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Abstract

Aldose reductase (AR) in the lens plays an important role in the pathogenesis of diabetic cataract
(DC) by contributing to osmotic and oxidative stress associated with accelerated glucose
metabolism through the polyol pathway. Therefore, inhibition of AR in the lens may hold the key
to prevent DC formation. Emodin, a bioactive compound isolated from plants, has been implicated
as a therapy for diabetes. However, its inhibitory activity against AR remains unclear. Our results
showed that emodin has good selectively inhibitory activity against AR (IC5q = 2.69 + 0.90 t/M)
but not other aldo-keto reductases and is stable at 37 °C for at least 7 days. Enzyme kinetic studies
demonstrated an uncompetitive inhibition against AR with a corresponding inhibition constant of
2.113 £ 0.095 pM. In in vivo studies, oral administration of emodin reduced the incidence and
severity of morphological markers of cataract in lenses of AR transgenic mice. Computational
modeling of the AR-NADP-emodin ternary complex indicated that the 3-hydroxy group of
emodin plays an essential role by interacting with Ser302 through hydrogen bonding in the
specificity pocket of AR. All the findings above provide encouraging evidence for emodin as a
potential therapeutic agent to prevent cataract in diabetic patients.
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In 2010 approximately 285 million people worldwide had diabetes,! and this is predicted to
increase to 552 million people by the year 2030.2 Hyperglycemia in diabetic patients is a
robust factor causing organ damage to the eye and kidney, as well as neurological and
cardiovascular systems.3= In the eye, diabetes is associated with higher incidence of
cataracts, or lens opacities. To date, cataract remains a major cause of blindness in the
world.%-8 Tight glycemic control in diabetic subjects reduces the risk of cataract
development,? although euglycemia is difficult to achieve in practice.

Aldose reductase (AR; AKR1B1), a member of the aldo-keto reductase superfamily,
catalyzes the NADPH-dependent reduction of glucose to its sugar alcohol, sorbitol.10 A
positive correlation between hyperglycemia and AR expression has been observed in many
studies11:12 and shows that AR activation plays a key role in diabetic cataract (DC)
formation.1314 Indeed, diabetes-dependent increases in AR activity can be found in lenses
of a rat model of diabetic cataract.1® In the polyol pathway, galactose is another substrate
metabolized by AR and results in accumulation of galactitol, which accumulates to high
levels because it cannot be metabolized by sorbitol dehydrogenase (SDH) and also causes
cataract formation.13 AR inhibitors (ARIs) have been utilized to prevent cataract formation
in streptozotocin (STZ)-diabetic animal models!6:17 and galactose-fed rats.18

In addition to contributing to the pathogenesis of DC, the action of AR has been linked to
other kinds of ocular diseases such as uveitis, 192! retinopathy,11:22 and lens changes
associated with posterior capsular opacification.23:24 Our previous studies indicated that
genetic ablation or pharmacological inhibition of AR reduced inflammatory responses in the
eye?0:21 and prevented retinal pigment epithelial (RPE) cell death under hyperglycemic
conditions.!1 As a result of these observations, blockade of AR appears to be a strategy for
prevention of a variety of ocular diseases. Unfortunately, previous clinical trials of ARIs
have been unsuccessful due to toxicity and side effects related to poor specificity.25>-27
Therefore, inhibitors with a high degree of specificity toward AR are needed.

Plant-derived compounds have been used for preventing DC for decades;28 many natural
products have been shown to possess AR inhibitory activity and the ability to delay the onset
or progression of DC.2%-31 Emodin (1,3,8-trihydroxy-6-methylanthracene-9,10-dione),
which is found in many plants,32:33 has been shown to have a variety of therapeutic effects,
such as anti-inflammatory3# and antidiabetic effects in mouse models.3>-37 While one study
showed AR inhibitory activity of emodin i vitro,38 detailed studies of emodin as a
therapeutic agent against diabetic eye disease have not been reported. To determine whether
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emodin plays a protective role in preventing DC formation, we conducted studies on lens
epithelial cells (LECs) and AR transgenic (AR-Tg) mice. We tested the inhibitory activity of
emodin against AR /n vitro by sorbitol accumulation assay. Our results revealed that emodin
suppressed sorbitol accumulation and phenotypes associated with DC pathogenesis in AR-
Tg mice, suggesting that emodin has potential for use as an ARI and therapeutic agent for
the prevention of DC.

RESULTS AND DISCUSSION

Emodin, but Not Chrysophanol Shows Inhibitory Activity against Aldose Reductase

Chrysophanol (also known as chrysophanic acid) and emodin are anthraquinone derivatives
differing in structure only at position 3, which is hydroxylated in emodin (Figure 1). We
conducted enzyme inhibition studies to determine the inhibitory efficiency of chrysophanol
and emodin against AR and related aldo-keto reductases (AKRS). We observed that emodin
inhibits human AR with an 1Cgg value of 2.69 + 0.90 4M (Figure 2A). However,
chrysophanol showed no inhibitory activity against AR even at concentrations as high as 100
LM (Figure 2A). We further analyzed the enzyme kinetics of emodin using DL-
glyceraldehyde as a model substrate. Analysis revealed an uncompetitive mode of inhibition
of emodin against AR with a corresponding inhibition constant (Kj) of 2.113 + 0.095 ¢/M
(Figure 2B).

To investigate their specific activity, we examined the ability of emodin and chrysophanol to
inhibit two additional AKRs, namely, AKR1B10 (human small intestine reductase, HSIR)
and AKR1A1 (glucuronate reductase, GR). Our results showed that chrysophanol has no
inhibitory activity against any of the AKRs tested, while emodin inhibited AKR1B1 but not
AKR1B10 or AKR1A1 (Figure 2C). Cytotoxicity testing of emodin in a human lens
epithelial cell line (FHL 124) showed that cell viability was substantially reduced at
concentrations exceeding 10 4M, which is far above the 1Cgq for enzyme inhibition (Figure
2D). We also measured sorbitol accumulation (the product of glucose reduction by AR)
under high glucose conditions with or without emodin. At 5 M, emodin attenuated high-
glucose-induced elevation of sorbitol accumulation, as expected if emodin was capable of
inhibiting AR in cells (Figure 2E).

Emodin Is a Thermal-Stable Agent against Aldose Reductase

To study the thermal stability of emodin, we incubated a 1 £M solution of the compound at
37 °C for a week. We found that inhibitory activity is essentially unchanged over this period
of time under these incubation conditions (Figure 3). This stability profile is a desirable
feature to consider for future development of emodin for human therapy.

Emodin Reduces Vacuole Formation and Lens Opacification in a Mouse Model

We recently generated human AR transgenic (AR-Tg) mice, designated strains PAR37 and
PAR39, that express high levels of human AR and develop lens vacuoles similar to that
observed in diabetic cataract.3? In this study, we utilized the PAR37 strain to test the efficacy
of orally administered emodin against the development of histological changes in the lens
associated with cataract formation. As we showed in a previous publication, AR-Tg strains
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PAR37 and PAR39 but not nontransgenic littermates (wild type, WT) spontaneously develop
a lens phenotype by P21 characterized by an extensive array of vacuoles in the outer cortical
region of the lens.%0 To test the ability of emodin to suppress this AR-dependent lens
phenotype, we initiated treatment of P1 pups by including sufficient emodin (dissolved in
DMSO) in the drinking water of nursing mothers to deliver a dose of 35 mg/kg to the
mother. As a positive AR inhibitor control, we similarly treated a group with sorbinil, a well-
characterized orally active ARI previously shown to block DC formation in a variety of
animal models.#! As shown in Figure 4, lenses from WT mice were free from vacuoles
regardless of treatment paradigm (Figure 4A-D). However, in AR-Tg mice, extensive
vacuoles were observed in the group from nursing mothers whose drinking water included
the drug solvent alone (DMSQ) (Figure 4E). In contrast, AR-Tg mice nursed by mothers
treated with emodin or sorbinil had significantly fewer vacuoles (Figure 4F and G). By
measuring the vacuolated cross sectional area in histological sections, we estimated that
vacuoles constitute approximately 18% of the lens of P16 AR-Tg mice. Maternal
consumption of ARIs reduced vacuolization to 6.3% in emodin- (Figure 4F) and to 3.8% in
sorbinil-treated groups (Figure 4G). Surprisingly, if administration of emodin was initiated 3
days prior to birth of the pups, we observed an even better protective effect on reducing
vacuolization to 2% (Figure 4H). The effect of drug treatment on vacuolization in the
various treatment groups is shown graphically in Figure 41.

Molecular Modeling Analysis

To understand the structure—activity relationship of emodin and chrysophanol, we conducted
molecular docking simulation using the Biovia Discovery Studio 2016 software. Both
emodin and chrysophanol were docked into the crystal structure of human AKR1B1 (PDB:
2FZD, resolution 1.08 A). The binding mode of emodin with human AR revealed that
emodin has favorable hydrophobic interactions with Leu300; the 3-hydroxy and the 8-
hydroxy group formed a tight hydrogen bond with Ser302 and Trp20 in the specificity
pocket, respectively. Moreover, the methyl group also showed a hydrophobic interaction
with the side chain of residue His110 and the NADP* cofactor in the anionic pocket and
Trpl111 in the specificity pocket (Figure 5A). According to our docking model, the docked
emodin was found to have a similar binding pose to S-glucogallin (BGG), a well-
characterized selective AR inhibitor,3042 sharing the key hydrogen bond interaction with
Ser302. In addition, superimposition of docked emodin and BGG suggested that emodin
also occupies the binding pocket in a similar fashion (Figure 5B), which could be the reason
for the observed similar AR activity. Detailed analysis of the binding pose of emodin
indicates that the hydroxyl group at the 3-position of emodin is crucial for its binding with
AR. In the case of chrysophanol, these key hydrogen bond interactions were absent because
it does not have the corresponding hydroxyl group. We consider this a logical explanation
for the observed loss of AR inhibitory activity for chrysophanol and the selective AR
inhibition of emodin. Thus, the presence of the 3-hydroxyl group of emodin appears to be
essential to its potent biological activity.
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CONCLUSIONS

Emodin and chrysophanol are derivatives of anthraquinone that can be found in plants and
metabolites of fungi and bacteria.#3-47 Our results build from a previous observation that
emodin has inhibitory activity against AR3® by conducting more /n vivoand in vitro
experiments and including a comparative structure—function study of emodin and
chrysophanol, a compound with structural similarity to emodin but no detectable AR
inhibitory activity (Figure 2A). Indeed, the minor structural difference between
chrysophanol and emodin (hydroxyl vs hydrogen at C-3; see Figure 1) appears to determine
the difference in inhibitory potency between the two compounds. Many AR inhibitors also
block the activity of multiple AKRs such as AKR1B10%849 and AKR1A1.50 To verify the
specificity of emodin inhibition, we conducted assays utilizing AKR1B1, AKR1B10, and
AKR1AL. As a group, these closely related aldo-keto reductases are similarly capable of
reducing reactive aromatic and aliphatic aldehydes. However, AKR1B1 is unique in its
ability to catalyze the production of sorbitol, a sugar alcohol linked to the pathogenesis of
eye, kidney, and peripheral nerve degeneration associated with diabetes mellitus.®! Our
observation that emodin has a very good specificity for AKR1B1 (Figure 2C) suggests a
potential therapeutic role for emodin for prevention of diabetic eye, kidney, and nerve
disease without inhibiting the ability of other aldo-keto reductases to protect against
aldehyde-mediated toxicity. Computational modeling revealed that emodin likely binds to
the AR-NADP(H) binary complex in a manner similar to previously studied AR inhibitors
such as BGG (Figure 5B). The key point of inhibitory activity on emadin is its 3-hydroxyl
group (absent in chrysophanol), which interacts with Ser302 on AR (Figure 5B), which has
been reported as one of the key residues of the AR active site.>2 We can exploit this
information to introduce modifications to the emodin structure in order to enhance the
specificity and affinity of emodin for the AR binding site. Additionally, the result indicated
that emodin is an uncompetitive inhibitor of AR; that is, emodin could bind neither to the
substrate-binding region nor to the NADPH-binding region of AR. Moreover, Bohren and
Grimshaw conclusively demonstrated that observed noncompetitive to uncompetitive
inhibition patterns of ARI can be rationalized in terms of binding of an AR inhibitor to the
enzyme-NADP+ complex at the active site, with no need to postulate a alternative catalytic
site or allosteric binding site.>3

Low cytotoxicity (Figure 2D), efficacy in cell line experiments (Figure 2E), and good
stability under physiological conditions (Figure 3) led us to examine emodin in an AR-Tg
mouse model. /nn vivo studies confirmed the therapeutic effects of emodin on cataract
formation using a vacuolization assay (Figure 4). These data support the concept that
emodin likely suppresses the cataract phenotype in our animal model via AR inhibition.
Further studies will be necessary to explore the possibility that emodin will be efficacious
against cataracts resulting from other inciting factors, such as cataracts induced by excessive
exposure to UV light.54

In addition to AR, emodin also has been shown to inhibit casein kinase 114° and protein
tyrosine kinase,*3 including the nonreceptor tyrosine kinase Src, which has been shown to
facilitate stress-related cataract formation and posterior capsular opacification.>>26 Indeed,
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the capability of emodin to inhibit both AR and Src family kinases may provide a dual mode
of protection against cataract.

Despite earlier reports that orally administered emodin accumulates to low serum
concentrations due to binding to serum proteins,®’->8 we found that treatment of lactating
mothers with emodin in drinking water was sufficient to protect against vacuole formation in
the lenses of their suckling infant mice. While we did not measure the levels of unbound
emodin in maternal or infant blood, we consistently observed its therapeutic effect against
lens vacuole formation. This suggests that sufficient quantities of emodin are able to transit
the GI tract and gain entry to the lens at concentrations sufficient to affect a phenotypic
rescue.

We favor the interpretation that blockade of AR activity is accomplished by the specific
interaction of emodin with the active site of AR. In this study, we revealed that enzymatic
activity of AR could be blocked by emodin but not chrysophanol (Figure 2). The structural
similarity between these two anthraquinones (Figure 1) excludes the nonspecific interaction
between emodin and AR. On the contrary, the 3-hydoxy of emodin specifically interacts
with Ser302 of AR based on molecular modeling experiments (Figure 5). This data
encouraged us to believe that emodin inhibits AR in a pan-assay interference compounds
(PAINS)-independent manner.

Many AR inhibitors have been developed as a strategy to prevent or substantially suppress
the development of diabetic complications affecting the visual system, peripheral nerves,
and kidney. However, several of them such as imirestat,2’ tolrestat,2>26 and zoporestat2®
were associated with renal and/or liver toxicity and failed in clinical trials. Development of
natural compounds as AR inhibitors is an urgent need for treatment of diabetic
complications.>® Foods such as cinnamon®? and lichens81 have been reported to contain
natural compounds as AR inhibitors. Our previous studies using natural product BGG
isolated from Indian gooseberry showed robust inhibitory activity against AR with very low
cytotoxicity.11:20.21 Fyrther studies will be needed to establish the clinical efficacy and
safety of emodin, a promising therapeutic sourced primarily from plants.38.62

EXPERIMENTAL SECTION

Materials and Cell Culture

Emodin (1,3,8-trihydroxy-6-methylanthracene-9,10-dione) and chrysophanol (1,8-
dihydroxy-3-methyl-9,10-anthraquinone) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). Sorbinil was generously provided by Pfizer Center Research. Human lens
epithelial cells (FHL 124 cell line created by Reddan)53 were generously provided by Dr.
Ram H. Nagaraj (Department of Ophthalmology, University of Colorado Anschutz Medical
Campus) and were cultured in low glucose (1 g L™1) Dulbecco’s modified Eagle medium
(DMEM) supplemented with 4 mM L-glutamine, 5% (v/v) fetal bovine serum, 100 units
mL~1 penicillin, and 100 g mL~1 streptomycin. Cells were maintained in a humidified
incubator containing 5% carbon dioxide at 37 °C.
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Animals and Treatments

AR transgenic mice (strain PAR37)40 and nontransgenic littermate controls were assigned
with approximately equal gender distribution to different feeding groups (DMSO, n= 4;
emodin, 7= 6; sorbinil, 7= 3). From the birthdate of pups onward, unless specified
otherwise, nursing mothers were given emodin (35 mg kg™1), sorbinil (80 mg kg™1), or
vehicle (DMSO) in their drinking water. Where specified, pregnant mice were given emodin
(35 mg kg™1) in drinking water for 3 days before pups were born and then continuously
afterward. Breeding females were checked daily in order to mark the beginning of
pregnancy. Mouse pups were euthanized, and eyes fixed in formalin and embedded with
paraffin. Tissue slides were mounted on glass slides and stained with hematoxylin and eosin
(H&E). This research was conducted in compliance with the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. C57BL/6 mice (The Jackson Laboratory) were
handled in strict accordance with good animal practice. All animal work was approved by
the Institutional Animal Care and Use Committee at the University of Colorado Anschutz
Medical Campus.

Aldo-keto Reductases

Recombinant human AKR1B1, AKR1B10, and AKR1A1 were purified from £. coli host
cultures as described previously.54 Enzyme solutions were stored at —80 °C and, when
thawed, were maintained at 4 °C before use. AKR activity was determined
spectrophotometrically by measuring the decrease in absorbance at 340 nm upon oxidation
of NADPH.#2 Reaction mixtures in 1.0 mL quartz cuvettes contained DL-glyceraldehyde
(1.0 mM for AKR1B1, 25 mM for AKR1B10, and 15 mM for AKR1A1) and 150 /M
NADPH in KAB buffer (50 mM HEPES, pH 7.5, 150 mM NaCl, 1 mM DTT, 10 mM
MgCly). For Kinetics studies, rates were measured in triplicate under varying substrate and
inhibitors (emodin and chrysophanol) concentrations. Rate and inhibition constants were
compared using GraphPad Prism (San Diego, CA, USA).

Cell Viability and Sorbitol Colorimetric Assay

FHL 124 cells (10* cells) were grown in 96-well plates for the cell viability assay or 10°
cells in 60 mm dishes for the sorbitol colorimetric assay. For the viability assay, cells were
treated with the indicated concentrations of emodin. After a 24 h treatment, 10 yL of MTT
(5 mg mL™1 in PBS) was added to 100 L of culture medium/well for 4 h, and the cell
viability was determined by using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) (Sigma-Aldrich) as described.®> Levels of MTT were determined by
measuring the absorbance at 570 nm by using a BioTek Synergy 4 Hybrid microplate reader
(BioTek, Winooski, VT, USA). For sorbitol colorimetric assays, cells were treated with
emodin and low or high glucose, followed by washing with cold PBS twice. In lens organ
culture, lenses were homogenized using RIPA buffer. The cell lysates were followed by
deproteinization with a deproteinizing sample preparation kit (BioVision, Milpitas, CA,
USA). Sorbitol determinations with neutralized samples were carried out using a D-sorbitol
colorimetric assay kit (BioVision) and a BioTek Synergy 4 hybrid microplate reader for
measuring analyte absorbance at 560 nm.
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Molecular Docking of Emodin and Chrysophanol with Human AKR1B1

Computational modeling was carried out using the flexible docking protocol of Biovia
Discovery Studio 2016. The CHARMmM force field was applied to the 1.08 A AKR1B1
(PDB: 2FZD) crystal structure, water molecules were removed, and residues were corrected
for physiological pH. The receptor was minimized by the Smart Minimizer algorithm, an
algorithm that performs 1000 steps of steepest descent with a root-mean-square gradient
tolerance of 3. The binding site was defined as whole residues within an 8 A radius subset
encompassing the active site. All ligands were prepared and typed with the CHARMm force
field before docking studies. LibDock was used to filter the confirmation of the substrates.
The number of specified hot spots was set at 100, and max hits to save was set at 10 for each
ligand using the “BEST” algorithm for conformational sampling. The top poses of each
ligand were selected for flexible docking by using the corresponding protocol in Discovery
Studio 2016 that allows for receptor flexibility. The flexible residues were determined to be
those in the anionic pocket (Asp43, Tyr48, Lys77, His 110, Phe115 Ser159, Asn160,
GIn183, and Tyr209) and specificity pocket (Trp20, Trp79, Trplll, Thrl13, Phel22,
Pro218, Trp219, Val297, Cys298, Ala299, Leu300, Ser302, and Cys303).52 Simulated
annealing between 300 and 700 K and postdocking ChiRotor refinement were allowed.

Statistical Analysis

Results are shown as the means + SEM of at least three experiments. Data were analyzed by
Student’s ftest with a p value of <0.05 considered significant.
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Figurel.
Structure of emodin and chrysophanol.
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Figure2.
Inhibitory activity of anthraquinones. (A) The ICsq of emodin and chrysophanol against

AKR1B1 was determined in the presence of various dosages from 0.1 to 100 zM. (B)
Double reciprocal plots of the initial enzyme velocity versus the concentration of substrate
in the presence of different concentrations (0, 1, 2.5 ¢M) of emodin. (C) The inhibitory
activity of emodin and chrysophanol against AKR1B1 (aldose reductase, AR), AKR1B10
(human small intestine reductase, HSIR), and AKR1A1 (glucuronate reductase, GR) was
measured using DL-glyceraldehyde as the aldehyde substrate as described in the
Experimental Section. (D) FHL 124 cells were treated with various concentrations of
emodin for 24 h, and cell viability was determined by the MTT assay. (E) AR inhibitory
activity in human lens epithelial cells was confirmed utilizing a sorbitol accumulation assay
in FHL 124 cells. Cells were treated with emodin (5 ¢M) and low (5 mM) or high (30 mM)
glucose for 24 h. The amount of sorbitol in cell lysates was normalized to total protein. Data
shown are means = SEM (7= 3). *p< 0.05.
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Figure 3.

37°C incubatoin (days)

Stability study of emodin. Emodin (1 xM, in DMSO) was incubated at 37 °C for 1, 3, 5, and
7 days, and its inhibitory activity against AKR1B1 was measured. Data shown are means +

SEM (7= 3).
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Figure 4.
AR inhibition rescues vacuolization in AR-overexpressed lenses. Nursing dams of newborn

WT (A-D) or AR Tg mice (E-H) were treated with DMSO (A, E), emodin (B, F), or
sorbinil (C, G) for 16 days or for 3 additional days’ treatment with emodin prior to birth
(Pre-emodin) (D, H). Percentage of lens cross sectional area covered with vacuoles in each
group (I). Histological sections were stained with hematoxylin and eosin (H&E). Arrows
indicate vacuoles in lenses. All photomicrographs were taken at 40x magnification. Images
are typical of multiple different animals (n7= 3-5) from each group. Data shown are means *
SEM (n=3-5). *p<0.05; **p< 0.01.
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Figureb.
Molecular modeling of emodin with aldose reductase. (A) Binding model of emodin (blue

carbon skeleton) as revealed from flexible docking in the binding site of human AKR1B1.
The green dashed lines represent hydrogen bonds, and pink dashed lines represent
hydrophobic interactions. (B) Superimposition of docked pose of emodin (blue carbon
skeleton) and selective AR inhibitor BGG (gray carbon skeleton). The key hydroxyl groups
that interact with Ser302 are highlighted in yellow.
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