weeks 2 and 4 post-UVA (n = 4, *p < 0.05; * or # represents significance for TMS-treated Nqo1+/+ or Nqo1− /− females compared to 
DMSO-treated Nqo1+/+ or Nqo1− /− females respectively). (e) Schematic of the treatment regimen of berberine indicated by black arrows. (f) In vivo confocal HRT 
images of vehicle (cyclodextrin)- or berberine-treated Nqo1+/+ female mice at weeks 2 and 4 post-UVA. (g, h) Quantification of CEnC number and fold change from 
baseline at weeks 2 and 4 post-UVA (n = 5, *p < 0.05, **p < 0.01). (i) ROS measured as H2O2 levels in the aqueous humor from UVA-exposed (OD) and non-exposed 
control (OS) eyes of berberine-treated compared to cyclodextrin-treated Nqo1+/+ female mice (n = 4, ***p < 0.001) at 6 h post-UVA. 
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two genotypes (Nqo1+/+ and Nqo1− /− females) at weeks 2 and 4 post- 
UVA. TMS-treated Nqo1+/+ female mice had 1.19- and 1.38-fold 
higher CEnC number, while TMS-treated Nqo1− /− female mice had 
1.26- and 1.49-fold higher CEnC number, at weeks 2 and 4 post-UVA 
compared to DMSO-treated Nqo1+/+ and Nqo1− /− mice respectively 
(Fig. 4d). However, CEnC rescue was 1.4-fold more in TMS-treated 
Nqo1+/+ compared to TMS-treated Nqo1− /− at week 4 only, and not at 
week 2, post-UVA (Fig. 4d). This rescue was specific to female mice, as 
TMS did not significantly rescue CEnCs in Nqo1+/+ and Nqo1− /− male 
mice post UVA (Supplemental Fig. 5), prompting the studies on estrogen 
injection in male mice. As expected, TMS did not influence the rescue of 
CCT, as the current dose of UVA did not cause corneal edema (Supple
mental Fig. 4b). 

Since NQO1 is downregulated while CYP1B1 is upregulated in FECD 
specimens, we investigated the effect of a naturally occurring com
pound, berberine (known to have both NRF2-NQO1 induction and 
CYP1B1 inhibition properties) [49,50] on CEnC loss in Nqo1+/+ female 
mice (Fig. 4e). At week 2 post-UVA, there was a 37.5 % CEnC loss in the 
vehicle (cyclodextrin)-treated group and only a 19.5 % CEnC loss in the 
berberine-treated group compared to their respective pre-UVA baseline. 
(Fig. 4f and g). Thus, at week 2 post-UVA, berberine-treated Nqo1+/+

females demonstrated an 18 % CEnC rescue and 1.2-fold higher CEnC 
number compared to the cyclodextrin-treated Nqo1+/+ females (Fig. 4g 
and h). At week 4 post-UVA, there was a 59 % CEnC loss in the 
cyclodextrin-treated group and a 46.5 % CEnC loss in the 
berberine-treated group compared to their respective pre-UVA baseline 
(Fig. 4f and g). Thus, at week 4 post-UVA, berberine-treated Nqo1+/+

females demonstrated a 12.6 % CEnC rescue, however, had 1.3-fold 
higher CEnC number compared to the cyclodextrin-treated Nqo1+/+

females, indicating that berberine treatment slowed the rate of cell loss 
from week 2 to week 4 post-UVA (Fig. 4h). The investigation of ROS 
production in the aqueous humor in response to UVA-irradiation 
revealed significant increase of H2O2 levels (8.2-fold; OD/OS) in the 
cyclodextrin-treated mice. However, the H2O2 production was signifi
cantly inhibited in berberine-treated mice with their OD eyes having 72 
% lower H2O2 than cyclodextrin-treated mice at 6 h post-UVA, thus 
demonstrating the antioxidant effect of berberine (Fig. 4i). 

3.5. Estrogen treatment increases CEnC loss and CYP1B1-mediated 4- 
OHE1/2 estrogen DNA adducts in Cyp1b1+/+ but not in Cyp1b1− /− male 
mice 

To investigate the direct role of estrogen in CYP1B1-mediated gen
otoxicity, we performed systemic injections (IP) of E2 in Cyp1b1+/+ and 
Cyp1b1− /− male mice after UVA irradiation, as previously described 
[40] (Fig. 5a). Interestingly, E2-treated Cyp1b1+/+ male mice had a 40.5 
and 60.1 % CEnC loss, which was 26.7 % and 40 % more than 
(non-E2-treated) Cyp1b1+/+ male mice at 2- and 4-weeks post-UVA, 
respectively. Estrogen injections caused a decline in CEnC number in 
males to a similar level of cell loss seen in Nqo1− /− females, validating 
the estrogen-induced endothelial toxicity model. However, the 
E2-treated Cyp1b1− /− male mice had only 23.5 % and 36.3 % CEnC loss 
at 2- and 4-weeks post-UVA respectively, compared to the pre-UVA 
levels. Thus, Cyp1b1− /− male mice showed a 17 % and 23.8 % CEnC 
rescue at 2 and 4 weeks, respectively, compared to Cyp1b1+/+ at similar 
time points post-UVA (Fig. 5b and c). Similar results were obtained for 
E2-treated Cyp1b1+/+ (30.9 %, 50.5 % decrease in CEnC number) and 
Cyp1b1− /− mice (17.2 %, 25.9 % decrease in CEnC number) compared to 
their respective non-E2-treated groups at weeks 2 and 4, respectively, 
post-UVA. (Fig. 5b and c). Corneal thickness was not affected by estro
gen injections after UVA or by CYP1B1 loss, similar to Nqo1− /− data. 
(Supplemental Fig. 7b). In summary, the absence of CYP1B1 mitigated 
the estrogen induced CEnC loss seen in male mice after UVA. 

To determine estrogen bioavailability in the corneal endothelium 
after systemic administration, we quantified the levels of E2 in the 
anterior chamber (AC) fluid of Cyp1b1+/+ and Cyp1b1− /− male mice. 

There was a 1500-fold increase in E2 in estrogen-treated compared to 
vehicle-treated Cyp1b1+/+ and Cyp1b1− /− mice at 2 h post-UVA 
(Fig. 5d), indicating a similar AC distribution of estrogen after sys
temic administration. To determine the effect of estrogen metabolism on 
CEnC loss, endothelial metabolites were assayed in corneal endothelial 
cell samples of E2-treated Cyp1b1+/+ and Cyp1b1− /− male mice. Estro
gen injection led to significant upregulation (3- and 4-fold) of 4-OHE1/2 
and DNA adducts in Cyp1b1+/+ male mice after UVA, to the levels seen 
in Nqo1− /− female mice. However, E2-treated Cyp1b1− /− male mice 
showed a significant downregulation of 4-OHE1/2 (150-fold) and 4- 
OHE1/2 adducts (1.85-fold) compared to Cyp1b1+/+ males at week 4 
post-UVA and estrogen treatment (Fig. 5e). Non-toxic 4-OCH3E1/2 
catechol conjugates also significantly increased (110-fold) in Cyp1b1− /−

mice compared to CYP1B1+/+ at week 4 post-UVA (Fig. 5e). Interest
ingly, we found that CYP1A1-mediated 2-OCHE1/2 metabolites and DNA 
adducts significantly decreased in Cyp1b1− /− male mice compared to 
Cyp1b1+/+ mice at week 4 post-UVA and estrogen treatment, suggesting 
a potential overlapping function between both enzymes (Supplemental 
Fig. 7c). However, there was no significant difference in 4-OCH3E1/2 in 
Cyp1b1+/+ and Cyp1b1− /− mice at week 4 post-UVA and estrogen 
(Supplemental Fig. 7d). In summary, this data suggests that cell loss 
rescue seen in CYP1B1-null mice is likely due to a lack of harmful es
trogen metabolite production seen in estrogen-treated male mice. 
Decreased CYP1B1-mediated metabolites and adducts (4-OHE1/2) and 
increased nontoxic catechol conjugates (4-OCH3E1/2) after estrogen 
treatment in Cyp1b1− /− male mice post-UVA suggest the absence of 
CYP1B1 diverted the estrogen breakdown to the protective metabolite 
formation. 

Estrogen translocates to mitochondria in human corneal endothe
lium cells (Fig. 1h), which can potentially initiate estrogen toxicity and 
mtDNA damage post-UVA. Since previous studies have shown estrogen 
metabolite-induced DNA damage in corneal endothelial cells in vitro 
[30], we investigated nDNA and mtDNA damage using LA-qPCR in 
mouse CEnCs in vivo. The relative amplification of the small mtDNA 
fragment was employed as an estimate of mtDNA copy number and is 
inversely proportional to mtDNA damage. Cyp1b1+/+ male mice had 26 
% decrease in mtDNA amplification, suggesting increased DNA damage 
after estrogen treatment compared to vehicle after UVA. However, there 
was no difference in mtDNA amplification and mtDNA damage between 
vehicle and estrogen-treated Cyp1b1− /− male mice, suggesting that 
mtDNA damage is mitigated by the deletion of CYP1B1 (Fig. 5f). Simi
larly, nDNA amplification (lmpdh and Hprt genes) was decreased, sug
gesting increased nDNA damage in estrogen-treated Cyp1b1+/+ and 
Cyp1b1− /− male compared to their respective vehicle (Fig. 5g and h). 
However, the nDNA damage was not rescued in Cyp1b1− /− male mice, 
unlike mtDNA damage. This data was consistent with a previous study 
showing that mtDNA damage has been the main differentiating factor in 
greater female susceptibility to UVA-induced cell loss [7]. 

3.6. Increased estrogen and UVA-mediated mtDNA genotoxicity and 
CYP1B1 translocation to mitochondria under complete loss of NQO1 in 
vitro 

To study the effects of estrogen translocation to the mitochondria, we 
determined mtDNA damage by assessing mitochondrial apurinic/abasic 
sites using ARP staining after UVA (5 J/cm2) and estrogen (E2-biotin, 
0.3 μM) exposure. To account for any potential non-specific effects of the 
biotin tag, we treated the cells with an unconjugated, fluorophore 594- 
labeled biotin alone and noted the absence of staining for the apurinic 
sites (ARP) (Supplemental Fig. 8a). First, we detected enhanced mito
chondrial uptake of estrogen by demonstrating colocalization of E2- 
biotin within mitochondria labeled with TOM20 antibody after UVA 
in both NQO1+/+ (R = 0.73) and NQO1− /− (R = 0.8) cells after UVA 
(Supplemental Fig. 8b). Next, we investigated the effect of UVA on 
mtDNA damage and morphology, as a surrogate for mitochondrial 
function (Fig. 6a). At baseline, we did not detect colocalization of ARP 
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Fig. 5. Estrogen exacerbates CEnC loss and increases CYP1B1-related toxic metabolites and mtDNA damage in Cyp1b1+/+ but not in Cyp1b1− /− male mice 
after UVA. (a) Schematic diagram for estrogen and cyclodextrin (vehicle) treatment (indicated by black arrow) in Cyp1b1+/+ and Cyp1b1− /− male mice after UVA. 
(b) In vivo confocal HRT images for Cyp1b1+/+ and Cyp1b1− /− male mice treated with vehicle (cyclodextrin) and estrogen (cyclodextrin-encapsulated 17β-estradiol) 
at week 2 and week 4 post-UVA. (c) Quantification of CEnC numbers in vehicle or estrogen-treated Cyp1b1+/+ and Cyp1b1− /− male mice pre- and week 2 and 4 post- 
UVA (n = 4, *p < 0.05, where * represents comparison of Cyp1b1+/+ versus Cyp1b1− /− male mice treated with estrogen). (d) Detection of 17β-estradiol in the 
aqueous humor of Cyp1b1+/+ and Cyp1b1− /− male mice at 2 h post-UVA (n = 3, *p < 0.05). (e) Levels of CYP1B1-related 4-OHE1/2, 4-OHE1/2-DNA adducts and 4- 
OCH3E1/2 in Cyp1b1+/+ and Cyp1b1− /− male mice at week 4 post-UVA (n = 3, *p < 0.05) (f) Quantification of mtDNA and nuclear (Hprt, Impdh) DNA damage using 
LA-qPCR for Cyp1b1+/+ and Cyp1b1− /− mice at day 1 post-UVA (n = 3, *p < 0.05). 
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within mitochondria for NQO1+/+ and NQO1− /− cell lines, suggesting 
the absence of mtDNA damage (Fig. 6b). However, NQO1− /− cells had a 
significantly higher colocalization of ARP with mitochondria after es
trogen (R = 0.34, Fig. 6c), UVA (R = 0.64, Fig. 6d) and UVA with E2- 
biotin (E2-biotin + UVA) treatments (R = 0.68, Fig. 6e) compared to 
NQO1+/+. This suggests that the absence of NQO1 enhanced the for
mation of estrogen-mediated apurinic sites, contributing to mitochon
drial genotoxicity post UVA. 

Next, we assessed the mitochondrial fragmentation and found that at 
baseline or with E2-biotin alone, there were no differences in the 
mitochondrial fragmentation count (MFC) of NQO1+/+ and NQO1− /−

cells (Fig. 6f and g); however, after UVA alone or E2-biotin + UVA 

treatments, the MFC was significantly greater in NQO1− /− compared to 
NQO1+/+ cells (Fig. 6h and i). We also analyzed the mitochondrial 
morphology of the cell lines individually after each treatment (Supple
mentary Fig. 8c) and determined that UVA alone or E2-biotin + UVA, 
but not E2-biotin alone, caused a significant increase in the MFC of both 
NQO1+/+ and NQO1− /− cells compared to no treatment (Supplementary 
Figs. 8d and e). To further investigate mtDNA damage, we quantified 
lesions/damage using LA-qPCR and found that after exposure to 5 J/cm2 

UVA, NQO1− /− had 1.34-fold decreased mtDNA amplification (Fig. 6j) 
and 2-fold decreased nDNA amplification (Fig. 6k) compared to NQO1+/ 

+ cells. Similarly, higher UVA dose of 10 J/cm2 in NQO1− /− cells had 
2.38-fold and 2.69-fold decreased mtDNA and nDNA amplification 

Fig. 6. Estrogen induces mtDNA damage and CYP1B1 translocates to the mitochondria post-UVA in the Nqo1− /− cell line. (a) Aldehyde Reactive Probe (ARP, 
green), co-localized (yellow) with TOM20 (red) in NQO1+/+ and NQO1− /− cells after 6 h of exposure to exogenous estrogen (E2-biotin) alone, UVA alone, or a 
combination of E2-biotin and UVA. ARP was also detected in the nuclei (DAPI, blue). Co-localization (yellow) of apurinic sites (ARP, green) with mitochondria 
(TOM20, red) analyzed by R-value and mitochondrial morphology analyzed by mitochondrial fragmentation count (MFC) respectively after (b, f) No treatment (c, g) 
E2-biotin (d, h) UVA and (e, i) UVA + E2-biotin treatments in NQO1+/+ and NQO1− /− cells (n = 30 cells counted per condition, *p < 0.05). (j) Mitochondrial and (k) 
nuclear DNA damage quantified by LA-qPCR in NQO1+/+ and NQO1− /− cells 24 h post-UVA (5 J/cm2) (n = 3, *p < 0.05). (l) Western blot and quantification of 
CYP1B1 in the mitochondrial fractions of NQO1+/+ and NQO1− /− cells at 24 h post-UVA (n = 3, *p < 0.05). (m) Representative Western blot image and quanti
fication of cytochrome c release in the whole cell lysate at 24 h post E2-biotin (n = 3, *p < 0.05). 
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respectively, compared to NQO1+/+ cells (Supplementary Figs. 8f and 
g), indicating greater levels of both mtDNA and nDNA in the absence of 
NQO1. 

Our previous publication reported that CYP1B1 translocates to 
mitochondria at 24 h post-UVA in vitro, potentially leading to estrogen- 
DNA adduct formation [7]. Herein, we detected a significant increase 
(2.5-fold) in CYP1B1 mitochondrial translocation for the NQO1− /− cell 
line post-UVA (5 J/cm2) compared to that seen in NQO1+/+ (Fig. 6l). 
Various other studies have implicated the role of CYP1B1 in 
mitochondria-mediated apoptosis using a cyto c release assay [51–53]. 
There was no significant difference in cytochrome c release after 
E2-Biotin in NQO1+/+ cells (Fig. 6m); however, there was a significant 
increase (1.8-fold) in cytochrome c release after E2-Biotin in NQO1− /−

cells (Fig. 6m) 24 h post treatment. This suggests that estrogen coloc
alization into mitochondria likely produces a substrate for mitochon
drial CYP1B1 and leads to mtDNA damage and mitochondrial apoptosis, 
providing a mechanism for endo-degeneration in Nqo1-nulls. Studies on 
measuring actual estrogen-DNA adducts in mitochondrial fractions in 
response to UVA are needed in the future. 

4. Discussion 

The contribution of sex in the pathogenesis of many degenerative 
diseases, including FECD [9–11], has been an understudied area that is 
now gaining momentum in explaining the sex differences in prevalence 
and outcomes of many age-related disorders. Recently, female pre
dominance was reported in age-related macular degeneration (AMD) 
[54] and linked to the levels of complement factors that vary by sex, 
shedding light on sex as a risk factor for the development of AMD. 
Specifically, complement factor B and I were significantly higher in fe
males than males for the intermediate phenotype of AMD. Similarly, 
neurological diseases are also associated with sex differences in preva
lence and disease manifestation [55–57], in which, females have a 
two-fold increased risk for developing dementia in Alzheimer’s [58] and 
a 2.3-fold increase in multiple sclerosis prevalence [59]. Studies also 
show that the female sex is the most significant risk factor for Alz
heimer’s disease, independent of survival rates and age-adjusted risk. 
Specifically, female-specific reproductive history factors such as estro
gen metabolism in the pre- or post-menopause significantly contribute 
to Alzheimer’s disease risk [60]. In general, endogenous estrogen has 
been shown to have an effect on sex-specific processes, such as the 
development of the female phenotype during germ cell maturation, 
pregnancy, and other physiological processes in the cardiovascular and 
nervous systems [61]. However, augmented estrogen exposure through 
hormonal replacement therapy increases the risk of dementia in post
menopausal women [62]. In other diseases such as breast cancer, se
lective estrogen receptor modulators are clinically prescribed to 
suppress toxic endogenous estrogen production [63]. In contrast to the 
detrimental effects of estrogen, many studies have suggested neuro
protective functions of estrogen in diseases like stroke [64,65] and 
Alzheimer’s disease [66]. The search for biological variables has iden
tified a complex interplay between the neuroprotective effects of es
trogen and the detrimental effects of a self-perpetuating toxic cascade of 
estradiol metabolism; both processes are involved in the degenerative 
process of neurological conditions. In the ongoing ‘tug of war’, excessive 
reactive estrogen quinones often offset the antioxidant and anti
apoptotic effects generated by estrogen and further aggravate the 
pathological conditions [67]. 

Building upon previous studies on the causative effects of UVA on 
FECD development, we demonstrate heightened susceptibility of Nqo1- 
null mice, and, particularly, Nqo1-null female mice to UVA-induced 
CEnC loss. Although previous studies have shown greater susceptibil
ity of Nqo1-null mice to oxidative stress [68], and menadione-induced 
toxicity [68], the female sex has not been specifically investigated in 
these studies. The compounding effects of increased ROS production to 
the lack estrogen quinone neutralization (in the absence of NQO1) is 

evident in the formation of a more ‘extreme’ FECD phenotype in 
Nqo1-null female compared to Nqo1-null male mice. Since both Nqo1-
null females and males have lost their ROS neutralizing activity, we 
show that the differentiating factors between the phenotypic differences 
of sexes stem from upstream factors of reactive estrogen quinone pro
duction and are driven by the CYP family of enzymes. Indeed, there are 
sex differences in CYP isoform expression levels [33], and since CYP1B1 
is ubiquitously and robustly expressed in ocular tissues [69], it has a 
more pronounced activity in female corneas leading to the formation of 
estrogen metabolism byproducts causing a more pronounced damage in 
females. Interestingly, we also show that estrogen accumulates in the 
aqueous fluid of the eye and becomes metabolized by ocular CYP1B1 
into reactive metabolites causing CEnC loss. Analysis of human speci
mens corroborated the in vitro data by showing upregulation of 
CYP1B1-related toxic metabolites and DNA-adducts (4OHE1/2) and 
downregulation of non-toxic CYP1B1-related catechol conjugates 
(4-OCH3E1/2) in human FECD aqueous humor and tissues. 

We further mimicked the female phenotype of endo-degeneration by 
exogenous estrogen injection of male mice and showed that estrogen- 
induced CEnC loss in males was mitigated by deletion of CYP1B1 in 
male mice, pointing to the metabolite-dependent effect. Although 
Cyp1b1-null mice did not show a difference in susceptibility to UVA 
compared to wild type mice, the ‘stress’ of estrogen injection clearly 
differentiated the ability to metabolize estrogen between Cyp1b1-wild- 
type and Cyp1b1-null males, pointing directly to the cytotoxic effects of 
estrogen on endo-degeneration in the cornea. Alternatively, ovariecto
mized mice could be used to provide future proof-of-concept studies on 
estrogen toxicity in both wild-type and Nqo1-null mice [70]. 

The detrimental effects of estrogen metabolites have been estab
lished in breast cancer, where CYP1B1-mediated DNA adducts resulted 
in the formation of harmful estrogen-adducts; thus, initiating carcino
genesis [71]. Specifically, serum estrogen DNA adducts such as 4OHE1/2 
DNA adducts produced in large quantities can be used as potential 
biomarkers for breast [72] and ovarian [73] cancers. Similarly, a cor
relation of CYP1B1-mediated DNA adducts with carcinogenesis was 
shown that correlated with a significant reduction in lymphomas in 
Cyp1b1− /− compared to wild-type mice [47]. Others showed signifi
cantly higher amounts of estrogen metabolites and adducts in the urine 
samples of Parkinson’s patients compared to controls, suggesting that 
the imbalance in estrogen metabolism could initiate neurodegeneration 
[74]. Furthermore, a CYP1B1 polymorphism [71] has been shown to 
contribute to the development of breast [75], lung [76], head and neck 
[77] cancers. 

To ameliorate the deleterious effects of ROS and estrogen quinones, 
we utilized a targeted CYP1B1 inhibitor, TMS, and a broader acting 
NRF2 agonist and CYP1B1 inhibitor, berberine, and showed cytopro
tective effects of both compounds in rescuing the FECD phenotype. By 
utilizing female mice, which harbor the most severe phenotype, we 
showed that TMS rescued cell loss not only in Nqo1+/+ but also in 
Nqo1− /− mice, indicating that targeting estrogen metabolite formation 
is consistent with the underlying mechanism of cell loss. This data is 
supported by other studies, where CYP1B1 inhibition ameliorates dia
betes [78], hypertension [79], decreases tumorigenesis [69] improves 
renal and cardiovascular functions [80] and prevents development of 
pulmonary hypertension [81]. We found no significant differences in 
corneal thickness across different genotypes of Nqo1+/+and Nqo1− /−

males and females after UVA because we utilized a lower dose of UVA 
that does not cause sufficient CEnC damage to trigger corneal edema. 
This is supported by earlier studies where no corneal edema was 
detected with significant loss of CEnC in lower grade Fuchs patients 
[82]. 

Nuclear erythroid 2-related factor 2 (NRF2) is a transcription factor 
that binds to the antioxidant response element (ARE) and induces 
transcription of many antioxidants and cytoprotective enzymes, 
including NQO1, and has the effect of preventing cancer initiation by 
detoxifying toxic estrogen quinones [83]. Berberine being a NRF2/ARE 
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pathway activator demonstrates therapeutic effects against many 
chronic diseases, such as obesity, diabetes, inflammatory bowel disease, 
atherosclerosis, and cardiovascular diseases, due to its multiple-target 
effects [84]. Specifically, berberine has been shown to activate 
NRF2/ARE signaling and exert cytoprotection in non-alcoholic fatty 
liver disease [85], and many neurological and metabolic diseases 
[86–88]. In healthy male humans, repeated administration of berberine 
decreased CYP2D6, CYP2C9, and CYP3A4 [89] compared to placebo. 
Berberine had the most potent and selective inhibitory effect on CYP1B1 
with the lowest dissociation constant (Ki) value of 44 nM compared to 
other CYP isoforms. Moreover, berberine inhibits polymorphic variants 
of CYP1B1 (CYP1B11.1) by forming hydrogen-bonding interaction of 
Asp 228 on CYP1B1.1 with the methoxy moiety of berberine [49]. The 
quite dramatic rescue of cell phenotype with berberine in the FECD 
model indicates that mitigating ongoing oxidative stress along with the 
harmful effects of quinone metabolism is a promising rescue strategy for 
FECD. 

Mitochondrial DNA (mtDNA) damage and altered mitochondrial 
function play a key role in CEnC dysfunction in FECD [90]. The main 
differentiating factor in greater female susceptibility to UVA-induced 
cells loss, has been the persistence of mtDNA damage in female but 
not male mice [7]. In this study, we show that UVA induces estrogen 
metabolism that is responsible for greater mtDNA damage seen in fe
males. Moreover, CYP1B1 activation had a differentiating effect in 
inducing a more severe mtDNA damage, as CYP1B1 deletion led to the 
reduction in estrogen metabolite production and in mtDNA, not nDNA, 
damage compared to estrogen-treated wild-type male mice. In vitro 
studies showed that estrogen translocates to mitochondria and causes 
apurinic sites, consistent with UVA-induced mtDNA damage and cyto
chrome C release. Interestingly, loss of NQO1 upon UVA irradiation 
augments DNA mutagenesis while increasing CYP1B1 translocation to 
the mitochondria. Studies have shown that CYP1B1 has an N-terminal 
mitochondrial targeting sequence (residues 41–48) enabling CYP1B1 
mitochondrial translocation and causing mitochondrial dysfunction due 
to carcinogen and cigarette exposure [53,91]. Specifically, polycyclic 
aromatic hydrocarbon (PAH)-inducible CYP1B1 generates mitochon
drial ROS, decreases total mtDNA content, and inhibits complex I ac
tivity in the lungs of wild-type mice but not in Cyp1b1-null mice [53]. 
Systemic exposure to PAH led to the mitochondrial translocation of 
CYP1B1 and increased the aryl hydrocarbon hydroxylation activity in 
the mitochondria of pulmonary tissues that was rescued by TMS [51]. 
Smoking exposure being one of the risk factors of FECD, renders pol
lutants like benzo(a)pyrene (BaP), very relevant in activation of CYPs in 
response to environmental exposures that are likely the epigenetic 
modifiers of FECD development [11,14]. 

Studies have shown that CYP1B1 either resides in the endoplasmic 
reticulum or the inner mitochondrial membrane where metabolism of 
different substrates leads to the modulation of cell function and 
apoptosis [92,93]. Similar to the notion that estrogen metabolism, albeit 
leading to harmful metabolites, is inducible in mitochondria, studies 
have shown that mitochondrial CYP1B1 is highly involved in neuro
steroid pregnenolone production in the brain [94]. One of the pitfalls of 
our study is that we could not show the formation of estrogen metabo
lites in mitochondrial fractions due to the fast turnover of estrogen-DNA 
adducts causing loss during the mitochondrial preparation steps. How
ever, the fact that apurinic sites colocalized to mitochondria were 
augmented in the estrogen-treated cells indicates indirectly the causal 
relationship between estrogen and DNA mutagenesis, elucidating the 
cause of greater mtDNA damage seen in females after UVA. 

This is the first study that provides mechanistic insight into the 
crosstalk of an estrogen metabolizing enzyme, CYP1B1, and an antiox
idant and estrogen quinone detoxifying enzyme, NQO1, in response to 
UV light-induced endo-degeneration in FECD pathogenesis. The pres
ence of ongoing oxidative stress, as seen with the loss of NQO1, poten
tiates the harmful effects of estradiol and leads to chronic estrogen 
cytotoxicity, leading to exacerbation of FECD in females. Moreover, 

mitochondrial DNA damage likely provides the link between the 
harmful effects of estrogen metabolism and oxidative stress in females 
developing FECD. Our study opens the therapeutic option for pharma
cological agents that can simultaneously upregulate NQO1, down
regulate CYP1B1 and ameliorate CEnC degeneration in FECD. 
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Significance 

Fuchs endothelial corneal dystrophy (FECD) is a female-predominant 
oxidative stress disorder that is the leading cause of corneal trans
plantation worldwide with no available pharmacological treatments. 
Thus, there is an unmet need to understand the disease pathogenesis 
with respect to female prevalence and oxidative stress in order to 
develop pharmacological interventions. Herein, we demonstrate that 
the absence of antioxidant enzyme NQO1 exacerbated the production of 
estrogen-metabolizing enzyme CYP1B1 and its related estrogen metab
olites, as well as mitochondrial DNA damage in females, thereby 
explaining how crosstalk of CYP1B1 and NQO1 drives sex-dependent 
differences in corneal endothelial (CE) susceptibility to ultraviolet A 
(UVA)-induced FECD. This study underscores the importance of 
impaired estrogen metabolism and oxidant-antioxidant imbalance in 
CEnC degeneration for FECD development. 
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