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ARTICLE
The aldose reductase inhibitor epalrestat exerts nephritic

protection on diabetic nephropathy in db/db mice through
metabolic modulation

Jun He', Hao-xue Gao', Na Yang', Xiao-dong Zhu?, Run-bin Sun', Yuan Xie', Cai-hong Zeng?, Jing-wei Zhang’, Jian-kun Wang',
Fei Ding?, Ji-ye Aa' and Guang-ji Wang'

Epalrestat is an inhibitor of aldose reductase in the polyol pathway and is used for the management of diabetic neuropathy
clinically. Our pilot experiments and accumulated evidences showed that epalrestat inhibited polyol pathway and reduced sorbitol
production, and suggested the potential renal protection effects of epalrestat on diabetic nephropathy (DN). To evaluate the
protective effect of epalrestat, the db/db mice were used and exposed to epalrestat for 8 weeks, both the physiopathological
condition and function of kidney were examined. For the first time, we showed that epalrestat markedly reduced albuminuria and
alleviated the podocyte foot process fusion and interstitial fibrosis of db/db mice. Metabolomics was employed, and metabolites in
the plasma, renal cortex, and urine were profiled using a gas chromatography-mass spectrometry (GC/MS)-based metabolomic
platform. We observed an elevation of sorbitol and fructose, and a decrease of myo-inositol in the renal cortex of db/db mice.
Epalrestat reversed the renal accumulation of the polyol pathway metabolites of sorbitol and fructose, and increased myo-inositol
level. Moreover, the upregulation of aldose reductase, fibronectin, collagen Ill, and TGF-B1 in renal cortex of db/db mice was

downregulated by epalrestat. The data suggested that epalrestat has protective effects on DN, and the inhibition of aldose
reductase and the modulation of polyol pathway in nephritic cells be a potentially therapeutic strategy for DN.
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INTRODUCTION

Diabetic nephropathy (DN) is a leading cause of end-stage renal
disease and is considered a common microvascular complication
of diabetic mellitus, with a high risk of atherosclerotic disease.
Although the development and pathogenesis of DN remain
unclear, previous studies have shown that the pathogenesis of DN
is complex and involves multiple factors, including a markedly
increased number of advanced glycation end (AGE) products,
enhanced activity of protein kinase C, altered expression of cyclin-
dependent kinases, and the activation of aldose reductase (AR) [1,
2]. AR (EC 1.1.1.21) was first discovered by Hers [3], and is currently
accepted as one of the key mechanisms primarily responsible for
the pathogenesis of diabetic complications [4, 51. AR is the rate-
controlling enzyme in the polyol pathway that catalyzes the
reduction of glucose to sorbitol. It is proposed that excessive
intracellular sorbitol produced by AR and fructose accumulates in
cells and is difficult to diffuse across cell membranes [6].
Subsequently, the elevated sorbitol and fructose, along with the
high level of glucose, markedly enhance osmotic stress inside
cells, which eventually leads to a discharge of myo-inositol, one of
the osmotic regulators, and finally diabetic cataract complication
[7, 8]. Thus, AR provides a potential target for the design of drugs,

and the inhibition of AR has been an alternative approach for the
prevention and treatment of diabetic complications, primarily
diabetes neuropathy [9, 10].

Epalrestat, a post-market aldose reductase inhibitor (ARI) in
Bangladesh, India, and China, is one of the most common ARls for
patients who suffer from diabetes mellitus [11]. As AR is the rate-
controlling enzyme in the polyol pathway, epalrestat can
significantly inhibit AR and downregulate polyol metabolites
(such as sorbitol and fructose) to alleviate osmotic stress [1].
Except for diabetes neuropathy, recent accumulative evidence has
suggested the potential application of ARIs for renal protection in
DN [12, 13]. Li et al. [14] observed significant depletion of myo-
inositol in the renal cortex of diabetic kidneys in db/db mice,
which is observed in other animal models [15, 16]. It has been
suggested that the activation of the polyol pathway and AR
caused elevated sorbitol levels, osmotic stress of renal cells, and
depletion of myo-inositol. We presumed that the osmotic damage
caused by sorbitol accumulation and the depletion of myo-inositol
was one of the confounding factors primarily contributing to renal
dysfunction. Modulation of the polyol pathway and AR has a
potential clinical benefit on the homeostasis of renal physiology in
DN patients clinically [17].
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Recently, our pilot experiments in db/db mice showed that
epalrestat alleviated renal pathology and reduced urinary excre-
tion of albumin, indicating a potential effect of epalrestat on DN.
To confirm the pharmacodynamic effects of epalrestat and the
possible association with a suppressed polyol pathway, the
current study was designed to investigate the metabolic changes
occurring in the renal cortex and to perform a routine assessment
of the pathological and functional changes of the kidney in model
animals. The db/db mice were used as DN animals and were
exposed to epalrestat; metabolites in the plasma, renal cortex, and
urine were profiled using a gas chromatography-mass spectro-
metry(GC/MS)-based metabolomic platform. We aimed to eluci-
date the effect of epalrestat on the metabolic pathway and the
relevance to its renal protection effects in db/db mice.

MATERIALS AND METHODS

Materials and reagents

Myristic—1,2—13C2 acid, 99 atom% '3C, the stable-isotope-labeled
internal standard compound, methoxamine hydrochloride (purity
98%), pyridine (=99.8% GC), formaldehyde solution (36.5-38% in
H,0), and glutaraldehyde solution (grade I, 25% in H,0) were
purchased from Sigma-Aldrich (St. Louis, MO, USA). N-methyl-N-
trimethylsilyl-trifluoroacetamide (MSTFA) plus 1% trimethylchlor-
osilane (TMCS) were provided by Pierce Chemical (Rockford, IL,
USA). Urease was obtained from Sigma. Methanol and n-heptane
were HPLC grade and obtained from Tedia (Fairfield, OH) and
Merck (Darmstadt, Germany), respectively. Purified water was
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buffer and proteinase inhibitor cocktail were purchased from
Sigma-Aldrich. PVDF membrane was purchased from Bio-Rad
Laboratories (Hercules, CA, USA). AR (ab175394) antibody,
fibronectin (ab2413) antibody, CTGF (ab6992) antibody, TGF-31
(ab64715) antibody, collagen Il (ab7778) antibody, nephrin
(ab216341) antibody, podocin (ab50339) antibody, and B-actin
antibody (ab8227) were from Abcam (Cambridge, U.K.). Epalrestat
(5-[(1Z,2E)-2-methyl-3-phenylpropenylidenel-4-oxo-2-thioxo-3-
thiazolidine acetic acid) was provided from Hailing Pharmaceutical
Co. Ltd,, China.

Animal treatment

Six-week-old male db/db mice (BKS.Cg-Dock7™-+/+Lepr®/INju)
and lean wild-type (WT) littermates were purchased from the
Model Animal Research Center of Nanjing University. Experimental
procedures involving the use of animals complied with the
Guidelines for Animal Experimentation of the China Pharmaceu-
tical University, Nanjing, China, and the protocol was approved by
the Animal Ethics Committee of that institution. Animals were
housed in controlled environmental conditions (temperature, 22
+2°C; humidity, 55% + 10%), with fixed 12-h light to 12-h dark
cycles with free access to water and food.

After adaptation to standard laboratory conditions for 2 weeks,
the experimental mice were randomly allocated to the following
groups (n=28 per group): WT mice fed regular chow (China
Experimental Animal Food Standard, GB 14924.2-2001 and GB
14924.3-2001, Trophic Animal Feed High-tech Co. Ltd., Nantong,
China), db/db mice fed regular chow, and db/db mice fed regular

produced by a Milli-Q system (Millipore, Bedford, MA, USA). RIPA chow supplemented with epalrestat (5-[(1Z,2E)-2-methyl-3-
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Fig. 1

Biochemical assay of renal function and histological morphology data in different groups of mice. (a) Urinary albumin excretions,

(b) creatinine clearance rate, (c) plasma creatinine levels, (d) plasma fasting glucose levels, (e) mesangial matrix fractions, (f) interstitial fibrosis

area ratios, (g) glomerular basement membranes thickness, (h) foot process width, (i) glomerular tuft area. The data are expressed as the

mean * SD. *P < 0.05, ***P < 0.001 vs. WT group; *P < 0.05 vs. db/db group
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phenylpropenylidene]-4-oxo-2-thioxo-3-thiazolidine acetic acid) at
a final concentration of 0.08% (w/w) (db/db + epalrestat group).
Epalrestat was provided from Hailing Pharmaceutical Co. Ltd.,
China. All chows were produced by Trophic Animal Feed High-
tech Co. Ltd.,, Nantong, China. The treatment period was 8 weeks.

Sample collection

Each urine sample was collected in a 10-mL tube over an ice bath
for 24 h at 16 weeks of age in metabolic cages (Suzhou Fengshi
Laboratory Animal Equipment, Suzhou, China), individually. The
volume was measured and recorded for each sample. Blood
samples were collected after overnight fasting. For each mouse,
0.3 mL blood was collected and added in an anticoagulation tube
immediately after the urine collection. After centrifuging at
1000xg for 10 min, plasma was prepared and stored at —80 °C
until use.

Immediately after blood collection, the mice were sacrificed.
The kidneys were dissected and rinsed in cold phosphate buffer
solution. The left kidneys were split into two parts in an ice bath.
One portion was fixed in 10% formalin for histopathological
examination. Sections of the renal cortex (1xmm? in volume)
were dissected from the other portion and then fixed in 2.5%
glutaraldehyde followed by postfixation in 1% osmic acid for
assays using electron microscopy. The right kidneys were
dissected on an ice plate to separate the cortical and medullar

portions. All non-fixed renal tissues were immediately snap-frozen
in liquid nitrogen and stored at —80 °C for later analysis.

Morphology examination

The fixed renal tissues were embedded in paraffin and were then
cut into 5-um-thick sections. Renal sections were deparaffinized in
xylene, rehydrated in graded ethanol and then stained with
periodic acid-schiff (PAS) and Masson’s trichrome following
standard protocols. The examination of slides was performed
under light microscopy by a pathologist blinded to the experi-
mental profile. PAS were used to assess mesangial expansion
(mesangial matrix fraction) in 20 glomeruli (x400) per sample, and
tubulointerstitial fibrosis was evaluated by percent of Masson's
trichrome positive staining areas in 20 cortical fields (x100) per
sample. Briefly, the outline of the glomerular tuft was traced, and
the computed area was used as a measure of total glomerular
area. The area covered by PAS-positive staining in the same
glomerulus was then determined. Mesangial matrix fraction was
calculated as the area of positive PAS staining divided by total
glomerular tuft area. The percentage of interstitial fibrosis area
was calculated from the area occupied by trichrome-stained
interstitium divided by the total area [18, 19]. For electron
microscopy, samples of the renal cortex were fixed in 3%
glutaraldehyde in 0.1 M cacodylate buffer solution (pH 7.4) and
fixated in 1% osmium tetroxide phosphate buffer solution. The

Fig. 2 Histological morphology and ultrastructural inspection of the nephric lesions of mice. a—c PAS staining and d-f Masson’s trichrome
staining, X400 magnification; g-i representative TEM images, 1500 magnification and j-I x7000 magnification
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Fig. 3 Typical GC/MS chromatograms of the extracted molecules from the plasma, urine, and renal cortex of the mice. (a) Plasma, (b) urine,
and (c) renal cortex. Typical compounds are identified and numbered as follows: 1. Lactate, 2. L-Alanine, 3. Oxalic acid, 4. 3-Hydroxybutyrate, 5.
Valine, 6. Leucine, 7. Phosphate, 8. Proline, 9. Glycine, 10. Uracil, 11. Serine, 12. Threonine, 13. 3-Amino-isobutyrate, 14. Malate, 15.
Hydroproline, 16. Creatinine, 17. Ornithine, 18. Taurine, 19. Glutamine, 20. Citrate, 21. Glucose, 22. Myo-inositol, 23. Oleic acid, 24. Arachidonic

acid, 25. Cholesterol

samples were then dehydrated in a graded series of ethanol and
embedded in epoxide resin. Ultrathin sections were stained with
uranyl acetate and lead citrate and were examined under a Hitachi
7500 electron microscope (Hitachi, Japan) [20, 21]. Glomerular
basement membrane (GBM, 8 photographs in each sample)
was measured using the grid intersect method [22], and the
average podocyte foot process width (6 photographs in each
sample) was measured [23]. From each picture, the GBM was
traced and measured, and the number of podocyte foot processes
along the GBM was counted by hand. The average podocyte foot
process width = (11/4) x (X GBM length /~ number of foot process).
Then, 1-cm-interval grid line image was overlapped with the
capillary loop, and the intersection of grid lines with the
endothelial aspect of the glomerular capillary basement mem-
brane determined the point of measurement. Histological analysis
was performed in a blinded manner, using ImageJ (Fiji distribution
package).

Biochemical analysis

The creatinine clearance rate (Ccr) was estimated by the 24-h
urine creatinine and plasma creatinine concentrations, which were
measured using a Creatinine Assay Kit (ab65340, Abcam plc.,
Shanghai, China). Fasting glucose was measured in a similar
manner (ab65333, Abcam plc, Shanghai, China), and urine
albumin was detected by ELISA (ab108792, Abcam plc., Shanghai,
China).

Acta Pharmacologica Sinica (2019) 40:86 - 97

Sample preparation for metabolomic analysis

Frozen renal cortex tissue samples (20 mg) were ground to a
homogeneous powder using a liquid nitrogen-chilled mortar and
rapidly transferred to a 1.5-mL microcentrifuge tube. Nine-
hundred microliters of methanol containing the internal standard,
['3C,]-myristic acid (12.5 ug/mL), was added to each tube. The
mixture was vigorously vortexed for 3 min and centrifuged at
20,000xg for 10 min at 4 °C. For plasma, 50 uL of samples were
added to 200 pL of methanol containing the internal standard and
vigorously vortex extracted and centrifuged. For urine samples, 30
pL of urine was first added to 30 uL urease solution (20U) to
decompose the excessive urea in the urine, and then the mixture
was added to methanol, vigorously vortex extracted, and
centrifuged.

An aliquot of 100 pL of supernatant was transferred to a gas
chromatography (GC) vial and evaporated to dryness using a
SPD2010-230 SpeedVac Concentrator (Thermo Savant, Holbrook,
USA). The dried residue was then dissolved in 30puL of
methoxyamine in pyridine (10 mg/mL) and vigorously vortexed
for 2 min. The methoximation reaction was carried out for 16 h at
room temperature, followed by trimethylsilylation for 1h by
adding 30pL of N-methyl-N-(trimethylsilyl) trifluoroacetamide
(MSTFA) with 1% TMCS as the catalyst. Finally, the solution was
vortex-mixed again for 30s after adding the external standard,
methyl myristate in heptane (30 ug/mL), to each GC vial for the
GC-mass spectrometry (MS) analysis.
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Fig. 4 Metabolic patterns of the three groups of mice based on multivariate statistical analysis of the GC/MS data. Score plots of the three
groups and their PCA models for plasma data (a), urine data (b), renal cortex data (c); db/db vs. WT groups and their OPLS-DA models for
plasma data (d), urine data (e), renal cortex data (f); epalrestat treatment vs. db/db groups and their OPLS-DA for plasma data (g), urine data (h),

renal cortex data (i)

Table 1. Parameters associated with each model as referred to in
Fig. 4

Model Type Components R2X R2Y Q2 (cum)
number (cum) (cum)

a PCA-X 3 0.441 0.155
b PCA-X 4 0.664 0.434
C PCA-X 3 0.646 0.474
d OPLS-DA 1+1+0 0.38 0.995 0.944
e OPLS-DA 1+1+0 0.53 0.97 0.937
f OPLS-DA 1+1+0 0.643 0.968 0.871
g OPLS-DA 1+4+1+40 0.201 0.974 0.451
h OPLS-DA 1+1+40 0.441 0.916 0.595
i OPLS-DA 1+1+40 0.53 0.906 0.627

GC/MS analysis

GC/MS analysis was performed, as previously described [24]. In
brief, chromatographic separation of the analytes was achieved
with a Shimadzu GCMSQP2010 (Shimadzu Corp., Tokyo, Japan)
equipped with a RTx-5MS column (30 mm x 0.25 mm i.d. fused-
silica capillary column chemically bonded with a 0.25-pm cross
bond, 5% diphenyl/95% dimethyl polysiloxane, Restek Corpora-
tion, PA, USA). Helium was used as the carrier gas, and the
temperature was initially set at 80 °C for 3 min and then increased
to 300 °C at 20 min. Once the temperature reached 300 °C, it was
maintained for another 3 min. The eluate was introduced through
the transfer line into the mass spectrometer, where the molecules

SPRINGERNATURE

were ionized with a current beam of 70eV. The masses were
scanned over m/z 50-700 with a detector voltage of —1050V. To
minimize systematic variations, all samples were analyzed in a
randomized order, and the quantitative data were normalized to
the internal standard. The metabolites were identified by
automatically comparing the MS spectra, in-source fragments,
and ion features of each peak in the experimental samples with
those of reference standards or those available in libraries, such as
mainlib and publib in the National Institute of Standards and
Technology (NIST) library 2.0(2012), Wiley 9 (Wiley-VCH Verlag
GmbH & Co. KGaA, Weinheim, Germany), the in-house mass
spectra library database established by Umea Plant Science Center
(Umed University, Sweden) and our own Laboratory at China
Pharmaceutical University.

Metabolomic data processing

The relative quantitative results (peak areas) of all detected peaks
were first normalized by the internal standard compound
mentioned previously. Urinary data were further weighted by
urinary volume [25], and renal cortex data were weighted by the
mass of tissues. Multivariate statistical analysis has been widely
applied in our former metabolomic studies [26]. Briefly, the
resulting matrix, including the compound index as variable names,
sample ID as observations, and normalized peak areas (variables),
was introduced into the SIMCA Software package (Umetrics,
Umea, Sweden) for multivariate statistical analysis. The data matrix
was subjected to conduct by principal component analysis (PCA)
to visualize general clustering, trends, or outliers among the
observations. In PCA, large numbers of variables (i.e., “high
dimensional data”) are reduced to components or eigenvalues
that represent combinations of variables that account for most of

Acta Pharmacologica Sinica (2019) 40:86 - 97
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Fig. 5 Heatmap visualizing the intensities of differential metabolites in the plasma (a), urine (b), and renal cortex extracts (c) of mice

the variation in the data. These components also have weightings
or “eigenvectors” that indicate the weight of each variable within
a component. The different components are intended to be
independent of one another (“orthogonal”) so that they capture
the unique aspects of the variation in the data. PCA, unlike Factor
Analysis, does not assume a formal statistical model, and
therefore, assumptions such as multivariate normality are
unnecessary [27]. Another way of analyzing multivariate changes
is linear discriminant analysis (LDA), which attempts to identify a
linear equation that combines the metabolomic variables, with
different weightings, in order to predict if the animals belong to a
certain group. Partial least squares discriminant analysis (PLS-DA,
equivalent to “projection to latent structures DA”) is a method that
uses partial least squares regression in the discriminant analysis
and can be used to elucidate the separation between groups of
variables [28]. In orthogonal projection to latent structures DA
(OPLS-DA), an extension of PLS-DA, the data from the continuous
variables in the discriminant analysis function are separated into
those that are predictive of the dependent variable (e.g., WT or db/
db) and those that are not, resulting in enhanced diagnostics.
OPLS-DA was utilized to validate the PCA model and identify the
differential metabolites in urine, plasma or the renal cortex of db/
db mice vs. WT, and epalrestat treatment db/db mice vs. db/db
mice [29]. The goodness of fit for a model was evaluated using
three quantitative parameters as follows:, i.e.,, R2X, the explained
variation in X, R2Y, the explained variation in Y, and Q2Y, the
predicted variation in Y based on the model using cross-validation
[30]. The range of these parameters is between 0 and 1; the closer
they approach 1, the better they can be predicted or explained.
Variable importance was used to summarize the importance of the
X-variables, both for the X- and Y-models and was measured by
the variable influence on projection (VIP). The VIP value is a
parameter indicating the importance of a variable that contributes
to the model. In a model, one can compare the VIP of one variable
to the others. Variables with a large VIP, larger than 1, are the most
relevant for explaining Y. In addition, the related metabolic
pathway based on differential metabolites picked up was
searched in Kyoto Encyclopedia of Genes and Genomes (KEGG)
(http://www.genome jp/kegg/ligand.html).

Western blot

Randomly selected frozen renal cortex samples from each group
of mice were homogenized in RIPA buffer (proteinase inhibitor
cocktail added). Approximately 40pug lysate proteins were
separated on a 10% SDS-PAGE gel and then transferred to a
PVDF membrane. The membrane’s non-specific binding sites were
blocked at room temperature for 1h with 0.5 g/L non-fat milk
powder in Tris-buffered saline/Tween-20 (TBST) and then incu-
bated overnight at 4°C with primary antibodies. After washing

Acta Pharmacologica Sinica (2019) 40:86 - 97

with TBST, the membranes were incubated with secondary
antibodies for 1h at room temperature with shaking. After
washing, the protein bands were detected and analyzed using a
ChemiDoc™ MP Imaging System (Bio-Rad Laboratories, CA, USA).
B-actin was used as a loading control. The results were expressed
as the integrated optical density relative to 3-actin. Three repeated
experiments were processed for statistics.

Immunohistochemistry

Kidney paraffin sections (4 um) were mounted on slides, dewaxed,
and rehydrated. Slides were brought to the boil in Tris EDTA buffer
for 20 min and cooled at room temperature. After 3% hydrogen
peroxide treatment for 10 min, the sections were blocked with 1%
BSA for 30 min, followed by the incubation of primary antibody for
1 h at 37 °C. The sections were then washed with rinse buffer and
incubated with HRP-Polymer Conjugated anti-Mouse/Rabbit 1gG
complex (Maixin-Bio, Fuzhou, China) for 30 min at room tempera-
ture. Localization of peroxidase conjugates was determined using
diaminobenzidine tetrahydrochloride solution as chromogen and
counterstained with hematoxylin. Ten cortical fields (x100) per
sample were analyzed, and results were expressed as average
integrated optical density per area (IOD/Area, AOD) value relative
to WT groups.

Statistical analysis

Statistical analysis was conducted using SPSS 19.0 (IBM, USA). The
data are expressed as the mean=SD. Statistical differences
between the two groups were analyzed using the unpaired
Student'’s t-test. Differences among multiple groups were analyzed
using one-way ANOVA.

RESULTS

Biochemical parameters

Compared to the WT group, the db/db mice showed an elevated
urinary albumin excretion rate (UAER) (Fig. 1a). Glomerular
filtration dysfunction was featured by a decreasing Ccr (Fig. 1b,
). There was a significantly elevated fasting plasma glucose level
(Fig. 1d) at 16 weeks of age, but no significant change in the
plasma glucose level in the epalrestat treatment group compared
to the db/db group. The UAER value was significantly down-
regulated, whereas the decline in Ccr was restrained in the
epalrestat treatment group vs. the db/db group.

Histopathological and electron micrographic inspection of the
microstructure in the renal cortex

Histological sections of kidney tissue stained with PAS and
Masson’s trichrome were examined microscopically to evaluate
the structural injury in the kidney (Fig. 2a-f). In comparison with
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Fig. 6 The differential metabolites and associated metabolic path-
ways involved in db/db mice and the treatment with epalrestat in
plasma (a), urine (b), and renal cortex extracts (c) of the mice

the normal controls, elevated mesangial expansion (PAS-positive
staining) and an increase in the total glomerular volume were
observed in the db/db mice (Fig. 1e). Interstitial fibrosis (Masson’s
trichrome positivity) was widely observed in the db/db group
(Fig. 1f). By electron microscopy (Fig. 2g-I), the GBMs were
observed to be irregularly thickened (Fig. 1g), and diffuse
mesangial matrix deposits were seen in the db/db mice. Increased
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foot process width, indicating foot process fusion, and effacement,
was seen when the podocytes were examined (Fig. 1h).

The epalrestat treatment group showed amelioration in GBM
thickening and mesangial matrix deposition, though not sig-
nificantly (Fig. 1e—g). By electron microscopy, we found significant
amelioration of podocyte foot process fusion. Meanwhile, inter-
stitial fibrosis areas were rarely spotted in treated mice.

Metabolomic profile of the GC/MS data

The GC/MS analysis of the plasma, urine, and renal cortex
extracts revealed a large number of peaks. Deconvolution of the
plasma chromatograms produced a total of 130 distinct peaks,
and 94 were authentically identified by comparing the mass
spectrum of the peak with that available in the libraries and that
of the reference compounds. These peaks included amino acids,
small organic acids, carbohydrates, fatty acids, lipids, and amines.
To acquire the quantitative data, a feature mass (m/z) was chosen
for each peak, and the peak area was obtained for each
deconvoluted peak/molecule. A similar approach was processed
for the urine and renal cortex extract chromatograms. There
were 154 distinct peaks from the urine samples that were
deconvoluted, with 107 identified, and 84 metabolites were
identified from 124 peaks from the renal cortex extracts. Typical
plasma, urine and renal cortex extract chromatograms from WT
mice are shown in Fig. 3. As mentioned in the methods section,
to verify the stability of the analysis system, standard deviations
of both the internal standard (['3C,] myristic acid) and the
external standard (methyl myristate) were evaluated. We
observed fairly good reproducibility for the two standards in
the serum samples (<5%); however, the standard deviations were
larger in the urine samples and the renal cortex extracts (<10%)
because the urine samples were either diluted or concentrated,
depending on the urinary volumes of each mouse and because
the weight of the analyzed renal cortex samples varied more.
However, the data matrices of the peak areas from the urine and
renal cortex were further weighted according to the protocols in
the methods section.

Multivariate statistical analysis of the metabolic patterns

The data matrices of the molecules in the samples from the
plasma, urine, and renal cortex were initially analyzed using PCA.
PCA score plots, in which the scores for PC2 (i.e., t [2]) were plotted
against those for PC1 (t [1]), were used to show the distribution of
the analyzed samples containing the information from all the
metabolites in the three bio-samples (Fig. 4a—c). According to the
PCA algorithm, each dot represents the summarized information
from all molecules measured in a single sample. Therefore, the
distance between dots indicates the similarity of the metabolic
composition between samples, i.e., the closer the dots cluster
together, the more similar they will be. Quality control (QC)
samples assembled closely, suggesting good repeatability in the
GC/MS analysis of the samples. The db/db group and WT group
were clearly separated in the PCA score plots, which indicated that
the group differences were remarkable, and there was a marked
deviation of urinary metabolites in the db/db group. Moreover, the
PCA analysis showed that the epalrestat treatment group moved
slightly closer to the WT group, suggesting the treatment effects
of epalrestat to some extent. The OPLS-DA analysis was processed
as a pattern recognition approach to maximize class separation
and recognize the differential metabolites from the WT group vs.
the db/db group (Fig. 4d-f) and the epalrestat-treated group vs.
the db/db group (Fig. 4g-i). The OPLS-DA score plots presented
good fitness and high predictability of models, indicating that the
metabolic profiles changed significantly. In addition, though the
R2Y values of all OPLS-DA models were over 0.9, the Q2 values of
the WT-db/db models (0.8-0.9) were significantly higher than
those of the db/db-db/db + E models (0.4-0.6), suggesting that the
metabolic shift resulting from epalrestat treatment was obvious
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(Table 1) and partly regulated by the epalrestat effect on the
perturbed metabolic pattern of the db/db mice.

Perturbed metabolites in urine and the renal cortex involved in
polyol pathway

The perturbed metabolites in the plasma, urine, and renal cortex
were screened and selected for both db/db mice (db/db vs. WT)
and the treatment with epalrestat in db/db mice (db/db+E vs. db/
db). Variable importance in the projection (VIP) of the OPLS-DA
model was generated using Pareto scaling [31] to identify the
metabolite contribution to the discrimination. The metabolites
with a VIP value above 1.0 and a p-value below 0.05 were
considered differentially perturbed metabolites. Heatmaps were
generated for each sample species to visualize the intensities of
differential metabolites in different groups (Fig. 5). Based on
pathway analysis in the KEGG database, the differential metabo-
lites suggested the perturbed metabolic pathways, including the
TCA cycle, amino acid metabolism, purine and pyrimidine
metabolism, and others (Fig. 6).

Polyol pathway metabolites and myo-inositol levels were
significantly changed in the plasma, urine, and renal cortex for
both the db/db mice and those after treatment with epalrestat
(Fig. 7). In detail, we confirmed that the sorbitol and fructose were
elevated in the plasma, urine, and renal cortex of db/db mice, and
all their levels were downregulated after intervention with
epalrestat (Fig. 7d-i). It was indicated that db/db mice increased
production of the two metabolites in vivo, and there were
elevated osmolytes in the renal cells of the db/db mice. After
treatment with epalrestat, the production of the two metabolites
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was depressed, and the osmotic stress in renal cells was alleviated.
Simultaneously, there was significantly elevated myo-inositol in
the biofluids, i.e., plasma and urine, of the db/db mice (Fig. 7a, b),
although the myo-inositol level in the renal cortex greatly
decreased (Fig. 7c). Treatment with epalrestat reduced myo-
inositol in the plasma and urine, whereas the myo-inositol level
increased in the renal cortex (Fig. 7a-c). AR downregulation in the
renal cortex was checked by Western blot (Fig. 8a, b). Fibronectin
(Fig. 8c), TGF-B1 (Fig. 8d), collagen lll (Fig. 9b), and CTGF (Fig. 9e)
were overexpressed. Podocyte injury was also indicated by
underexpression of nephrin and podocin (Fig. 8e, f).

DISCUSSION

Osmotic metabolites involved in the polyol pathway in db/db
mice

Cellular glucose is primarily metabolized through the glycolysis
pathway and then the Krebs cycle to produce the energy for cells
that is normally required. Under hyperglycemic conditions,
however, the increased amount of glucose activates AR and the
polyol pathway to produce an excessive amount of sorbitol [32-
34]. Because intracellular sorbitol is difficult to diffuse across cell
membranes, the accumulated intracellular glucose and sorbitol,
together with the downstream metabolite fructose, promote
osmotic stress in cells, which is considered the pathogenic
mechanism and responsible for the eventual cellular damage
[35, 36]. Excessive amounts of intracellular sorbitol and fructose
also induce the depletion of myo-inositol, a crucially important
osmotic balance substance. Studies on rat glomerular mesangial
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cells and bovine lens epithelial cells suggested that the uptake of
myo-inositol was dependent on and sensitive to intracellular
sorbitol, which suggested an elevated sorbitol level in DN-
suppressed myo-inositol uptake [37, 38].

In this study, significantly elevated levels of sorbitol and
fructose were observed in the plasma, urine, and renal cortex of
db/db mice. Theoretically, the accumulation of osmolytes inevi-
tably results in the depletion of myo-inositol [7, 8] to maintain cell
homeostasis. Consistently, we observed a marked decrease in
myo-inositol in the renal cortex and a distinct elevation in myo-
inositol in the plasma and urine of the db/db mice. These results
strongly suggested that there was an extensive activation of AR
and the polyol pathway in the db/db mice. Additionally, a
substantial amount of sorbitol and fructose was produced as a
consequence, and a certain amount of myo-inositol intake was
suppressed in multiple organs/tissues, including the renal cortex.
Studies showed that the depletion of myo-inositol in turn reduced
sodium-potassium adenosine triphosphate activity and altered
the cellular metabolism and membrane structure of the cells [39],
which were observed in the renal cortex of STZ-diabetic rats [15,
16]. It was suggested that the depletion of myo-inositol in the
renal cortex contributed to the nephric pathology and dysfunction
[40].

Epalrestat showed efficient inhibition of the production of
sorbitol, fructose, and homeostasis of intracellular myo-inositol.
The myo-inositol level in the plasma and urine markedly
decreased in parallel to the levels of sorbitol and fructose, and
an increased myo-inositol level was detected in the renal cortex.
Together with the observations of the reductions in sorbitol and
fructose in the plasma and urine and the increase in myo-inositol
in the renal cortex and its decrease in urine, it is strongly
suggested that epalrestat reversed the depletion of myo-inositol
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at the system level and in the renal cortex tissue of db/db mice. It
was indicated that the inhibition of the polyol pathway by
epalrestat was involved in the renal protective effect of epalrestat
on DN.

Renal protective effect of epalrestat and relevance to the
inhibition of the polyol pathway

The polyol pathway has long been considered one of the
important initiating factors for functional and structural changes
in the diabetic kidney [8, 41-43], where AR is the rate-
determining enzyme of the two-step polyol pathway [1]. It has
been reported that AR could be weakly detected by immuno-
histochemistry in the renal cortex from non-diabetic individuals,
but much stronger glomerular expression could be observed in
samples from patients with DN [44-46]. Carolyn et al. assumed
that AR played an important role in enhancing renal medullary
cells to adapt to osmotic stress [47], although overexpression of
AR in the diabetic kidney under hyperglycemia and the
production of excess intracellular osmolytes, such as sorbitol,
to counterbalance extracellular hypertonicity was a likely
physiological or pathological response of AR in DN [48]. In
addition, sorbitol can be converted to fructose, which is then
metabolized largely by fructokinase, also known as ketohexoki-
nase, leading to ATP depletion, proinflammatory cytokine
expression, and oxidative stress. The fructose produced by the
polyol pathway can become phosphorylated to fructose-3-
phosphate, which is broken down to 3-deoxyglucosone; both
compounds are powerful glycosylating agents that enter in the
formation of AGE products [49, 50]. Excessive fructose has been
suggested as a potential nephrotoxin. Fructose-fed rats develop
modest tubulointerstitial injury, and the acceleration of chronic
kidney disease (CKD) [51], and fructose supplementation
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accelerates renal disease in the remnant kidney model [52, 53]. In
this study, markedly elevated fructose was determined in the
plasma, urine, and renal cortex of db/db mice, suggesting the
activated oxidative stress, and enhanced renal injury. Epalrestat
efficiently reduced the level of fructose in the plasma, urine, and
renal cortex, which is one of the underlying mechanisms
contributing to the effectiveness of epalrestat on DN.

ARIs have been investigated for approximately 40 years, with
most studies involving endpoints in diabetic neuropathy and
retinopathy [54]. In 2011, Yasuhiro et al. [49]. found that transgenic
mice overexpressing human AR were became diabetic with
streptozotocin and showed augmented expression of TonEBP in
renocortical tubular cells with vacuolated degenerative changes,
and ARI ONO 2235 treatment was partially effective. In 2014, Jie
et al. found that AR regulates miR-200a-3p/141-3p to coordinate
Keap1-Nrf2, Tgf-B1/2, and Zeb1/2 signaling in renal mesangial
cells and the renal cortex of diabetic mice, which contributed to
aberrant regulation in oxidative stress, fibrogenesis, and the
epithelial-mesenchymal transition (EMT) [55]. Finally, an ARI,
zopolrestat, has been confirmed to be effective in DN by previous
research. Although clinical studies of epalrestat on DN were
carried out and the effect remained controversial [56], epalrestat
significantly reduced albuminuria and ameliorated the podocyte
foot process fusion and interstitial fibrosis in the kidneys of db/db
mice. We hypothesize that the modulation of sorbitol accumula-
tion and myo-inositol depletion through the polyol pathway
favors the amelioration of the oxidative stress of the renal cells of
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DN. DN patients have great potential to benefit from the agents of
ARlIs.

Changes in aromatic amino acids, branched amino acids, and
purine and pyrimidine metabolism pathways

The levels of 3 branched-chain amino acids (BCAAs, i.e., leucine,
isoleucine, and valine) were significantly downregulated in the
urine and cortex of db/db mice. The levels of branched-chain keto
acids (BCKAs), synthetic precursors, keto-leucine, 3-methyl-2-keto-
valeric acid, and 2-keto-iso-valeric acid were also lower in the db/
db mouse urine. Similar phenomena were found in renal
interstitial fibrosis rats [57]. BCAAs play large roles in nutritional
regulation and are associated with the development of type 2
diabetes, insulin resistance, and chronic kidney disease [58, 59].
The abnormalities of BCAA and BCKA metabolism might be
responsible for disturbances in renal amino acid exchanges and
subsequent renal dysfunction [60]. Recently, Mi et al. [61].
suggested that BCAAs counter oxidative stress in the kidneys of
diabetic rats and alleviate diabetic kidney injury via the JNK/TGF-
b/MMP-9 pathway, which indicated that a deficiency in branched
chain amino acids in the renal cortex could aggravate renal
dysfunction due to oxidative stress in DN.

The metabolism of aromatic amino acids, especially phenylala-
nine and tyrosine, was considered to be correlated with CKD and
DN [62, 63]. Changes in phenylalanine metabolism showed a close
association with chronic kidney failure, including extensive urinary
excretion of its down products [64]. P-Cresol and hippuric acid are
end products of the conversion of phenylalanine and tyrosine.
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They are protein-bound uremic toxins that contribute to the
progression of chronic kidney disease and were shown to induce
endothelial reactive oxygen species (ROS) production in human
umbilical vein endothelial cells [65]. These urine levels were lower
in the db/db groups, indicating glomerular dysfunction. Moreover,
their excretion disturbance would reasonably aggravate renal
function failure.

Compared to the db/db mice, in the epalrestat treatment group,
urine BCKAs, p-Cresol, and hippuric acid excretion were signifi-
cantly upregulated, which indicated that glomerular dysfunction
was ameliorated. This finding is consistent with the biochemical
and histological examinations.

Deficiencies in purines and pyrimidines in the renal cortex and
urine were observed. Uridine is a nucleoside present in the
pyrimidine metabolism pathway. It is considered a predictor of
kidney deterioration. Uridine and its nucleotide, uracil, were
observed to effectively suppress renin secretion in the kidney,
leading to its vasoconstrictor effect [66]. The lowered excretion of
xanthine and hypoxanthine might be due to glomerular dysfunc-
tion. However, their levels were not elevated in the renal cortex or
plasma, and plasma urate accumulated instead. Apparently,
xanthine oxidase oxidatively catalyzed hypoxanthine to
xanthine and then to uric acid. This process increased the
level of intracellular ROS, which caused renal injury by
direct oxidative damage to renal cells and indirectly inducing
inflammatory responses by activating the NF-kB signaling path-
way [67]. The excretion levels of these compounds were
elevated in the epalrestat treatment group, and we attribute this
increase to improved glomerular function. Although the levels of
hypoxanthine and xanthine in plasma were not measured by our
GC/MS methods, the urate level was significantly controlled in the
epalrestat treatment group, indicating that the oxidative stress
induced by xanthine oxidase might be reduced.

CONCLUSION

Epalrestat significantly reduced albuminuria, reversed the podo-
cyte fusion process and interstitial fibrosis in the renal cortex of
db/db mice, inhibited AR, and efficiently reversed the accumula-
tion of the osmolytes in nephritic tissue. It was suggested that
epalrestat possesses a renal protective effect on DN and that
modulation of the polyol pathway is a potential strategy for the
clinical management of DN.
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