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Purrose. To investigate the aqueous proteomics and metabolomics in low-energy and
high-energy femtosecond laser-assisted cataract surgery (FLACS).

MertHops. In this prospective observational study, 72 patients were randomized to 3
groups: low-energy FLACS, high-energy FLACS, and conventional phacoemulsification
(controls). Aqueous was collected after femtosecond laser treatment or at the beginning of
surgery (controls). Proteomic analysis was conducted using a data-independent acquisi-
tion method, whereas aqueous metabolomics were analyzed with liquid chromatography-
tandem mass spectrometry. Bioinformatics analyses were performed to integrate the
results of proteomics and metabolomics.

Resurrs. Compared with low-energy FLACS, significantly elevated aqueous hemoglobin
subunit beta, G protein subunit beta, carbonic anhydrase 1, and asymmetric dimethy-
larginine were observed in high-energy FLACS, suggesting significantly greater oxida-
tive stress, inflammation, immunity, metabolism, and mitochondrial fatty acids oxida-
tion. Compared with controls, significantly increased aqueous proteins and metabo-
lites related to immune and inflammation (beta-crystallin B1, hemoglobin subunit beta,
putrescine, and spermine) and oxidative stress (heat shock proteins, peroxiredoxins,
and long-chain acylcarnitines) were observed in FLACS. Joint pathway analysis revealed
nicotinate/nicotinamide metabolism and riboflavin metabolism were significantly over-
expressed in high-energy FLACS compared with low-energy FLACS, whereas the pentose
phosphate pathway and glycolysis were the most significant pathways when comparing
FLACS with controls.

Concrusions. FLACS induced higher immunological and inflammatory responses, oxida-
tive stress reactions, and mitochondrial fatty acid oxidative stress compared with controls.
These differential effects were more pronounced when a higher laser energy was used.

Keywords: aqueous humor, proteomics, metabolomics, low-energy femtosecond laser-
assisted cataract surgery, high-energy femtosecond laser-assisted cataract surgery

ataract affects approximately 95 million individuals
C globally.! Femtosecond laser-assisted cataract surgery
(FLACS) is a recent advancement in cataract surgery,? allow-
ing for the creation of clear corneal incisions, anterior capsu-
lotomy, and nuclear fragmentation.!> Previous studies have
demonstrated that FLACS is safe and effective, with compa-
rable visual and refractive outcomes compared with conven-
tional phacoemulsification.*> Moreover, FLACS presents
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several potential advantages over conventional surgery, such
as precise capsulotomy and decreased ultrasound energy
use.’ These benefits are particularly important in certain
clinical situations, such as intumescent or dense cataracts,
low corneal endothelial cell counts, and weakened zonules.
Although several meta-analysis studies have reported the
comparisons of the postoperative complications between
conventional phacoemulsification and FLACS,”~ molecular
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data, particularly proteomic profiles in these two surgical
types, are still lacking.

Among the five current femtosecond laser (FSL) plat-
forms approved for FLACS, the Femto LDV Z8 (Ziemer
Ophthalmic Systems AG, Port, Switzerland) is the only low-
energy (nJ/pulse) system that uses small size laser spots
with high repetition rate (>1 MHz). Studies comparing
high- and low-energy laser systems on FLACS are scarce.
One clinical study reported that the Femto LDV Z8 system
performed significantly better than a high-energy platform
(LenSx; Alcon Laboratories, Inc., Fort Worth, TX) in terms of
completeness of capsulotomy (100% vs 94%) and intraoper-
ative miosis (0% vs 19%).1° However, the underlying molec-
ular mechanisms accounting for these clinical observations
are poorly understood.

Previous studies have shown that compared with conven-
tional phacoemulsification, FLACS induced significantly
higher aqueous prostaglandin E,, interleukin (IL) 1 recep-
tor antagonist, IL-6, IL-8, interferon-y, and free radi-
cals,’'"15 which are associated with intraoperative miosis
and postoperative inflammatory response. These find-
ings underscore the clinical implications of understand-
ing the aqueous molecular profiles more comprehensively.
Advanced quantitative proteomics and metabolomics are
emerging as potentially powerful tools in ophthalmol-
ogy research,'®'7 offering high reproducibility and accu-
racy in elucidating the functions and interactions of
proteins and metabolites within biological systems.!® Inte-
grative analysis of both proteins and metabolites will
contribute to an in-depth interpretation of underlying
biological phenomena.’® Aqueous humor has been used in
proteomic and metabolomic analyses to identify biomark-
ers for several eye diseases, such as uveitis, dry eye, and
keratoconus.'®2°

To our knowledge, there are no studies published on the
aqueous metabolomic and proteomic profiles, or their asso-
ciated biological responses, in patients undergoing FLACS,
particularly in the comparison between low- and high-
energy FSL platforms. Deciphering these differences could
provide better insight into the impact of FLACS on the tissue
at a molecular level and potential clinical implications.

METHODS
Study Populations

This prospective study recruited 72 eyes of 72 patients with
age-related cataracts who met the indications of cataract
surgery at Singapore National Eye Centre from January 2023
to June 2023. The exclusion criteria were diabetes, autoim-
mune diseases, the use of nonsteroidal anti-inflammatory
drugs within 3 months from the time of surgery, a history
of ocular surgery or trauma, and active ocular copatholo-
gies that might affect the aqueous analysis, such as uveitis
and cystoid macular edema (CME). Patients were random-
ized to three groups: (1) FLACS with the Catalys system
(Johnson & Johnson, NJ; high-energy group); (2) FLACS
with the LDV Z8 system (low-energy group); and (3)
conventional phacoemulsification, serving as controls. The
cataract severity was graded with the Lens Opacity Classi-
fication System II.2! Approval for the study was granted
by the Institutional Review Board of SingHealth, Singapore
(Number:2021/2699). The study was conducted in accor-
dance with the Declaration of Helsinki and informed consent
was obtained from all participants.
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Surgical Technique and Aqueous Humor
Collection

All procedures were performed under local anesthesia with
sedation. The FLACS with the LDV Z8 system was conducted
as previously described.'*?? Briefly, the suction ring was
applied, and a fluid—patient interface was used.”® Laser
pretreatment at 1 MHz with pulse energy in the nano-
Joule range started with an anterior capsulotomy with a
preset diameter of 5.0 mm, followed by lens fragmenta-
tion with a six-sector pie-cut pattern, and then a 2.6-mm
corneal incision. For the FLACS with the Catalys system, the
docking process was similar, with a suction ring followed
by the application of liquid before the laser head dock-
ing.?* FSL at KHz with pulse energy in micro-Joule range
operated a size of 5.0 mm anterior capsulotomy, lens frag-
mentation, and then a 2.6-mm manual corneal incision. In
FLACS eyes, approximately 100 to 150 pL of aqueous was
collected using a 30G needle within 5 minutes of the comple-
tion of laser pretreatment. For controls, the aqueous was
collected identically before creating the corneal incision.
All aqueous samples were immediately placed on ice for
transportation to the laboratory, which were subsequently
stored at —80°C until analysis. The phacoemulsification was
performed subsequently using the same machine (Centu-
rion Vision system, Alcon Laboratories, Inc.), and an IOL
(SAGOAT, Alcon; or ZCBO00, Johnson & Johnson Vision) was
implanted. Preoperative and postoperative regimens were
prescribed as previously described and were identical in all
patients.!?

Clinical Assessments

At 1 day postoperatively, anterior chamber inflammation was
graded from 0 to 4 following the Standardization of Uveitis
Nomenclature Working Group grading scheme.?

Aqueous Proteomic Profiles Analysis

Lysis buffer (EasyPep Mini MS Sample Prep Kit, Thermo
Fisher Scientific, Waltham, MA) was used to extract the
proteins.?® The lysates were centrifuged, and protein quan-
titation was performed using DC Protein Assay (Bio-Rad
Laboratories Inc., Hercules, CA) and normalized with the
total protein amount. The protein solutions were then
reduced, alkylated, digested, and cleaned-up according to
the manufacturer’s instruction (EasyPep Mini MS Sample
Prep Kit, Thermo Fisher Scientific). Peptides were recon-
stituted in 2% acetonitrile, 0.1% formic acid in water and
peptide concentration was determined by Thermo Fisher
Scientific Pierce Quantitative Fluorescent Peptide Assay.?’
iRT standard (Biognosys AG, Schlieren, Switzerland) was
spiked to reconstituted peptide sample. The peptide samples
were then analyzed on an EASY-nLiquid chromatography
1200 system coupled to Orbitrap Exploris 480 mass spec-
trometer (Thermo Fisher Scientific). An equal amount of
total peptide (1 pg) from each sample was injected for
the proteomics analysis. The Easy-nLiquid chromatography
system was equipped with an in-line trap column of PepMap
100 C18, 3 pym, 75 pm x 2 cm, and Easy-spray Pepmap
RSLC C18, 2 pm, 25 cm X 75 pm column. The EASY-nLiquid
chromatography was operated at a flow rate of 300 nL/min.
Mobile phase A consisted of 0.1% formic acid in water
and mobile phase B was made up of 0.1%formic acid, 80%
acetonitrile in water. A step gradient was used from 5% to
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18% mobile phase B for 35 minutes, followed by 20 minutes
from 18% to 50%, and last 5 minutes from 50% to 95% solvent
B. Orbitrap Exploris 480 mass spectrometer was operated in
data-independent and positive ionization mode.

Aqueous Metabolomic Profiles Analysis

Aqueous metabolomic profile analysis was performed using
liquid chromatography-tandem mass spectrometry. A list of
the measured metabolites is presented in Supplementary
Table S1. For the extraction of acylcarnitines, thawed aque-
ous samples (50 pL) were spiked with 15 pL deuterium-
labelled acylcarnitines as internal standard, then extracted,
derivatized, and ran on an Agilent 6430 Triple Quadrupole
liquid chromatography/mass spectrometry system (Agilent
Technologies, Santa Clara, CA) as previously described.?
For the analysis of nitrogen-containing compounds, 23
pL of sample was spiked with a mixture of deuterium-
/carbon 13-labeled amino acids, derivatized using phenyl
isothiocyanate, reconstituted, then run on a Waters Xevo
TQ-XS mass spectrometer (Waters Corp, Milford, MA) as
described.?® Internal standards were used to normalize
metabolite levels (Supplemental Table S2).

Statistical and Bioinformatics Analysis

The differences in anterior chamber flare grading were
analyzed using a Kruskal-Wallis test. Our data on the pilot
6 patients identified approximately 1700 proteins and 900
metabolites in aqueous samples. The desired fold change
(FC) is >1.5 with a standard deviation of 0.60, and the
acceptable false discovery rate (FDR) is 1%. The required
sample size was therefore 26 eyes with a power of 80% and
a 5% significance level.

For the proteomics data analysis, the resulting tandem
mass spectrometry data were processed using Spectro-
naut 15 (Biognosys AG) with the DirectDIA algorithm.
The protein expression profile was log2-transformed and
normalized. For downstream data analysis, median normal-
ization was used. Proteins with missing values in >30%
of samples were excluded. Missing values in the expres-
sion profiles were imputed using the DreamAI package in
R.° The R package sva (v 3.46.0) was employed to remove
batch effects. The R package ropls (v1.30.0) was used to
perform partial least squares-discriminant analysis (PLS-
DA) that discriminates between FLACS and controls. PLS-
DA is a robust method for visualizing and differentiating
distinct groups based on their proteomic and metabolomic
profiles.3!

Differential expression analysis was conducted using the
limma package (v3.54.2). Proteins with a FDR of <0.05
and a FC of >1.5 were considered differentially expressed.
Metascape platform (https://metascape.org/) was used to
perform Gene Set Enrichment Analysis (GSEA), including
Gene Ontology, biological processes, Kyoto Encyclopedia of
Genes and Genomes pathways, the Small Molecule Pathway
Database, and Reactome gene sets.>> GSEA allows the iden-
tification of biological pathways associated with a specific
set of proteins and metabolites,*> and protein network anal-
ysis explores the interactions between proteins to uncover
critical networks and modules driving cellular activities.>*
The Wilcoxon signed-rank test was performed to assess
the statistical significance of protein expression difference
between the two groups.
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The metabolomics data analysis workflow was the same
as the proteomic analysis stated elsewhere in this article.
Metabolites with a FDR of <0.05 and a FC of >1.2 were
considered differentially expressed. MetaboAnalyst platform
was used to perform Metabolite Set Enrichment Analy-
sis, including over-representation analysis, pathway anal-
ysis (integrating pathway enrichment analysis and path-
way topology analysis), and joint pathway analysis (simul-
taneously analyze genes and metabolites of interest).”> We
applied Data Integration Analysis for Biomarker Discovery
using Latent cOmponents (DIABLO) algorithm from R pack-
age ‘mixOmics’ to integrate the protomics and metabolomics
data based on generalized, supervised partial least-squares
approach 3037

RESULTS
Patient Characteristics

Thirty-six eyes underwent low-energy FLACS, 26 eyes under-
went high-energy FLACS, and 10 eyes underwent conven-
tional phacoemulsification. Among these 3 groups, 20 (56%),
12 (46%), and 6 (60%) patients were female, respectively
(P = 0.69). The mean ages of patients were 67.0 £ 11.0
years, 67.5 £ 9.2 years, and 66.8 + 9.3 years, respec-
tively (P = 0.87). The Opacity Classification System III
grades were comparable between the three groups, with
the mean grading of 2.7 £+ 0.9, 2.5 £+ 1.0, and 2.6 + 0.8,
respectively (P = 0.91). For the low-energy, high-energy,
and control groups, the preoperative best-corrected distance
visual acuity was comparable at 0.50 + 0.15 logMAR, 0.45
£ 0.15 logMAR, and 0.50 + 0.10 logMAR, respectively (P
= 0.74). The IOP values were 18.7 &+ 7.1, 17.9 £ 6.7, and
19.1 £+ 7.4, respectively (P = 0.89). All cases underwent an
uneventful surgery without intraoperative or postoperative
complications.

Aqueous Proteomic Profiles Analysis

PLS-DA analysis displayed a clear separation of the aque-
ous proteomes of the FLACS group vs controls (R’Y =
0.993) (Fig. 1A). There was also good separation between
high-energy FLACS, low-energy FLACS, and controls (R*Y =
0.615) (Fig. 1B).

A total of 235 significantly differential expressed proteins
were identified in two FLACS groups, compared with
controls (Fig. 2A, Supplementary Fig. S1A). In the FLACS
group, the expression of alpha-crystallin A chain, alpha-
crystallin B chain, and heat shock protein beta-1 were signif-
icantly increased (FC = 3.01, P < 0.01; FC = 2.71, P <
0.01; and FC = 1.92, P < 0.01, respectively). These proteins
are members of the small heat shock protein family. Aque-
ous peroxiredoxins (PRDXs), including PRDX2 and PRDXG6,
were significantly increased (FC = 1.65, P < 0.001 and FC =
1.56, P < 0.001, respectively). Several proteins associated
with immune and inflammatory responses, such as beta-
crystallin B1 (CRBB1; FC = 2.87, P < 0.001), hemoglobin
subunit beta (HBB; FC = 3.43, P < 0.001), and hemoglobin
subunit delta (HBD; FC = 2.97, P = 0.001), were also
significantly upregulated in FLACS compared with controls
(Fig. 2B).

When comparing high- and low-energy FLACS, eight
significantly dysregulated proteins were identified (Fig. 2C,
Supplementary Fig. S1B). HBB and G protein subunit
beta (GBB1), associated with immune cells, were signif-
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Ficure 2. Aqueous proteomic profiles of FLACS vs controls, and high-energy FLACS vs low-energy FLACS. Volcano plot (A) presenting
the —log10FDR, y-axis) as a function of log,FC (x-axis) in aqueous proteins comparing FLACS vs controls. Violin plots (B) displaying the
representative aqueous proteins of FLACS vs controls. Volcano plot (C) displaying the FDR (—logl10FDR, y-axis) as a function of log,FC
(x-axis) in aqueous proteins between high-energy and low-energy FLACS. Violin plots (D) displaying the representative aqueous proteins
of FLACS vs controls high-energy FLACS vs low-energy FLACS. Red dots represent upregulated proteins with log,FC > 0.585, and blue dots
represent down-regulated proteins with log,FC < —0.585 in volcano plots. The significance for comparisons between different groups was
examined by Wilcoxon test and labeled with * P < 0.050, ** P < 0.010, ** P < 0.0005, *** P < 0.00005 in violin plots.

Tasie 1. Significantly Expressed Pathways by GSEA

Terms Name Log P Log (g-Value)

Top 5 significantly pathways enriched by dysregulated proteins in FLACS vs controls

Cellular responses to stress —11.536 —8.445
M phase —7.582 —5.400
TCF dependent signaling in response to WNT —7.510 —5.356
Signaling by WNT —7.348 —5.217
Signaling by NOTCH —6.539 —4.480
Top 5 significantly pathways enriched by dysregulated proteins in high-energy FLACS vs low-energy FLACS
Signaling by WNT -5.773 —2.858
TCF dependent signaling in response to WNT —4.444 —1.949
Signaling by NOTCH —4.428 —1.938
Transcriptional regulation by RUNX1 —4.417 —-1.933
Cellular responses to stress —4.288 —1.811

icantly increased in high-energy FLACS group (FC =
3.48, P < 0.001 and FC = 1.60, P = 0.002, respec-

ing, and neurogenic locus notch protein (NOTCH) signal-
ing pathways (Table 1; Supplementary Fig. S2). Protein—
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tively). Significantly elevated aqueous carbonic anhydrase
1 (CAH1), implicated in metabolism and stress responses,
was found in high-energy FLACS (FC = 1.58, P = 0.004)
(Fig. 2D).

GSEA revealed that these significantly dysregulated
proteins in FLACS vs controls, as well as in high-energy vs
low-energy FLACS, were involved in the pathways, includ-
ing T-cell factor (TCF) dependent signaling in response
to Wingless-related integration site (WNT), WNT signal-

Downloaded from iovs.arvojournals.org on 01/13/2025

protein interaction network analysis determined the key
biological processes linked with the differential expressed
proteins in FLACS vs controls, as well as in high-energy
vs low-energy FLACS, were mainly involved in pathways,
such as glycoltic process Cdkl complex, metabolism and
regulation of collagen, and metabolic process (Table 2;
Fig. 3). These pathways and modules are mainly related
to inflammation, immunological responses, and metabolic
processes.
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TaBLe 2. Modules Identified by Protein-Protein Interaction
Network Analysis

Modules in High-Energy FLACS vs Low-Energy FLACS
Glycoltic process Cdk1 complex
Metabolism and regulation of collagen
Metabolic processes

Modules in FLACS vs controls
Glycolytic process Cdk1l complex
Metabolic processes
Proteasome complex
Regulation of cellular processes and signaling
Maintaining cellular and extracellular homeostasis
Metabolism and regulation of collagen
Response to oxidative stress and the detoxification of ROS
Regulation of the complement cascade

ROS, reactive oxygen species.

Aqueous Metabolomic Profiles Analysis

PLS-DA analysis revealed distinct separations in aqueous
amino acids between FLACS and controls, as well as between

MAT2A TPI1
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high and low-energy FLACS (R*Y = 0.731, R’Y = 0.482)
(Fig. 1C, D). Similarly, PLS-DA analysis also demonstrated
a clear separation in aqueous acylcarnitines between FLACS
and controls (Fig. 1E).

There were 9 significantly dysregulated amino acids and
19 significantly dysregulated acylcarnitines between FLACS
and controls (Fig. 4A, Supplementary Fig. S3). Laser pretreat-
ment in FLACS led to elevated aqueous putrescine (FC =
1.22, P < 0.001) and spermine (FC = 1.29, P < 0.001), which
are involved in inflammatory responses. Glutathione (FC =
1.80, P < 0.001), y-aminobutyric acid (FC = 1.23, P = 0.021),
aspartic acid (FC = 1.21, P < 0.001), glutamic acid (FC =
1.21, P < 0.001), and inosine (FC = 1.37, P < 0.001), which
are related to ischemic stress and oxidative stress reactions,
were significantly increased (Fig. 4B).

Concerning the acylcarnitine profiles, the medium and
long-chain acylcarnitines, including C7-DC (heptanedioyl
carnitine; FC = 1.40, P < 0.001), C8:1-OH/C6:1-DC (FC =
1.22, P = 0.003), C10 (decanoylcarnitine; FC = 1.25, P <
0.001), C14:1 (cis-5-tetradecenoylcarnitine; FC = 1.33, P <
0.001), C18:1 (elaidic carnitine; FC = 1.51, P < 0.001), C20:2
(FC = 1.27, P = 0.002), C20:4 (FC = 1.41, P < 0.001), C26
(FC = 1.51, P < 0.001), and C28 (FC = 1.31, P < 0.001),
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Ficure 3. Protein—protein interaction network analysis of differentially expressed proteins between different groups (yellow, FLACS vs
controls; purple, high vs low-energy FLACS; green, high-energy FLACS vs controls; blue, low-energy FLACS vs controls). ROS, reactive
oxygen species.
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FiGure 4. Aqueous metabolomics profiles of FLACS vs controls, as well as in high-energy vs low-energy FLACS. Volcano plot (A) presenting
the FDR (—log10FDR, y-axis) as a function of log;FC (x-axis) in aqueous amino acids comparing FLACS vs controls. Violin plots showing
the representative aqueous amino acids of FLACS vs controls (B), and high-energy vs low-energy FLACS (C).Volcano plot (D) displaying the
FDR (—1og10FDR, y-axis) as a function of log>FC (x-axis) in aqueous acylcarnitines, comparing FLACS vs controls. Violin plots (E) displaying
the representative aqueous acylcarnitines in FLACS vs controls. Differential expressed metabolites with log;FC > 0.263 and log,FC < —0.263
are shown in red dots and blue dots, respectively, in volcano plots. The significance for comparisons between different groups was examined
by Wilcoxon test and labeled with * P < 0.050, ** P < 0.010, *** P < 0.0005, ***P < 0.00005 in violin plots.

which are linked to mitochondrial fatty acid oxidation path-
ways, were significantly increased in FLACS compared with
controls (Fig. 4E). When comparing high-energy FLACS and
low-energy FLACS, an elevated concentration of asymmet-
ric dimethylarginine (ADMA), which is an endogenous nitric
oxide synthase inhibitor, was observed in the high-energy
FLACS group (FC = 1.22, P < 0.001; Fig. 40).

On the Kyoto Encyclopedia of Genes and Genomes and
Small Molecule Pathway Database pathway analysis for the
identified amino acids and acylcarnitines, the most signif-
icantly enriched biological processes in FLACS vs controls
were d-glutamine and d-glutamate metabolism and aspar-
tate metabolism, which were related to mitochondrial fatty
acid oxidation (Fig. 5).

Integrated Analysis of Proteomics and
Metabolomics

We performed DIABLO analysis on the proteomics and
metabolomics data, revealing strong positive correlations
between proteins and amino acids (r = 0.76), proteins and
lipids (r = 0.65), as well as amino acids and lipids (r =
0.78), respectively (Fig. 6). This robust agreement under-
scores the significance of their consistency and suggests
that the omics layers provide complementary insights into
the biological processes being studied. By incorporating the
proteomic and metabolomic data, we identified the common
pathways associated with those significantly dysregulated
proteins and metabolites. The pentose phosphate pathway
(PPP) and glycolysis were the most significant joint path-
ways when comparing FLACS vs controls, whereas nicotinate
and nicotinamide metabolism and riboflavin metabolism
were the most significant joint pathways when comparing
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high-energy FLACS vs low-energy FLACS (Fig. 7). These
pathways are associated with energy metabolism and mito-
chondrial oxidative stress.

Clinical Outcomes

The best-corrected distance visual acuity was comparable
across the three groups postoperatively: 0.15 £ 0.05 logMAR
for low energy, 0.15 £ 0.05 logMAR for high energy, and 0.15
+ 0.01 logMAR for controls (P = 0.92). IOP also showed
comparability, measuring 19.5 £ 6.2, 19.6 £ 7.2, and 18.9 +
6.7 for low energy, high energy, and controls, respectively
(P = 0.94).For the postoperative anterior chamber inflam-
mation evaluation, the majority of eye had a grade of <1.
Four eyes (11.1%) in the low-energy group, two eyes (7.7%)
in the high-energy group, and one eye (10.0%) in controls
had grade >1 (P = 0.51).

DiscussION

In the present study, we demonstrated that the FSL stage
during FLACS induced aqueous immunological and inflam-
matory responses, oxidative stress, and mitochondrial fatty
acid oxidation. More important, these reactions are more
pronounced in a high-energy laser platform, compared with
a low-energy platform, suggesting that laser pulse energy
influences the degree of tissue inflammation, aqueous oxida-
tive stress, and metabolic responses in FLACS. To our knowl-
edge, this study is the first to investigate aqueous proteomics
and metabolomics for FLACS, as well as for further compar-
isons between different FSL platforms in terms of laser
energy used. We also integrated proteomic and metabolomic
profiles and reported the shared common pathways, which
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circle, the greater the significance.

offered a better understanding of the interplay between
various biomolecules and provided deeper insight into the
molecular changes induced by FSL in FLACS.

Our study showed that high-energy FSL treatment led
to significantly elevated levels of HBB, GBB1, and CAH1,
compared with low-energy FSL. HBB and GBB1 regulate
immune cell activity and engage in cell chemotaxis.’®°
CAH1 inhibitor could enhance antioxidant enzyme activ-
ity in aqueous.** These proteins are linked to overex-
pressed WNT, Wnt-TCF, NOTCH signaling, cellular responses
to stress, and RUNX1 pathways, mediating immune cell
maintenance, inflammatory response modulation, and tissue
homeostasis and repair.*'~% The protein—protein interac-
tion network analysis also indicated that high-energy FLACS
induced greater extent of immunological, inflammatory, and
oxidative stress than low-energy FLACS. A low-energy laser
platform uses precise placement of smaller overlapping
spots with low pulse energy and a high frequency, poten-
tially reducing damage to the surrounding tissue and resul-
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tant inflammatory responses.>%® Schwarzenbacher et al. %
demonstrated that low-energy pulse lasers induced only
minimal IL release compared with conventional surgery.
Another two clinical studies presented that there was no
occurrence of intraoperative miosis in low-energy FLACS
even without the use of preoperative nonsteroidal anti-
inflammatory drug.!'®?” The occurrence of postoperative
CME in low-energy FLACS was lower than that in conven-
tional phacoemulsification,* whereas the risk of CME devel-
opment is comparable between conventional phacoemulsifi-
cation and high-energy FLACS.* These results are consistent
with our molecular findings that laser pulse energy signifi-
cantly impacts the level of aqueous inflammation and oxida-
tive stress.

In the metabolomics analysis, elevated aqueous ADMA
was observed in high-energy FSL treatment compared
with the low-energy one. ADMA is generated under
oxidative stress conditions, and its increase has been
reported in uveitis and diabetic retinopathy.’*>! On the



Investigative Ophthalmology & Visual Science

Aqueous Proteomics and Metabolomics in FLACS

IOVS | January 2025 | Vol.66 | No. 1 | Article 10 | 9

DIABLO
A
Block: Proteomics Block: AminoAcids Block: Lipids
10+ : W s “ - ’
4 LRL , ‘ L 0- 00 ] A
9o Al"A A g
~104 AR
A
30 -20 -10 0 10 -8 -4 0 4 -5 : 5 10 15
variate 1
o C_onventional
" Eé%:lgr:‘;?y C Component 1-2 Correlation cut-off: 0.5
B S 0 5 10 15,
s \\\\\ 7
Proteins R \\\\\ \ ////
LA A\
i -
0.76 AminoAcids I : % g
L é §
! Z S
7 4
L .
. \
0.65 078 Lipids / / \\
' Correlations / / // \\\
o Positive Correlation \
o Negative Correlation \e\(\

Ficure 6. DIABLO analysis of proteomics and metabolomics. The plot showing the individual samples of three omics data from the DIABLO
analysis, with different colors representing distinct sample groups. Blue circle, controls; orange triangle, high-energy FLACS; gray cross, low-
energy FLACS (A). The correlations across three omics data based on the first component of DIABLO, displaying strong positive correlations
between proteins and amino acids (r = 0.706), proteins and lipids (r = 0.65), as well as amino acids and lipids (r = 0.78) (B). Circos plot
between proteins and metabolites with strong correlations (absolute R value > 0.5) (C).

Viral myocarditis
n Impact Toll-like receptor signaling pathway
Pentose phosphate pathway [ ] 08 Salmonella infection

Nicotine addiction
Nicotinate and nicotinamide metabolism
Legionellosis

Protein processing in endoplasmic reticulum
MG b Platinum drug resistance
HIE-1 signaing pathay
Giyeolysi or Gluconeogenssis
Gltathione melabolsm °
Cysteine and methionine metabolism
Centalcarbon metabolsm in cancer
Cell adhesion molecules (CAMs)
beta-Alanine metabolism °
Avgiine biosyntnesis
Avginine and proline metabolism
‘Antfolats rsistance

Pentose phosphate pathway
Parkinson disease

Legionellosis

HIF-1 signaling pathway

Glycolysis or Gluconeogenesis
Central carbon metabolism in cancer

Ame Cell adhesion molecules (CAMs)
Alanine, aspartats and gutamate metabolism ™ h
ABC transporters Amoebiasis

3
~log10P

Impact C — 71 1 T T 1 B
08 Riboflavin metabolism @ | mpact
- 015
C 4 cotiute s icoonid matbolen | @) : o0
. 02 005
00 Malaria 000
- Impact Iipat
® e s G0 Gysteine and methionine metabolism ; Z::
® 02 @ o0
o i oo
@ os

3 4 5 16
-log10P -log10P

Ficure 7. Joint pathway analysis of proteomics and metabolomics. Joint pathway analysis of dysregulated proteins and amino acids (A),
dysregulated proteins and acylcarnitines (B) when comparing FLACS vs controls. Joint pathway analysis of dysregulated proteins and amino
acids when comparing high- vs low-energy FLACS (C). The darker the color of the circle, the greater the significance.

joint pathway analysis of proteomic and metabolomic
profiles, the higher energy of FSL was linked to
riboflavin metabolism and nicotinate and nicotinamide
metabolism. Both participate in the immune system, oxida-
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tion of mitochondria, and energy generation.’*>* Taken
together, these results suggested higher laser energy in
FLACS intensified disruption of cell homeostasis and
induced more metabolic changes and oxidative stress
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responses, as well as immunological and inflammatory
responses.

Compared with controls, FLACS presented with increased
aqueous HBB, HBD, and CRBB1. Upregulated HBD and
CRBB1 were observed in several immune and inflammatory
diseases,>* including uveitis.>> The oxidative stress-related
proteins, including heat shock proteins and PRDXs, were
also significantly upregulated in the FLACS group. PRDXs,
such as PRDX2 and PRDXG6, protect cells from attack via
reactive oxygen species and play a beneficial effect in inflam-
matory diseases.”®>” These significantly expressed proteins
are linked to cellular responses to stress, M phase, Wnt-TCF,
and NOTCH signaling pathways, suggesting a greater extent
of inflammatory and immunological reactions, active cell
cycle response, metabolic processes, and oxidative stress, in
FLACS than controls.

Several dysregulated amino acids were also observed
in FLACS group compared with controls. Putrescine and
spermine were found to be increased in acute uveitis.”®
Antioxidant glutathione, glutamic acid, aspartic acid, y-
aminobutyric acid, and inosine are recognized to exert
protective effects in ocular hypoxia or ischemia.”*~? In addi-
tion to laser-induced tissue stress, the increase in these
molecules might also be due to the tissue ischemia that
occurred in acute IOP elevation during the suction phase
in FLACS. The elevation of these amino acids in FLACS
suggested a potentially enhanced oxidative stress and tissue
inflammation triggered by FSL treatment. These results were
consistent with our previous randomized controlled trial,
in which we reported that the FLACS group had higher
aqueous prostaglandin E, and free radicals compared with
conventional phacoemulsification.!! On the pathway anal-
ysis, d-glutamate metabolism and aspartate metabolism,
which are known to protect the body from oxidative stress
and ischemia and reperfusion injury,”® were significantly
overexpressed in FLACS.

There are also nine medium- and long-chain acyl-
carnitines that were increased in FLACS compared with
controls, and the pathways enriched by these acylcar-
nitines are mainly related to mitochondrial fatty acid oxida-
tion, suggesting a subsequent dysfunction in mitochondrial
metabolism and impairment of fatty acid beta-oxidation
induced by FSL.28:%4% The finding aligns with the results
of previous in vitro experiments, which have shown FSL
resulted in fragmentation or swelling of mitochondria.®®
Recent studies have highlighted the changes of aqueous
carnitines in various ocular diseases including diabetic
retinopathy and uveitis,?*->167.%8 suggesting a disturbance in
the carnitine shuttle system and fatty acid metabolism poten-
tially contribute to disease pathogenesis.®”"% On the joint
pathway analysis, PPP and glycolysis and gluconeogenesis
were overexpressed in FLACS vs controls. PPP was activated
by mitochondrial oxidative stress to maintain mitochondrial
NADPH pools.”’ Glycolysis and gluconeogenesis is related
to energy metabolism and regulates cellular metabolism.”!
Hence, FSL treatment resulted in stronger oxidative stress
and metabolic responses.

Our findings may provide clinical implications for
cataract surgery patients with underlying conditions of
disrupting the blood-aqueous barrier, such as diabetes and a
history of uveitis or CME, which could potentially exacerbate
postoperative inflammation. Conventional phacoemulsifica-
tion or low-energy FLACS can be considered in these scenar-
ios, because they induce a lower inflammatory response
from the molecular perspective.
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There are several limitations to our study. The assess-
ment of anterior chamber inflammation was performed with
subjective grading rather than quantitative measurement
using the laser flare cell meter, and the grading may be too
crude to reflect subtle molecular changes. This factor can
also explain why no significant difference in the aqueous
inflammation level was observed among the three groups.
Future studies will include the investigation of long-term
postoperative complications between low-energy and high-
energy FLACS, and the correlation between the molec-
ular findings and clinical outcomes including postopera-
tive complications. Validation experiments for the identified
proteins and metabolites will also be included in future stud-
ies.

In summary, our study demonstrated that FSL treat-
ment in FLACS led to inflammatory and oxidative stress-
related reactions, as well as subsequent dysfunction in
mitochondrial fatty acid metabolism. These reactions were
more apparent at a molecular level when the laser energy
increased. These identified acylcarnitines, amino acids, and
proteins hold promise as potential biomarkers for devel-
oping precautionary strategies and mitigating postoperative
complications associated with FSL.
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