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Abstract

Corneal scarring is the result of a disease, infection or injury. The resulting scars cause significant
loss of vision or even blindness. To-date, the most successful treatment is corneal transplantation,
but it does not come without side effects. One of the corneal dystrophies that are correlated with
corneal scarring is keratoconus (KC). The onset of the disease is still unknown; however, altered
cellular metabolism has been linked to promoting the fibrotic phenotype and therefore scarring.
We have previously shown that human keratoconus cells (HKCs) have altered metabolic activity
when compared to normal human corneal fibroblasts (HCFs). In our current study, we present
evidence that quercetin, a natural flavonoid, is a strong candidate for regulating metabolic activity
of both HCFs and HKCs in vitro and therefore a potential therapeutic to target the altered cellular
metabolism characteristic of HKCs. Targeted mass spectrometry-based metabolomics was
performed on HCFs and HKCs with and without quercetin treatment in order to identify variations
in metabolite flux. Overall, our study reveals a novel therapeutic target OF Quercetin on corneal
stromal cell metabolism in both healthy and diseased states. Clearly, further studies are necessary
in order to dissect the mechanism of action of quercetin.
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INTRODUCTION

Cellular metabolism involves a series of biochemical reactions that occur within the cells of
living organisms and enable energy production, assembly and breakdown of key metabolites
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and biomolecules.! Metabolism allows organisms to grow, reproduce and respond to
external stimuli.23 Because the environment of most tissues is incredibly dynamic, cellular
metabolism must be accurately regulated to ensure certain optimal conditions within cells,
thereby maintaining a condition known as homeostasis.

The study of the collective metabolome, termed metabolomics, is a useful tool to measure
changes in bioenergetics within different cell types and with changes in local
microenvironments. Changes in cellular metabolism within a single cell can promote
numerous processes including cellular proliferation, differentiation, quiescence, and
apoptosis.>~% A number of previous studies have utilized metabolomics to identify variations
in concentration of metabolites as they relate to human disease.”~2 Moreover, metabolomics
has also been used to characterize a variety of ocular diseases, including KC,10.11 retinitis
pigmentosa, 12 uveitis'3 and a parasite-derived disease termed onchocerciasis.14
Understanding the role of cellular metabolism in promoting disease is crucial to developing
novel therapeutics to target a central regulatory system that affects multiple signalling
pathways and ultimately determines cellular fate. Moreover, changes in metabolism also
affect the extracellular environment, including extracellular matrix (ECM) composition and
assembly, thereby regulating tissue structure and endocrine signalling pathways.

The human cornea is a highly organized and transparent tissue that is directly affected by
changes in ECM structure.15:16 Resident cells, termed keratocytes, are normally quiescent
until there is an invasion such as disease, infection and/or injury. In response to these
conditions, keratocytes become “activated’ and differentiate to what are known as
myofibroblasts.1718 These cells are responsible for corneal wound healing and the
reestablishment of the damaged corneal ECM. Without external intervention, myofibroblasts
will secrete and assemble a dense, disorganized ECM leading to scar formation and vision
impairment. Corneal dystrophies, such as KC, also exhibit characteristics of scar
formation.19:20 While the aetiology and onset of this disease is unknown, it is clear that
cellular metabolism is abnormal in KC, as previously reported.11.21

Given the importance of cellular bioenergetics within the cornea, we report here the effect of
a novel metabolic modulator known as quercetin. Quercetin is a flavonoid widely distributed
in nature. In terms of its biosynthesis, quercetin is born from the phenylpropanoid pathway
in a series of highly regulated reactions.?223 Studies have shown that flavonoids, including
quercetin, play a protective role against UV-light damage in plants, whereby their
biosynthesis is altered dependent on cellular stress by exposure to UV-light.24 We have
recently reported quercetin as a key regulator of corneal fibrosis and ECM assembly in
KC.25 As a natural progression to our recent findings, this study establishes the metabolic
activity of quercetin in both HCFs and HKCs. To the authors’ knowledge, this is the first
report of metabolic alterations in corneal cells following quercetin treatment.

Overall, our results show that quercetin significantly affects concentrations of critical
metabolites in both HCFs and HKCs, suggesting that quercetin treatment may modulate
energy production in corneal fibroblasts thereby modifying cell function and likely
differentiation. Further investigation of the potential therapeutic role of quercetin may have
important clinical implications to reduce scarring following corneal injury or KC dystrophy.
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Furthermore, our study suggests that targeting specific enzymes involved in glucose
metabolism may be an approach to treat corneal dystrophies, such as KC.

MATERIALS AND METHODS

Primary cultures of human corneal fibroblasts (HCF) and keratoconus (HKC)

The research adhered to the tenets of the Declaration of Helsinki. HCFs and HKCs were
cultured as previously described.11:26.27 Briefly, HCFs were collected from normal patients
from the National Disease Research Interchange (NDRI; Philadelphia, PA), and HKCs were
obtained following isolation from KC corneas obtained from Aarhus University Hospital
(Aarhus, Denmark). Epithelium and endothelium were removed, and the stromal tissue was
sliced into small pieces and incubated in Eagle’s Minimum Essential Medium (EMEM) with
10% foetal bovine serum (Biologicals: Lawrenceville). After 2 weeks of incubation, cells
were passaged into a 100 mm cell culture plate and grown to confluency prior to seeding
into six-transwell plates.

3D constructs

3D constructs were developed as described previously.11:26 Briefly, HCFs were seeded at a
density of 108 cell/well into six-well transwell plates containing a 0.4-pm pore
polycarbonate membrane in each well (Corning Costar; Charlotte, NC). Constructs were
grown in 10% FBS EMEM media and stimulated with a stable Vitamin C derivative (0.5
mM 2-O-a-D-glucopyranosyl-L-ascorbic acid, American Custom Chemicals Corporation)
for 4 weeks with media changes 3x per week. 3D constructs containing HCFs and HKCs
were treated with vehicle (dimethylsulfoxide, DMSQ) or 10-uM quercetin (Sigma-Aldrich,
St. Louis, MO) for the entire 4 week period. At the end of the 4 week time point, constructs
(cells + self-assembled ECM) were isolated and submitted for metabolite extraction.

Metabolite extraction

Metabolites were isolated from cells as previously described.1! Briefly, cells were washed
with 1xXPBS and scraped into clean centrifuge tubes containing ice-cold 80% methanol.
Samples were incubated on dry ice for 15 min and centrifuged overnight at 4 °C (14 000 g).
Metabolites were isolated and stored at —80 °C until further use.

Targeted mass spectrometry

Dried metabolites were dissolved in 20-ul HPLC-graded water and analysed by targeted
microcapillary liquid chromatography-tandem mass spectrometry (LC-MS/MS) using a
hybrid 5500 QTRAP triple quadrupole mass spectrometer (AB/SCIEX) coupled to a
Prominence UFLC system (Shimadzu) and analysed with selected reaction monitoring
(SRM) with positive/negative polarity switching. Label-free quantification was used to
quantify and determine the differential expression levels of metabolites between samples.”:11
Metabolites with significant up- or downregulation from MultiQuant 2.1 software (AB/
SCIEX) were uploaded to MetaboAnalyst (http://www.metaboanalyst.ca/MetaboAnalyst)
for statistical and pathway analysis according to previously published data.1128
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Statistical analysis

RESULTS

All data was analysed using an unpaired Student T-test. P-values of less than 0.05 were
considered statistically significant.

Metabolic predicted pathways

We have recently identified quercetin as a potential inhibitor of corneal fibrotic markers,
including a-smooth muscle actin (a-SMA) and Collagen 111.25 In our current study, we
explored the effects of quercetin on modulating cellular metabolism in HCFs and HKCs /in
vitro. Using metabolomics, we tested each sample for 295 metabolites, of which 85 were
identified in all samples. These metabolites are listed in Table 1. The differences in the
metabolite levels in HCFs and HKCs following quercetin treatment were assessed and
quantified. Only the metabolites that were up/downregulated by more than a 2:1 ratio were
included in our analysis. Table 2 shows the number of metabolites up or downregulated in
both HCFs and HKCs following quercetin treatment. We found 16/85 metabolites
upregulated in HCFs where 44/85 in HKCs upon quercetin treatment. On the other hand,
23/85 metabolites were downregulated in HCFs and 3/85 in HKCs.

In order to determine the major biochemical pathways targeted by quercetin, we utilized
MetaboAnalyst28 to identify pathway enrichment promoted by quercetin treatment.
Interestingly, our results show a differential response to quercetin by HCFs and HKCs that
may provide clues into defects in HKCs that can be targeted. We saw an increase in
pathways associated with glycerolipid metabolism (8-fold), protein biosynthesis (6-fold),
methionine metabolism (5-fold) and phenyllacetate metabolism (12-fold) in quercetin-
treated HCFs (Figure 1A, p <0.02). Quercetin treatment increased sphingolipid metabolism
and phospholipid biosynthesis in both HCFs (fourfold, threefold, respectively, p <0.05,
Figure 1A) and HKCs (1.5-fold, 2.5-fold, respectively, p <0.05, Figure 1B) suggesting that
quercetin affects lipid metabolism in both normal and diseased cells in a similar mechanism.
We measured a significant increase in pathways associated with glycolysis (4-fold), pentose
phosphate pathway (5-fold) and the citric acid cycle (i.e. tricarboxylic acid cycle (TCA))
(3.8-fold) in quercetin-treated HKCs (Figure 1B, p <0.05). These results show that quercetin
directly modulates cellular metabolism by affecting glucose metabolism.

After mapping the metabolites into general biochemical pathways according to
Metaboanalyst, it was apparent that the common pathway downregulated in both HCFs and
HKCs following quercetin treatment was pyrimidine metabolism (2.5-fold, 7-fold,
respectively, p <0.03, Figure 2A-B). Quercetin-treated HCFs showed a significant reduction
in biochemical pathways associated with purine metabolism (3.5-fold, p <0.01), glycerolipid
metabolism (6-fold, p <0.01), pentose phosphate pathway (4.5-fold, p <0.01), glycolysis
(3.8-fold, p <0.01) and TCA cycle (3.5-fold, p <0.01, Figure 2A). We saw a reduction in
purine metabolism (6-fold, p <0.02) in HKCs, but not HCFs, following quercetin treatment
(Figure 2B). These results show that quercetin has an opposing effect on the major metabolic
pathways involved in glucose metabolism (glycolysis, pentose phosphate pathway and TCA)
in normal HCFs compared to HKCs. In order to explore the biochemical effect of quercetin
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on each pathway that may promote its antifibrotic properties,2> we examined variations in
metabolic flux of key reactions in each metabolic pathway to explore the molecular
mechanism of quercetin.

A key metabolic pathway for energy production and glucose metabolism in cells is
glycolysis. During this process, glucose is converted to pyruvate, and the free energy
released is used to generate a net gain of 2ATPs and 2NADH.2? Figure 3A shows a
schematic representation of this pathway.

We identified several metabolites that were differentially regulated by quercetin in both
HCFs and HKCs (Figure 3B). Glucose-6-phosphate was significantly upregulated (9-fold, p
<0.016) in HKCs following quercetin treatment compared to HCFs which showed a slight
reduction (1.7-fold). Glyceraldehyde-3-phosphate was also upregulated in HKCs (65-fold)
following quercetin treatment compared with a slight reduction by 3-fold in HCFs.
Dihydroxyacetone phosphate was downregulated in HCFs upon quercetin treatment (3.2-
fold), where it was upregulated, though not significantly, in HKCs (44-fold, p <0.15).
Similar regulation of the 3-phosphoglycerate metabolite was seen with downregulation by
3.4-fold in HCFs and upregulation by 3-fold in HKCs (p <0.001). Both glucose-1-phosphate
and glycolate had similar metabolic flux following quercetin treatment in both cell types
suggesting that quercetin is selectively targeting specific enzymes involved in glycolysis,
including hexokinase, aldolase and phosphoglycerate kinase.

Pentose phosphate pathway

In biochemistry, the pentose phosphate pathway is a metabolic pathway parallel to
glycolysis that results in generation of NADPH and 5-carbon pentose groups. The pentose
phosphate pathway is known to play an important role in corneal development.30:31 In order
to determine the effect of quercetin in modulating energy production, we measured changes
in metabolite flux within the pentose phosphate pathway, which is a secondary consumer of
glucose.

Figure 4A shows a schematic of the pathway, where Figure 4B shows quantification of the
metabolites that were significantly regulated upon quercetin treatment in both HCFs and
HKCs. Glucose-6-phosphate, a metabolite common to both glycolysis and the pentose
phosphate pathway, was found to be upregulated ninefold (p<0.016) in HKCs following
quercetin stimulation compared to a downregulation of 1.7-fold reduction by HCFs. This
increase in glucose-6-phosphate in HKCs results in an increase in glycolytic metabolites, as
well as metabolite flux in the pentose phosphate pathway, including an upregulation of
glyceraldehyde-3-phosphate (65-fold) and erythrose-4-phosphate (6.5-fold, p <0.03). The
increase in erythrose-4-phosphate observed in HKCs contributes to the increase in
glyceraldehyde-3-phosphate, an intermediate that is shuttled into glycolysis for conversion
into 1,3-bisphosphate (Figure 3A).
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The TCA cycle is a key metabolic pathway for generating NADH and FADH,, which is then
converted to ATP during oxidative phosphorylation (1). The end product of glycolysis,
pyruvate, is converted to acetyl CoA, which serves as the initial substrate for the TCA cycle.
In order to determine if the upregulation in glycolytic intermediates in HKCs induced by
quercetin is shuttled into the TCA cycle, we measured metabolite flux of key TCA
intermediates. As shown in the simplified scheme in Figure 5A, the TCA cycle has nine vital
elements: citrate, cis-aconitate, isocitrate, a-ketoglutarate, succinyl CoA, succinate,
fumarate, malate and oxaloacetate. Several of those metabolites were significantly regulated
upon quercetin treatment in both HCFs and HKCs. Citrate, isocitrate and malate flux were
upregulated (14.6-fold, 53.4-fold and 1.8-fold, respectively) in quercetin-treated HKCs,
which was significantly higher (p <0.03) than the downregulated metabolites (16.3-fold,
41.48-fold and 3-fold) measured in quercetin-treated HCFs (Figure 5B). Oxaloactetate,
which is generated from malate by malate dehydrogenase, was constant in both HCFs and
HKCs with quercetin treatment suggesting that generation of this intermediate may be a
limiting step in the TCA cycle. Overall, these results suggest that quercetin not only
modulates glucose conversion in glycolysis and the pentose phosphate pathway, but also
directly modulates NADH and FADH, production in the TCA cycle.

The urea cycle utilizes arginine to generate L-ornithine, which following several reactions is
eventually converted to urea. The urea cycle is known to contribute to cataract formation
within the lens.32:33 However, its role within the cornea is unknown. We measured variations
of key intermediates important in the urea cycle following quercetin treatment. The urea
cycle shown in Figure 6A consists of five reactions of which two are mitochondrial and three
cytosolic.3* We found altered regulation of arginine and carbamoy! phosphate metabolite
upon quercetin treatment, in both HCFs and HKCs. Carbamoy! phosphate reacts with
ornithine to give citrulline as shown in Figure 6A. In our system, carbamoyl phosphate was
downregulated in HCFs (4.3-fold) and upregulated in HKCs (42.7-fold, Figure 6B). No
other metabolite was significantly altered within the urea cycle, except for arginine, a
secondary metabolite which is synthesized by citrulline via nitric oxide synthase (NOS).
Quercetin treatment on HKCs led to significant upregulation of arginine by 42.7-fold
compared to a downregulation by 4.3-fold in HCFs (Figure 6B). Arginine is a known
metabolite associated with proline biosynthesis, a key amino acid in collagen structure.3®
Increasing intracellular arginine concentration may cause a significant increase in collagen
secretion without promoting a myofibroblast phenotype by simply providing a key precursor
to collagen assembly.

ATP/ADP/AMP regulation

All living cells must continuously maintain a non-equilibrium ratio of ADP to ATP.36 The
fact that this ratio in cells usually remains almost constant indicates the importance and
efficiency involved in regulating this process. Figure 7 shows the relative flux of AMP, ADP
and ATP in both cell types with and without quercetin treatment. AMP levels were reduced
by 40% in quercetin-treated HCFs (p<0.002), while quercetin-treated HKCs increased AMP
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flux by 159% (p = 0.06, Figure 7A). We also measured an increase in ADP flux in quercetin-
treated HKCs (32%, Figure 7B). Both ADP and ATP flux were reduced in HCFs with
quercetin treatment (65%, 93%, respectively, p <0.0002, Figure 7B-C) supporting the data
showing downregulation of glycolysis and TCA intermediates in HCF, which would be
expected to directly modulate ATP production in oxidative phosphorylation. Figure 7D-E
shows ATP/ADP and ATP/AMP regulation in HCFs and HKCs upon quercetin treatment.
Both the ratios of ATP/ADP and ATP/AMP were significantly downregulated in HCFs with
quercetin treatment as compared to vehicle-treated controls (74%, p <0.0001, Figure 7D,
and 82%, p <0.0001, Figure 6E, respectively). Surprisingly, the two ratios were not
significantly altered in HKCs even though there was a trend showing downregulation upon
quercetin treatment.

DISCUSSION

It is well known that the KC dystrophy may lead to corneal fibrosis as well as corneal
thinning and bulging.19:20:37 However, the specific mechanism by which defective corneal
stroma signalling leads to the disease phenotype remains incompletely understood. While
we know more about the corneal fibrosis mechanism because of an injury or trauma, the KC
fibrotic phenotype is still under investigation. Rodent models for corneal injury/trauma are
plenty and well-studied,38:39 yet we are still to see a rodent model that can recapitulate the
human KC dystrophy. Development of such a model will prove very useful in increasing our
understanding of the pathogenesis of KC.

Human corneal stromal cells isolated from KC corneal tissue following corneal
transplantation have been widely used over the last decade to model KC 7n vitro 4941 It is
now widely accepted that cellular metabolism plays a key role in KC disease.10.11.21 Qyr
group established the first 3D culture system in 2012 that mirrors the /7 vivo phenotype.26 In
an attempt to gain insight into the molecular and biochemical mechanisms of the disease
process, we have used our 3D model to characterize the global metabolic profiles of human
corneal cells from healthy and KC 3D cultures.!! In our current study, we explored the effect
of a novel anti-fibrotic compound named quercetin on modulation of cellular metabolism in
HKCs, which we hypothesize, drives the disease phenotype of altered ECM assembly giving
rise to corneal scarring.

Quercetin is a flavonol and dietary antioxidant found in most fruits and vegetables, such as
onions, cranberries and dark grapes.#243 It has been reported that quercetin has anti-
inflammatory,*44° anti-proliferative*®:47 and anti-carcinogenic effects*®49 in a variety of
models. In the retina, quercetin was shown to protect retinal pigment epithelium (RPE) from
hydrogen peroxide-induced cell death and reverse oxidative damage in the RPE.5951 |n the
cornea, we have recently shown that quercetin inhibits the fibrotic phenotype exhibited by
HKCs /n vitrowith a decrease in a-SMA and Collagen 111 expression.2> Herein, we
explored the role of quercetin in modulating cellular metabolism in HKCs as a possible
mechanism of action..

Among the most significant metabolic findings were the opposite modulation of both
glycolysis and the TCA cycle by quercetin. Glycolysis and the TCA cycle are the dominant
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mechanisms utilized by cells to produce ATP, NADH and FADH2, which are then used to
generate energy to drive biochemical reactions. Our results show that quercetin modulates
glycolysis in HKCs and causes a significant increase in glucose-6-phosphate, which is the
primary metabolite generated by hexokinase upon glucose uptake.> Phosphorylation of
glucose is fundamental in restricting glucose to the cytosol and enabling metabolism of the
sugar to generate ATP.1 Our data suggests that quercetin directly modulates expression of
glycolytic enzymes resulting in an increase in glucose-6-phosphate that contributes to
driving favourable energy production by HKCs. The increase in glyceraldehyde-3-phosphate
and dihydroxyacetone phosphate, both products of aldolase activity, in HKCs following
quercetin treatment suggests that quercetin directly modulates glycolytic activity to favour
substrate-level phosphorylation to generate ATP production. Moreover, in the normal HCFs
we found the opposite effect on production of glycolytic intermediates by quercetin
suggesting that inherent gene expression of glycolytic enzymes dominates energy production
and response to quercetin.

Two of the most important mechanisms in cellular metabolism were regulated in an opposite
manner between HCFs and HKCs with quercetin treatment. First, in HCFs, key glycolytic
metabolites, dihydroxyacetone phosphate and 3-phosphoglycerate, were downregulated,
where in HKCs the same two metabolites were upregulated. Second, in HCFs, the TCA
cycle showed downregulation of citrate while HKCs showed upregulation of this metabolite
as well as isocitrate and malate, indicating a faster and rather overloading TCA cycling.
These results become even more significant when we consider that quercetin significantly
downregulates fibrotic markers in these same cell types and the same 3D culture model, as
shown by our group recently.?® This suggests that the metabolic mechanism for corneal
fibrosis differs between specific conditions and diseases. In other words, the metabolism in
HCFs needs to be modulated in a different manner compared to HKCs in order to promote a
non-fibrotic phenotype.

Our findings were further supported by the regulation of the adenine nucleotides, ATP, ADP
and AMP. The majority of metabolic pathways are regulated by the relative proportions of
ATP, ADP and AMP in the cells. A cell which lacks sufficient ATP and/or accumulates
ADP/AMP will almost certainly have altered normal function and cellular behaviour. In this
study, we examined healthy HCFs and diseased HKCs isolated from KC patients. It was no
surprise to us that there was a massive difference on the ATP availability and the ATP:ADP/
ATP:AMP ratios. We have shown previously26:27 that HKCs are terminally differentiated to
myofibroblasts, a cell responsible for corneal fibrosis.1”-18 HCFs, on the other hand, are
from healthy donors, but still not as quiescent as the normal resident corneal cells known as
keratocytes.52:53 Despite that, there are extensive differences between HCFs and HKCs, in
terms of their role in fibrosis, as reported previously.11:26.27.54 Qur data on the adenine
nucleotides indicates that ATP levels were higher in HCFs compared to HKCs and massively
decreased upon quercetin treatment. HKCs did not show extensive response in ATP, ADP
and AMP flux following quercetin treatment. However, the ratios of both ATP/ADP and
ATP/AMP flux showed massive upregulation in HKCs when treated with quercetin as
compared to all other groups. This indicates accumulation of both ATP and AMP when
HKCs are treated with quercetin. Adding these findings to what we know about quercetin
and anti-fibrotic effects on HKCs, these results suggest that quercetin helps reestablish the
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ATP-ADP-AMP balance in these cells and therefore ‘push’ them towards a less fibrotic and
potentially healthier state.

Clearly, further studies are required in order to ensure that we can switch HKCs back to a
more keratocyte like phenotype, but this is a promising start for this process. Given the
unavailability of an animal model for studying KC disease, our 3D model poses huge
potential for discovering the key factors involved HKC dysfunction. Our study suggests that
targeting cellular metabolism in KC may prove to be a promising approach to treating this
corneal disease by inhibiting differentiation to the myofibroblast phenotype. We propose that
quercetin may be a useful antioxidant that can potentially be used to inhibit corneal fibrosis
by modulating cellular metabolism and inhibiting scar formation.
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following quercetin treatment. Statistical significance denoted by * = p <0.05 determined by
an unpaired Student T-test. Q = quercetin. Data is representative of three independent
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(A) Schematic depicting the role of quercetin in modulating metabolic flux in the pentose
phosphate pathway in HCFs and HKCs. (B) Quantification of fold changes in glucose-6-
phosphate (G-6-P), glyceraldehyde-3-phosphate, erythrose-4-phosphate (Ery-4-P) and
glyceraldehyde-3-phosphate (Gly-3-P) following quercetin treatment. Statistical significance
denoted by * = p <0.05 determined by an unpaired Student T-test. Q = quercetin. Data is

representative of three independent experiments, n = 3
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representative of three independent experiments, n = 3
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Figure 7.
Relative flux of (A) AMP, (B) ADP and (C) ATP in HCFs and HKCs measured by LC-

MS/MS. (D) Ratios of ATP/ADP and (E) ATP/AMP in HCFs and HKCs following quercetin
or vehicle (control) treatment, as measured by LC-MS/MS. Values normalized to HCF
control. n = 3, error bars represent standard error of the mean. Statistical significance
denoted by * = p <0.05 determined by an unpaired Student T-test. Q = quercetin. Data is
representative of three independent experiments, n = 3
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Table 1

Comprehensive list of detected metabolites present in all samples measured by targeted LC-MS/MS

Identified metabolites

Glycolate
2-Oxobutanoate
Acetoacetate

Glycerate

Fumarate

Maleic acid
2-Keto-isovalerate
Guanidoacetic acid
Succinate
Methylmalonic acid
Nicotinate

Taurine

Citraconic acid
2-Ketohaxanoic acid
N-Acetyl-L-alanine
Oxaloacetate
Hydroxyisocaproic acid
Malate

Hypoxanthine
Anthranilate
p-Aminobenzoate
Carbamoyl phosphate
Phenylpropiolic acid
2-Oxo-4-methylthiobutanoate
2-Hydroxy-2-Methylbutanedioic acid

Xanthine
2,3-Dihydroxybenzoic acid
Choline

Uric acid
Dihydroxy-acetone-phosphate
D-Glyceraldehdye-3-phosphate
sn-Glycerol-3-phosphate
Aconitate

Ascorbic acid
2-I1sopropylmalic acid
Pyrophosphate

4-Pyridoxic acid
3-Phosphoglycerate
Indoleacrylic acid

Isocitrate

Citrate
D-Erythrose-4-phosphate
Xanthurenic acid
Deoxyribose-phosphate
Pantothenate
Ribose-phosphate
Hexose-phosphate
Glucose-1-phosphate
Glucose-6-phosphate

Inosine
D-Sedoheptulose-1-7-phosphate
Glutathione-nega
Trehalose-sucrose
Orotidine-5-phosphate
ADP-nega
2-Hydroxygluterate

Alanine

Creatinine

Proline

Betaine

Threonine
Creatine
Nicotinamide
DL-Pipecolic acid
Leucine-isoleucine
Glutamine
Glutamate
Methionine
Histidine
Carnitine

Arginine
Phosphorylcholine
Acetylcarnitine DL
Tryptophan
Cystine

Biotin
Glycerophosphocholine
Glutathione
Orotate
Dihydroorotate
Allantoin
Aminoadipic acid
Phenyllactic acid
Quinolinate

Serine
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Table 2

Total number of upregulated and downregulated metabolites identified in normal HCFs and diseased HKCs
following quercetin treatment

Cell type+treatment  Total # of upregulated metabolites Total # of downregulated metabolites

HCF + quercetin 16 23
HKC + quercetin 44 3
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