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ABSTRACT

The increasing incidence of ocular diseases has accelerated re-
search into therapeutic interventions needed for the eye. Ocular en-
zymes play important roles in the metabolism of drugs and
endobiotics. Various ocular drugs are designed as prodrugs that are
activated by ocular enzymes. Moreover, ocular enzymes have been
implicated in the bioactivation of drugs to their toxic metabolites.
The key purpose of this study was to compare global proteomes of
the pooled samples of the eye (n = 11) and the liver (n = 50) with a
detailed analysis of the abundance of enzymes involved in the me-
tabolism of xenobiotics and endobiotics. We used the postmito-
chondrial supernatant fraction (S9 fraction) of the lens-free whole
eye homogenate as a model to allow accurate comparison with the
liver S9 fraction. A total of 269 proteins (including 23 metabolic en-
zymes) were detected exclusively in the pooled eye S9 against 648
proteins in the liver S9 (including 174 metabolic enzymes), whereas
424 proteins (including 94 metabolic enzymes) were detected in

both the organs. The major hepatic cytochrome P450 and UDP-glu-
curonosyltransferases enzymes were not detected, but aldehyde de-
hydrogenases and glutathione transferases were the predominant
proteins in the eye. The comparative qualitative and quantitative pro-
teomics data in the eye versus liver is expected to help in explaining
differential metabolic and physiologic activities in the eye.

SIGNIFICANCE STATEMENT

Information on the enzymes involved in xenobiotic and endobiot-
ic metabolism in the human eye in relation to the liver is scarcely
available. The study employed global proteomic analysis to com-
pare the proteomes of the lens-free whole eye and the liver with a
detailed analysis of the enzymes involved in xenobiotic and en-
dobiotic metabolism. These data will help in better understand-
ing of the ocular metabolism and activation of drugs and
endobiotics.

Introduction

The liver is a major organ responsible for the biotransformation of
xenobiotics and endobiotics due to the abundant hepatic expression of
metabolizing enzymes. Although significant information on the meta-
bolic capacity of organs such as liver, intestine, kidney, and lung is well
documented (Nakamura et al., 2016; Drozdzik et al., 2018; Couto et al.,
2019; Oesch et al., 2019; Basit et al., 2020; Couto et al., 2020), the data
on the ability of the eye to metabolize drugs and endobiotics is sparse
(Al-Ghananeem and Crooks, 2007; Nakano et al., 2014; Argikar et al.,
2017a). Although the eye serves as the site of first-pass metabolism for

This work was supported by funding from the Department of Pharmaceutical
Sciences, Washington State University, Spokane, WA; Department of Pharma-
ceutics, University of Washington, Seattle, WA; Novartis Institutes for BioMedi-
cal Research, Cambridge, MA; and National Institute of Pharmaceutical
Education and Research (NIPER), S.A.S. Nagar, Punjab, India.

TAn.B. and Ab.B. contributed equally.

https://doi.org/10.1124/dmd.120.000297.

[S] This article has supplemental material available at dmd.aspetjournals.org.

the drugs that are administered directly to the eye via topical or local
routes (such as subconjunctival, intravitreal, retrobulbar, and intracam-
eral), some systemically administered drugs can also be metabolized in
the eye (Thrimawithana et al., 2011; Gokulgandhi et al., 2012; Argikar
et al., 2017b; Dumouchel et al., 2018). Analogous to the liver, drugs de-
livered into the eye are metabolized, activated, and cleared by the drug-
metabolizing enzymes (DMEs) present therein (Argikar et al., 2017b).
For example, latanoprostene bunod is hydrolyzed into two active com-
ponents, latanoprost acid metabolite and nitric oxide in the eye
(Garcia et al., 2016). Topical f-blockers such as levobunolol, be-
taxolol, caretolol, timolol, and metipranolol also form their active
metabolites in the eye (Bushee et al., 2015; Argikar et al., 2016,
2017b). On the other hand, ketoconazole was observed to get bioac-
tivated into a toxic iminium intermediate in the in vitro studies with
eye S9 fraction (Cirello et al., 2017). Similar to the drugs, metabo-
lism of endobiotics within the eye is a critical process for the nor-
mal eye function. For example, ocular enzymes play an important
role in vitamin A and eicosanoid homeostasis in the eye (Stoltz et
al., 1994; Conners et al., 1995; Duester 2001; Gallego et al., 2006;
Kam et al., 2012).

ABBREVIATIONS: ADH, alcohol dehydrogenase; AKR, aldo-keto reductase; ALDH, aldehyde dehydrogenase; CAH, carbonic anhydrase; CES,
carboxylesterase; CES1P1, carboxylesterase 4; COX, cytochrome c¢ oxidase; DDA, data-dependent acquisition; DME, drug-metabolizing en-
zyme; EPHX, epoxide hydrolase; GST, glutathione S-transferase; HSD17B, 17--hydroxysteroid; LFQ, label-free quantification; MS, mass spec-
trometry; MS/MS, Tandem mass spectrometry; NAT, N-acetyl transferase; PCA, principal component analysis; RDH, retinol dehydrogenase; S9
fraction, postmitochondrial supernatant fraction; SULT, sulfotransferase; UGT, UDP-glucuronosyltransferase.
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Comparative Proteome of Human Eye and Liver

The eye has an extremely complex anatomy and its subcompartments
have a wide range of physiologic functions. In vitro models derived from
tissue sections or subcompartments do not allow for the study of drug or
endobiotic metabolic activity due to reasons such as overdilution of protein
content, high degree of nonspecific binding, and low abundance of metab-
olites in the homogenate, or artifactually limiting sequential metabolism
(Argikar et al., 2017b; Dumouchel et al., 2018). Although individual ocu-
lar tissues from preclinical animal models are used in the pharma industry
for the study of drug metabolism, these models are expensive and require
sophisticated technical laboratory skills. Among the existing models, the
lens-free whole eye postmitochondrial supernatant fraction (S9 fraction)
has been used to a greater extent by the pharmaceutical industry for me-
tabolism studies during early drug discovery stage (Dumouchel et al.,
2018). Ocular S9 fraction is the supernatant collected after removing nu-
clei and mitochondria from the lens-free whole eye homogenate at 12,000
X g. It is a mixture of microsomes (representing endoplasmic reticulum)
and cytosol that are enriched with metabolizing enzymes and can be cus-
tomized with the cofactors for study of the metabolic function in vitro. Oc-
ular S9 fraction has been applied recently to investigate metabolism of the
drugs used for treating ocular ailments, e.g., levobunolol (Argikar et al.,
2016), betaxolol (Bushee et al., 2015), ketoconazole (Cirello et al., 2017),
and timolol (Dumouchel et al., 2017).

Although the evidence of the application of the eye S9 model is
emerging in drug development, no report of a comprehensive proteo-
mics investigation exists for the pooled ocular S9 fraction. Therefore,
the focus of the present study was to explore human ocular S9 proteome
and compare it with the human liver S9 proteome. To allow direct com-
parison between the organs, pooled S9 fraction from the eye (n = 11)
and the liver (n = 50) were used, and a parallel investigation was car-
ried out under identical conditions using aligned methodology. The
pooled samples were used to generate information on an average virtual
human population. In that respect, this study provides novel hypothesis-
generating data, which is anticipated to be helpful in subsequent tar-
geted proteomics, genomics, and functional studies to investigate effica-
cy and ocular toxicity of ophthalmic drugs and eye physiology.

Materials and Methods

Materials. Ammonium bicarbonate (98% purity), dithiothreitol, iodoacetamide, and
Pierce trypsin protease (MS -grade) were purchased from Thermo Fisher Scientific (Rock-
ford, IL). Sodium deoxycholate (98% purity) was obtained from MP Biomedicals (Santa
Ana, CA). Chloroform, ethyl ether, Optima MS-grade acetonitrile, methanol, and formic
acid were purchased from Fisher Scientific (Fair Lawn, NJ).

Ocular and Liver Tissue Procurement and Preparation of S9 Frac-
tions. Pooled ocular S9 and pooled liver S9 fractions were procured from Sekisui XenoTech,
LLC (Kansas City, KS). The eye tissue donors (n = 11) were males and females of Caucasian
origin between 51 and 88 years. The liver tissue donors (n = 50) were males and females of
Caucasian, African American, and Hispanic origin between 25 and 78 years. The pooled sam-
ples excluded donors with ocular and/or hepatic disorders. The S9 fractions were prepared by
commonly accepted procedures for the preparation of subcellular fractions from organs subse-
quent to differential centrifugation (Levin et al., 1972; Argikar and Remmel, 2009a,b). In gener-
al, the tissues were thawed and homogenized in a 50 mM Tris-HCI buffer, pH 7.4, containing
150 mM potassium chloride and 2 mM EDTA. For eyes, the lenses were removed prior to ho-
mogenization. The remaining ocular tissues and fluids, including cornea, choroid, sclera, retina,
aqueous humor, vitreous humor, iris, and ciliary body were present in the homogenate (Bushee
et al., 2015; Argikar et al., 2016). The buffer volume in milliliters was approximately 3x the
weight of the tissues in gram. The homogenate was centrifuged at 12,000 x g for 20 minutes
at 4°C. The supernatant from this spin was separated and stored at —80°C as S9 fraction until
further use. The supernatant was free of mitochondria, nuclei, and other cell debris.

Protein Denaturation, Reduction, Alkylation, Enrichment, and Tryp-
sin Digestion. Samples of pooled S9 fractions were trypsin-digested as described previ-
ously (Boberg et al., 2017; Bhatt et al., 2019). In brief, the process undertaken included
denaturation and reduction of proteins in S9 fraction (2 mg/ml, 80 pl) with 10 pl dithiothrei-
tol (250 mM) at 95°C. The sample was then cooled to room temperature and alkylated with
20 pl iodoacetamide (500 mM) in dark. The treated protein was subsequently precipitated
with ice-cold methanol-chloroform (500 pl:100 pl). Subsequently, water (400 pl) was added
to each sample to remove salts and polar impurities. The desalted samples were vortexed
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and centrifuged at 16,000 x g (4°C) for 5 minutes to result in a protein pellet, which was re-
covered by carefully removing and discarding the upper organic and lower aqueous layers.
The pellet was then washed with ice-cold methanol (500 pl) and dried for 30 minutes at
room temperature. It was resuspended in ammonium bicarbonate buffer (50 mM, 60 pl) and
digested by trypsin (protein:trypsin ratio, approximately 50:1, 20 pl) at 37°C for 16 hours.
The reaction was quenched by addition of 40% acetonitrile containing 0.5% formic acid and
diluted with 0.1% formic acid to bring protein concentration to 1 pg/pl. The sample was vor-
tex mixed and centrifuged at 4000 x g for 5 minutes. The supernatant was collected in a lig-
uid chromatography mass spectrometry (LC-MS) vial for further analyses.

Data-Dependent Acquisition. The untargeted proteomics analysis was conducted
on a Q Exactive HF coupled with Easy Spray 1200 series nanoL.C (Thermo Fisher Scientific,
Waltham, MA). One pl of the sample («~1 pg/pl protein) was loaded onto a C18 trap col-
umn (Acclaim PepMap, 100 pm X 2 cm, 5 pm) at a flow rate of 5 pl/min, and sample load-
ing was done with 0.1% formic acid in water. After loading and desalting for 10 minutes
with 0.1% formic acid, the trap was brought in-line with an analytical column (Thermo Sci-
entific PepMap RSLC C18, 50 pm x 15 cm, 2 um). The mobile phase flow rate was 0.3 pl/
min. Peptides were detected in data-dependent acquisition (DDA) method in full scan posi-
tive mode. The top 10 most intense ions from the parent ion scan (MS1 scan) were selected
for the collision-induced dissociation. The charge state of the peptides was fixed between
+2 to +6. Survey scans of peptide precursors were performed in the Orbitrap mass analyzer
from 375 to 1500 m/z at 120,000 resolution (at 200 m/z) with a 3 x 10° ion count target
and a maximum injection time of 100 millisecond. The instrument was set to run in top
speed mode with 3 second cycles for the survey and the MS/MS scans. The MS/MS resolu-
tion was set to 15,000 with automatic gain control (AGC) target of 1 x 10° and maximum
fill time of 100 millisecond with isolation window of 1.6 m/z. Normalized collision energy
was 27. The samples were acquired in triplicate to minimize the technical variability.

Data Analysis. All six DDA data files of eye and liver S9 fractions were analyzed us-
ing MaxQuant software (version 1.6.8.0, Max Planck Institute of Biochemistry, Germany)
with default settings (Tyanova et al., 2016; Beer et al., 2017). The protocol followed for the
data analyses is shown in Fig. 1. The complete human proteome FASTA file was down-
loaded from Uniport (https://www.uniprot.org/) in November, 2019. The complete proteome
FASTA was manually curated to allow deeper analysis of endo- or xenobiotic metabolizing
enzymes by using keywords such as “hydrolase,” “dehydrogenase,” “transferase,” “esterase,”
“epoxidase,” “reductase,” “isomerase,” and “transporter,” by following the approaches re-
ported elsewhere (Resing et al., 2004; Yen et al., 2006; Kumar et al., 2017). A total of 1187
protein entries were present in the curated FASTA file, which included cytochrome P450s,
UDP-glucuronosyltransferases (UGTs), sulfotransferases (SULTS), N-acetyl transferases
(NATS), glutathione transferases (GSTs), oxidases, aldo-keto reductases (AKRs), dehydrogen-
ases, paraoxonases, mitochondrial amidoxime-reducing component, carboxylesterase (CES),
coagulation factors, isomerases, and drug transporters. The complete human proteome
FASTA file as well as the shortlisted files representing metabolic enzymes were used as the
reference sequences in the Andromeda data base search tool of the MaxQuant software pack-
age. The primary parameters used during the search included: 1) digestion: specific digestion
with trypsin/P; 2) peptide lengths: between 7 and 25 residues; 3) missed cleavage sites al-
lowed: 2; 4) fixed modification: carbamidomethylation; 5) variable modifications: acetylation
(protein N-term) and oxidation (M); 6) modifications per peptide allowed: 5; 7) mass toler-
ance for first peptide tolerance and main peptide tolerance: 20 ppm and 5 ppm, respectively;
8) minimum peptides: 2; 9) minimum razor + unique peptides: 2; 10) minimum unique pep-
tides: 2; and 11) false discovery rate: 0.01 for both peptide and protein identification.

Relative Abundance of Proteins Common between Eye and Liver S9
Fractions. The proteins were quantified using a generic label-free quantification (LFQ)
method (MaxLFQ) in MaxQuant software (Cox et al., 2014). The resulting MaxLFQ intensi-
ties of proteins present in both the eye and the liver S9 fractions were compared to get the
relative abundance values. The list of identified proteins by MaxQuant were further proc-
essed using Perseus software (1.6.8.0) (Tyanova and Cox, 2018) to filter out: 1) the contami-
nants, 2) proteins identified by the reverse sequence, and 3) ambiguous identifications, i.e.,
proteins identified in only one replicate out of the three. The final list of proteins was sub-
jected to principal component analysis (PCA) to identify the group-dependent clustering of
the replicates and to reveal whether the eye proteome was significantly different from the liv-
er proteome. Further, volcano plots were created to highlight the significantly different pro-
teins between the eye and the liver S9 samples. To interpret the cellular context and biologic
pathways associated with the protein identified in the eye S9 fraction, network association
was performed using search tool for the retrieval of interacting genes/proteins (STRING)
that provides knowledge on functional protein-protein interaction. Finally, the proteins de-
tected in both the eye and the liver S9 samples were compared based on the ratios of the av-
erage LFQ intensities, as described by the following equation:

»

Average LFQ intensity in pooled eye sample
Average LFQ intensity in pooled liver sample

Relative abundance of protein in eye versus liver =

Results

Global Proteomics Characterization of Eye and Liver S9 Samples
The data analysis of the complete proteome FASTA file revealed that
269 proteins were specific to the eye sample (Supplemental Table 1),
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Fig. 1. Workflow employed for the analysis of DDA data of the eye and the liver
samples by Maxquant (Tyanova et al., 2016; Beer et al., 2017).

648 of them were specific to the liver (Supplemental Table 2), and 424
proteins were common in both the samples (Supplemental Table 3). On
the other hand, out of the total 1187 proteins present in the curated
FASTA file, 291 proteins were identified in both the samples. In this
case, 23 proteins were specific to the eye (Supplemental Table 4), 174
were restricted to the liver (Supplemental Table 5), and 94 were com-
mon to both the organs (Supplemental Table 6). The corresponding
Venn diagrams are shown in Fig. 2, A1 and A2, respectively. The sig-
nificant differences in the total proteins and the metabolizing enzymes
are highlighted by the first component of PCA score plots in Fig. 2, B1
and B2, respectively. The string analysis highlighted that most impor-
tant biologic pathways associated with metabolic proteins identified in
the eye were related to cellular response to aldehydes and their detoxifi-
cation (Supplemental Fig. 1B). It is justified based on our finding of
most prominent metabolizing proteins in the eye being the aldehyde de-
hydrogenases (ALDH), which includes ALDHIA1l, ALDHIA3,
ALDH4A1, ALDH6A1, ALDH7A1, ALDHO9A1, and ALDH3BI.
These enzymes tend to be responsible for the metabolism of aldehydic
moieties generated during lipid peroxidation, hypoxia, or any other
conditions.

The list of proteins identified using the curated FASTA file for the
metabolic enzymes was further refined to segregate DMEs. In that re-
spect, only 5 DMEs, which were, RDHS, GSTM2, NQO1, AKR1B1,
and ALDH3B1, were found to be specific to the eye S9 fraction. There
were 86 DMEs specific to the liver S9 fraction, whereas 24 proteins
were common between both the eye and the liver S9 fractions. The final
list is provided in Table 1.

Balhara et al.

Relative Abundance of Proteins in Eye and Liver S9 Fractions

A few proteins among the common ones in the eye and the liver sam-
ples showed significant differences in their levels, as highlighted in the
volcano plots in Fig. 2C and in Supplemental Tables 3 and 6. Further-
more, the LFQ intensities of 94 common proteins that were detected
during proteome screening using the curated FASTA file in the human
eye and liver S9 fractions are provided in Fig. 3. Among these proteins,
18 proteins were observed to be predominant in the eye than in the liver
(Fig. 4A). In contrast, 43 proteins were predominant in the liver as com-
pared with the eye (Fig. 4B), whereas 33 were comparable in both the
samples (Supplemental Table 6). The cut off for the predominance in
eye was >2 for the ratio of protein intensities in the eye versus the liver,
whereas the same for the liver was <0.5. The proteins having value
within 0.5 to 2 were considered comparable in both the fractions. Of the
24 common DMEs in the eye and the liver S9 fractions, 3 were pre-
dominant in the eye, 18 were predominant in the liver, and 3 were com-
parable between both (Table 2).

Proteins Predominant in Eye as Compared with Liver. The ra-
tio of average LFQ intensities in the eye and the liver samples for 18
predominant proteins in the eye ranged from 2.284 to 150.397 (Fig. 4A;
Supplemental Table 6). Among them, GSTP1, H3Cl, ATP1Al,
APOAL1, and THRB showed more than 10 times higher values in the
eye as compared with the liver (Fig. 4A; Supplemental Table 6). Inter-
estingly, human prothrombin (THRB) showed ~150 times higher rela-
tive abundance in the eye.

Three DMEs, in other words, CAH1, GSTM3, and GSTP1, which
were predominant in the eye, had more than 4 times higher values of
LFQ intensities in the eye as compared with the liver (Table 2).

Proteins Predominant in Liver than Eye. The ratios of intensities
in the eye versus the liver samples of 43 proteins, which were predomi-
nant in the liver, ranged from 0.002 to 0.491 (Fig. 4B; Supplemental
Table 6). Among them, CES1P1, ALDH4A1, and ADHI1B showed
more than 100 times lower relative abundance in the eye as compared
with the liver. There were 14 proteins that showed more than 10 times,
whereas 14 proteins showed from 1 to 10 times lower relative abun-
dance in the eye as compared with the liver.

The ratios of intensities for 18 DME proteins ranged from 0.002 to
0.491. The relative abundance of CES1P1, ALDH4A1, and ADHIB
were substantially higher in the liver as compared with the eye, whereas
CBR1, QOR, ALDHIA1, SELENBP1, ADHS, HSD17B12, and ESD

were moderately higher in the liver (Table 2).

Proteins Comparable between Eye and Liver. There were 33
proteins observed to be comparable between both the eye and the liver
S9 fractions. The ratio of LFQ intensities ranged from 0.505 to 1.895
(Supplemental Table 6). Among them, 19 proteins had higher values in
the liver, whereas 14 proteins had higher values in the eye S9 fraction.

The LFQ intensities of three DMEs, which were ALDH9AI,
COX41, and CAH2 were comparable between the eye and the liver
samples (Table 2).

Discussion

The main aim of this study was to compare the quantitative proteome
of the human eye and the liver with specific emphasis on the abundance
of enzymes involved in the metabolism of xenobiotics and endobiotics.
We used the lens-free whole eye homogenate to explore its global pro-
teomics profile. The S9 fractions of the eye and the liver allowed direct
comparison of the two organs. Although the major DME:s, such as cyto-
chrome P450s, UGTs, and SULTSs were not detected in the eye S9 frac-
tion, the isoforms of alcohol dehydrogenases (ADHs), ALDHs,
carbonic anhydrases (CAHs), AKRs, esterases, epoxide hydrolases
(EPHXs), and GSTs were abundantly detected in the eye (Table 1).
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Fig. 2. Differential protein expression of the eye and the liver S9 fractions. (A1) Venn diagram of the total proteins identified in the S9 fractions of eye and liver.
(A2) Venn diagram of the total metabolic enzymes identified in the S9 fractions of eye and liver. (B1) PCA score plot between eye and liver proteomes. (B2) PCA
score plot between eye and liver metabolic enzymes. The differential clustering of the pooled replicate in PCA plots indicates the significant differences in the proteo-
mic data. (C1) Volcano plot of eye versus liver proteomes. (C2) Volcano plot of eye versus liver metabolic enzymes. In the volcano plots, the x-axis is the fold-change
of eye to liver proteomes and y-axis shows log P value, ¢ test. The black lines in the volcano plots indicate the threshold for the statistical significance with a false dis-
covery rate of 5% and a SO of 0.5.
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These data are novel hypothesis-generating observations for the future
targeted studies.

The presence of ADHs and ALDHs in the eye of preclinical species
has been previously reported (Jedziniak and Rokita, 1983; Holmes and

Vandeberg, 1986; Holmes et al., 1988, 1989; Gondhowiardjo et al.,
1991; Godbout, 1992). These enzymes have been established to be vital
for metabolism of retinoids, especially the conversion of vitamin A (ret-
inol) to retinoic acid. Retinol is oxidized to retinal by ADHs (e.g.,
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TABLE 1
List of DMEs identified in eye and liver S9

DME: s specific to eye S9 (05 proteins)
RDHS, GSTM2, NQOI1, AKR1B1, and ALDH3B1

DME:s specific to liver S9 (86 proteins)

AADAC, ACOX1, ACOX2, ADHIA, ADHIC, ADH4, ADH6, AKR1B10, AKR1C1, AKR1C2, AKR1C3, AKR1C4, AKR1DI1, ALDHIBI, ALDHILI,
ALDH3A2, ALDH8A1, AOX1, BPHL, CES2, COX1, COX2, COX5B, CYP1A2, CYP2A7, CYP2B6, CYP2C8, CYP2C9, CYP2D7, CYP2EI, CYP3A4,
CYP3AS, CYP4A11, CYP4F11, CYP4F2, CYP51A1, CYP8B1, DCXR, DECR1, DHRS1, DHRS4L2, DHRS7, EPHX2, FMO4, FMO5, GABT, GSTAS,
GSTK1, GSTM1, GSTM4, GSTT1, GSTZ1, HSD11B1, HSD17B11, HSD17B13, HSD17B2, HSD17B4, HSD17B6, HSD17B8, MAOA, MAOB, MAOX,
MGSTI1, MGST3, PON1, PON2, PON3, POR, PTGRI1, RDH11, RDH16, SQOR, SULTIAI, SULT2AI1, SUOX, UGT1A1, UGT1A10, UGT1A3, UGT1A4,

UGTI1A7, UGT2A3, UGT2B10, UGT2B15, UGT2B4, UGT2B7, and XDH

DMESs common to eye and liver S9 (24 proteins)

CAHI1, GSTM3, GSTP1, CES1P1, ALDH4A1, ADH1B, CYBSA, EPHX1, ALDH7A1, COMT, AKR1A1, ALDH1A3, HSD17B10, GSTOI1, CBR1, QOR,
ALDHI1A1, SELENBP1, ADHS, HSD17B12, ESD, ALDH9A1, COX41, and CAH2

AADAC, arylacetamide deacetylase; ACOX, acyl-coenzyme A oxidase; AOX, aldehyde oxidase; BPHL, biphenyl hydrolase-like protein; DCXR, dicarbonyl/L-xylulose reductase; DECR,
2,4-dienoyl-CoA reductase; DHRS, dehydrogenase/reductase SDR family; ESD, Esterase D (S-formylglutathione hydrolase); FMO, flavin-containing monooxygenase; HSD11B, 11-f-hy-
droxysteroid; HSD17B, 17-f-hydroxysteroid; MGST, microsomal glutathione S-transferase; MAO, monoamine oxidase; PON, paraoxonase; POR, P450 reductase; PTGR1, prostaglandin re-

ductase 1; SQOR, sulfide:quinone oxidoreductase; XDH, xanthine dehydrogenase.

ADH1B2, ADH4, and RDHS), which subsequently leads to the forma-
tion of retinoic acid by the action of ALDHs (e.g., ALDH1A1, ALD-
H1A2 and ALDH1A3) (Duester 2001; Martras et al., 2004; Gallego et
al., 2006; Xiao et al., 2009). Retinoic acid is a critical regulator in a
number of cell growth and differentiation pathways, such as spinal cord
and retina development during embryogenesis, neuronal cell differentia-
tion, and maintenance of epithelial cell type in adult tissues (Moretti et
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al., 2016). Additionally, some ALDHs (e.g., ALDH1A1, ALDH3Al,
and ALDH7A1) are also involved in ocular detoxification of aldehydes
produced by lipid peroxidation. For example, one of the most toxic and
abundant lipid-derivative aldehydes, 4-hydroxynonenal, is detoxified by
these enzymes by its oxidation to 4-hydroxy-2-nonenoic acid (Choudh-
ary et al.,, 2003; Pappa et al., 2003; Xiao et al., 2009; Brocker et al.,
2010). The metabolism of levobunolol to dihydrolevobunolol in the
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Fig. 3. Heat map representing significantly (p <0.05) different metabolic enzymes between eye and liver S9 fractions. Data were normalized and log transformed.
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Fig. 4. Relative abundance of DMEs in eye S9 versus liver S9. (A) DMEs predominant in eye S9 than in liver S9 and (B) DMEs predominant in liver S9 than in eye
S9. The y-axis is log transformed, and the values of the relative abundance are shown with each bar.

ocular S9 fraction obtained from rat, rabbit, and human eye revealed the and AKR1C3 has been postulated in the human eye previously (Du-
presence of AKRs in the eye (Lee et al., 1988). Indeed, dihydrolevobu- mouchel et al., 2018). These proteins, along with AKR1A1l and
nolol formation is considered as a marker of AKR activity in the eye =~ AKRI1B1 (specific to eye), were also detected in the present study. We
(Argikar et al., 2016). The presence of carbonyl reductases, AKR1C1, also detected zeta crystallin protein or NADPH:quinone oxidoreductase

TABLE 2

Relative levels of common DMEs in eye versus liver®

A. DMEs predominant in eye S9 (03 proteins; eye/liver ratio of LFQ intensities >2)
CAHI (4.66), GSTM3 (8.81), GSTP1 (11.77)

B. DMEs predominant in liver S9 (18 proteins; eye/liver ratio of LFQ intensities <0.5)
CESI (0.002), ALDH4A1 (0.004), ADHI1B (0.005), CYB5A (0.011), EPHX1 (0.035), ALDH7A1 (0.055), COMT (0.057), AKR1A1 (0.060), ALDHIA3
(0.065), HSD17B10 (0.082), GSTO1 (0.086), CBR1 (0.145), QOR (0.147), ALDH1A1 (0.162), SELENBP1 (0.248), ADH5 (0.350), HSD17B12 (0.456),
ESD (0.491)

C. DMEs comparable between eye and liver S9 (03 Proteins; eye/liver ratio of LFQ intensities between 0.5 to 2)
ALDHO9A1 (0.524), COX41 (1.41), CAH2 (1.69)

*The ratio of average of LFQ intensities in eye versus liver S9 fractions is given within the brackets.
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1 (NOQ1) in the eye S9, which was previously identified in human
eyes using immunohistochemical techniques (Schelonka et al., 2000).
The evidence for the presence of esterase enzymes in ocular tissues of
animals exists in the literature (Lee et al., 1982a, b; Lee, 1983), which
have been indicated to be involved in the ocular metabolism of pro-
drugs, such as valacyclovir, valganciclovir, and dipivefrin (Wei et al.,
1978; Macha and Mitra, 2002; Katragadda et al., 2006). This is consis-
tent with carboxylesterase 4 (CES1P1) detected in the human eye S9
fraction in this study. Similarly, inhibition of epoxide hydrolases has
been suggested as a treatment strategy for various ocular diseases, such
as diabetic retinopathy, diabetic keratopathy, and age-related macular
degeneration (Park et al., 2018; Hu et al., 2019; Park and Corson,
2019). The presence of epoxide hydrolase 1 (EPHX1) in the ocular S9
fraction detected in this study provides a pathway for targeted research
to develop new drugs for the eye. The detection of CAH1 and CAH2 in
our study in the pooled eye S9 fraction is also consistent with the litera-
ture (Lee, 1983; Wistrand et al., 1986). Indeed, these ocular enzymes
are targeted for antiglaucoma activity, i.e., acetazolamide (Breinin and
Gortz, 1954), dorzolamide (Lippa et al., 1992), and brinzolamide (Sil-
ver, 1998).

GST was another major enzyme category that was detected in the
eye in our study. Specifically, GSTM?2 was observed in the eye, where-
as GSTO1, GSTP1, and GSTM3 were common to the eye and the liver.
The GST enzyme activity using 1-Chloro-2,4-dinitrobenzene (CDNB),
ethacrynic acid, and sulfobromophthalein as probe substrates is also re-
ported elsewhere (Watkins et al., 1991). Even the detection of GST ac-
tivity or expression is known (Awasthi et al., 1980; Ahmad et al., 1988;
Srivastava et al., 1994; Ketterer 1998; Singhal et al., 1999; Yang et al.,
2002), and the novelty of present study is that it presents the first accu-
rate and quantitative evidence of specific GST isoforms in the human
eye in relation to the liver. Our finding regarding the presence of cate-
chol O-methyltransferase (COMT) in the eye is consistent with the en-
zyme activity in retina-choroid, iris-ciliary body, and optic nerve
segments of albino rabbits (Waltman and Sears, 1964). In addition, our
results show the presence of eye-specific and eye-predominant DMEs
and validate the previously published metabolic reactions for levobuno-
lol (Argikar et al., 2016). Thus, this study provides a comprehensive
picture of ocular metabolic functionality.

Although the activity of some cytochrome P450s, UGTs, SULTs,
and NATSs have been reported in various ocular tissues (Waxman et al.,
1988; Watkins et al., 1991; Zhao and Shichi, 1995; Mcavoy et al.,
1996; Stoilov et al., 1997; Stoilov et al., 1998; Mastyugin et al., 1999;
Xie et al., 2000; Tsao et al.,, 2001; Ikeda et al., 2003; Attar et al.,
2005b; Zhang et al., 2008; Kolln and Reichl, 2012; Bushee et al., 2015;
Argikar et al., 2016; Dumouchel et al., 2017), these proteins were
not detected in eye S9 fraction in our study. The potential reasons
for the variability are: 1) the source of eye in reported studies was
mostly animal; 2) none of the reported studies used a lens-free eye
homogenate; 3) the expression of some of these enzymes (e.g.,
NAT) (Bushee et al., 2015; Dumouchel et al., 2017) were detected
in the lens although this study only included the lens-free eye mi-
lieu, and 4) below the limits of detection levels of these proteins in
our assay in the eye S9 fraction.

The eye has a complex anatomy and physiology, with numerous dif-
ferent cell types and tissues with their individual metabolic capabilities.
Studies in individual eye components help in exploring the component-
specific (retinal, choroidal, conjunctival etc.) efficacy, metabolism, and
toxicity. However, the preparation of in vitro models based on individu-
al eye components require extensive skills in tissue dissection. As pool-
ing of eye components is generally not feasible, most of these studies
are limited to single donors. These studies are more confirmatory than
exploratory, so their utility is limited when we have little knowledge

Balhara et al.

about the disposition characteristics of drug. On the other hand, whole
eye S9 fraction is an economical and commonly used in vitro alternate
for metabolic screening in early discovery to identify soft spots, screen
triage compounds, and to drive structure-metabolism relationships dur-
ing lead optimization. It contains enzymes expressed in both cytosol
and endoplasmic reticulum, and can be customized with the cofactors to
study specific ocular metabolism questions. However, S9 fractions do
not include mitochondrial drug metabolizing enzymes and thus cannot
be used to study mitochondrial f-oxidation. Further, S9 fraction is a
static model, as it does not account for transport of drugs across the oc-
ular membranes (Dumouchel et al., 2018). We used the lens-free whole
eye for S9 preparation, which can’t be used to study the role of lens in
xenobiotic metabolism. The latter is a limitation because the eye lens is
known to possess glutathione S-transferase and N-acetyltransferase ac-
tivities (Argikar et al., 2017a). Thus, the information provided in this
manuscript is anticipated to be helpful in the physiologically based
pharmacokinetic modeling of drugs or endobiotics within the eye,
cleared by the proteins identified herein. The developed models will be
particularly useful in understanding ocular pharmacokinetics and toxico-
logical behavior of ophthalmic drugs and endobiotics. Based on the
comparative eye versus liver proteomics data presented here, and the
differences in the sizes of the two organs, ocular metabolism likely
plays an insignificant role in drug clearance. However, ocular metabo-
lism can be important in regulating the local efficacy and toxicity of the
drugs.

As discussed earlier, one pooled sample was analyzed for both the
eye (n = 11 donors) as well as the liver (» = 50 donors) S9 fractions,
which is generally done in studies with tissue banks. The pooled sam-
ples only provide the mean estimates of differential tissue abundance
without interindividual variability data. Pooling of S9 samples, for this
study, was considered ‘fit for the purpose’ to generate and compare data
on ocular versus hepatic metabolism proteome of an average virtual hu-
man. Although it is always better to have large sample size for statistical
validation of the observed differences, the ocular S9 fractions had limit-
ed sample size, the reason being the limitation of time and resource in-
vestment and challenges in procurement of enough human eyes.
Although the relative proteomics data presented here do not provide a
clear picture of the dynamic expression of DME:s in both eye and liver,
this report is the foundation on which targeted quantification of eye pro-
teins can be performed to build a comprehensive knowledge bank. Im-
portantly, the comparative proteomics data can be used to scale the
absolute levels of DME:s in the eye S9 fractions from the reported liver
S9 data.

In summary, the present study entails global proteome profiling
of the eye and the liver S9 fractions. The enzymes present in both
the samples were identified and quantitatively compared. This
study bears great significance in gaining deeper insights of meta-
bolic and bioactivation potential of both systemically as well as
topically administered ophthalmic drugs, as well as in endobiotic
metabolism within the eye. This investigation provides foundation
for subsequent targeted proteomic, genomic, and functional studies
to explore the effects of sex, age, genotype, and disease conditions
across the populations.
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