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The kidney is one of the target organs for various metabolic
diseases, including diabetes, metabolic syndrome, and obesity.
Most of the metabolic studies underscore glomerular pathobi-
ology, although the tubulo-interstitial compartment has been
underemphasized. This study highlights mechanisms concern-
ing the pathobiology of tubular injury in the context of myo-
inositol oxygenase (Miox), a tubular enzyme. The kidneys of
mice fed a high fat diet (HFD) had increased Miox expression
and activity, and the latter was related to phosphorylation of
serine/threonine residues. Also, expression of sterol regulatory
element-binding protein1 (Srebp1) and markers of cellular/nu-
clear damage was increased along with accentuated apoptosis
and loss of tubular brush border. Similar results were observed
in cells treated with palmitate/BSA. Multiple sterol-response
elements and E-box motifs were found in the miox promoter,
and its activity was modulated by palmitate/BSA. Electropho-
retic mobility and ChIP assays confirmed binding of Srebp to
consensus sequences of the miox promoter. Exposure of palmi-
tate/BSA-treated cells to rapamycin normalized Miox expres-
sion and prevented Srebp1 nuclear translocation. In addition,
rapamycin treatment reduced p53 expression and apoptosis.
Like rapamycin, srebp siRNA reduced Miox expression.
Increased expression of Miox was associated with the genera-
tion of reactive oxygen species (ROS) in kidney tubules of mice
fed an HFD and cell exposed to palmitate/BSA. Both miox and
srebp1 siRNAs reduced generation of ROS. Collectively, these
findings suggest that HFD or fatty acids modulate transcrip-
tional, translational, and post-translational regulation of Miox
expression/activity and underscore Miox being a novel target of
the transcription factor Srebp1. Conceivably, activation of the
mTORC1/Srebp1/Miox pathway leads to the generation of ROS
culminating into tubulo-interstitial injury in states of obesity.

Various metabolic diseases, including diabetes, obesity, and
metabolic syndrome, adversely affect different compartments

of the kidney to a varying degree culminating in chronic kidney
disease and renal failure (1– 4). For instance, in diabetic
nephropathy (DN)2 all the renal compartments, i.e. glomeruli,
tubules, interstitium, and vasculature, are affected; however,
the most notable lesions are confined to the glomerular com-
partment (5). Typical glomerular lesions of advanced DN are
characterized by formation of Kimmelstiel-Wilson mesangial
nodules (5). Like DN, obesity also affects the glomerular com-
partment, and the advanced pathologic lesions seen often are
reminiscent of focal segmental glomerulosclerosis (1, 6). The
shared pathogenetic events between DN and obesity that lead
to renal glomerular damage include glomerular hyperfiltration,
albuminuria, or proteinuria and oxidant stress in the form of
increased expression of NADPH oxidase 4 (Nox4), although
up-regulation of Nox4 may be related to decreased fatty acid
oxidation in obesity (1, 5, 6). Interestingly, oxidant stress is
regarded as the common denominator of various metabolic dis-
turbances that perturb several signaling pathways and lead to
renal damage in DN, and this situation is further complicated
by activation of the renin-angiotensin system (1, 2, 5). In the
obesity state, there is stimulation of the sympathetic nervous
system that may very well also activate the renin-angiotensin
system along with increased insulin resistance and hyperinsu-
linemia (1, 2). In addition to insulin resistance and hyperinsu-
linemia, aberrant levels of various adipokines, including those
of leptin and adiponectin, have been observed, which appar-
ently are directly related to the pathobiologic effects of fatty
acids (7, 8). Fatty acid disturbances leading to obesity are well
exemplified in various animal models, i.e. ob/ob and db/db mice
with the defective leptin gene or its receptor, respectively (9,
10). One of the long term effects of obesity with co-existence of
high fasting glucose includes development of metabolic syn-
drome, which is characterized by elevated lipid levels, low high
density lipoproteins, hypertension, and associated insulin resis-
tance (11).
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Besides damage to the glomerular compartment by oxidant
stress in various metabolic disturbances, peroxynitrite, gener-
ated by interaction of superoxide and nitric oxide, can also
cause oxidant damage to the proximal tubule, which conceiv-
ably leads to tubulo-interstitial injury (5, 12, 13). On a long term
basis, tubulo-interstitial injury could be reflected by mitochon-
drial dysfunctions and increased expression of extracellular
matrix proteins; the changes are similar to those seen in the
glomerular compartment. In line with the observations that
there is hyperlipidemia and high levels of non-esterified fatty
acids in type 2 diabetes, Zhang et al. (14) reported that a high fat
diet induces glomerular as well as tubulo-interstitial damage in
db/db mice, which could be alleviated by the inhibition of hsp90
accompanied with reduced levels of renal nitrotyrosine and
mitochondrial Ca2� efflux. These observations suggest that
various metabolic disturbances, whether related to hyperlipi-
demia or hyperglycemia, induce tubular damage and subse-
quent tubulo-interstitial injury, although this concept has been
sparsely described in the literature. In support of this concept,
recent investigations suggest that excessive leakage of albumin
during glomerular proteinuria in various metabolic distur-
bances may not necessarily be the culprit in the induction of
tubulo-interstitial injury; rather it is due to the fatty acids bound
to albumin (15–17). Albumin filtered across renal glomerulus is
known to be largely reabsorbed by proximal tubules by recep-
tor-mediated endocytosis, thus suggesting that this segment of
the nephron would be readily vulnerable to fatty acid-induced
injury (18). Albumin can bind efficiently to fatty acids and
transport the fatty acids to the tubules, and thus it is conceiva-
ble that fatty acid-bound albumin can induce tubulo-interstitial
injury. In this regard, the in vitro studies by Ruggiero et al. (19)
suggest that exposure of tubular cells to palmitate bound to
albumin, but not albumin itself, induces mitochondrial dys-
functions, redox imbalance, and deactivates antioxidant pro-
tein peroxiredoxin 2, ultimately leading to peroxide-mediated
cellular apoptosis. Overall, the above discussion emphasizes the
importance of the tubulo-interstitial compartment in bearing
the brunt of injury in various metabolic disorders, such as dia-
betes and obesity.

Several years ago we reported the discovery of one of the
metabolic enzymes, i.e. myo-inositol oxygenase (Miox), that
is exclusively expressed in the renal proximal tubular com-
partment and is up-regulated in the diabetic state (20). The
enzyme metabolizes myo-inositol to glucuronic acid via the
glucuronate-xylulose pathway, and its metabolites enter into
the pentose pathway (21). The enzyme activity of Miox is
dependent upon phosphorylation of its serine/threonine res-
idues (22). The miox promoter includes osmotic, carbohy-
drate, and both oxidant- and antioxidant-response elements,
and its transcription is heavily influenced by organic
osmolytes, high glucose ambience, and oxidant stress (22–
24). Further initial examination of the miox promoter sug-
gested that it also includes multiple sterol-response ele-
ments (SRE) and E-box motifs, which led us to investigate its
transcriptional and translational modulation by fatty acids
and in states of obesity.

Experimental Procedures

Reagents—HK-2 and LLC-PK1 cells (renal proximal tubular
cell lines) were purchased from the American Type Culture
Collection (ATCC). TRIzol and pcDNA3.1 plasmid vector were
obtained from Invitrogen. Other reagents were purchased from
the following vendors: Dulbecco’s modified Eagle’s medium
(DMEM), M199 media, fatty acid-free BSA (A7030), sodi-
um palmitate (P9767), insulin, and anti-�-actin antibody from
Sigma; OptiMEM I reduced serum medium, fetal bovine serum
(FBS), antibiotic-antimycotic, Fast SYBR Green Master Mix,
and TO-PRO�-3 iodide from Life Technologies Inc.; high fat
diet chow (HFD) (5.24 kcal/g, 60% fat, 20% protein, 20% carbo-
hydrate, D12492) from Research Diet Inc.; anti-Srebp1, anti-
Bax, anti-p53, anti-Bcl2, and anti-His probe antibodies from
Santa Cruz Biotechnology; protein G-agarose and insulin
ELISA kit from Millipore; srebp1 siRNA and miox siRNA from
OriGene Technologies; LightShift Chemiluminescent EMSA
kit and Infinity cholesterol reagent from Thermo Scientific;
QuikChange multisite-directed mutagenesis kit from Strat-
agene; pGL4 promoter vector, pRL-CMV-Renilla, FuGENE 6,
and Dual-Luciferase� kit from Promega; rapamycin from LC
Laboratories; Accu-Chek glucometer from Roche Applied Sci-
ence; anti-pH2AX antibody from Cell Signaling Technologies;
anti-phospho serine/threonine-specific PKA substrate anti-
body, anti-phosphoserine-specific PKC substrate antibody,
anti-phosphothreonine antibody, and anti-phosphotyrosine
antibody from Cell Signaling Technologies.

Animal Studies—Eight week old male CD1 mice and rats
were purchased from Harlan Co. (Indianapolis, IN) and housed
in institutional animal facilities. Before initiating the experi-
ments the animals were acclimatized for 1 week in rooms with
a 12-h light/dark cycle at a temperature of 22 °C with 50%
humidity. The mice and rats had free access to food and water.
The control animals received a normal mouse/rat pelleted
chow. The experimental animals received a high fat diet in the
form of chow pellets and were sacrificed at 2, 4, and 6 weeks.
Likewise, in another set of experiments, mice receiving control
or HFD were concomitantly treated with rapamycin (4 mg/kg,
i.p., daily). After 6 weeks, the serum insulin levels were mea-
sured using commercial rat/mouse insulin ELISA kits (Milli-
pore). Serum cholesterol was measured by using Infinity cho-
lesterol reagent (Thermo Scientific). Blood glucose levels were
measured by Accu-Chek meter (Roche Applied Science). Prior
to sacrifice, 24-h urine collections were made for determination
of protein excretion by SDS-PAGE. All animal studies were
approved by the Animal Care and Use Committee of North-
western University, and Tokushima University, Japan.

Morphology Studies—Three-�m-thick sections were pre-
pared from paraffin-embedded tissues and subjected to period-
ic acid-Schiff staining. For immunohistochemistry to detect the
expression of various proteins, the avidin-biotin complex
method was employed (20, 22, 24). The tissue sections were
de-paraffinized, rehydrated with PBS, and treated with 0.3%
H2O2. Then the tissue sections were subjected to an antigen
retrieval procedure in the HistoVT One by following the
vendor’s instructions (Nacalai Tesque, Inc., Japan). After block-
ing with 5% normal goat serum in PBS, the sections were incu-
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bated with various primary antibodies. Miox expression in the
kidneys was gauged by immunofluorescence microscopy, as
described previously (20, 22, 24). Briefly, 4-�m-thick cryostat
sections were prepared, air-dried for an hour, and fixed with 4%
para-formaldehyde for 10 min at 22 °C. After equilibrating the
sections with PBS, they were incubated with the polyclonal
Miox antibody at 37 °C for 1 h, washed with PBS, and re-incu-
bated with goat anti-rabbit IgG antibody conjugated with FITC
(Sigma) for another hour. Following a PBS wash, the tissue sec-
tions were covered with a drop of buffered glycerol, coverslip-
mounted, and examined using a Zeiss microscope equipped
with UV epi-illumination (Carl Zeiss MicroImaging, Inc.,
Thornwood, NY).

Other morphologic studies included the assessment of apo-
ptosis in kidney tissues or HK-2 cells by using the TUNEL
method (25). De-paraffinized sections or frozen cryostat sec-
tions of the kidneys were digested with proteinase K (240 unit/
ml, Promega, Madison, WI) for 30 min at 22 °C. After a rinse
with PBS, the sections were incubated with TUNEL reagents
(Roche Applied Science). The cells were processed for evalua-
tion of apoptosis as follows. The HK-2 cells were fixed with 4%
fresh paraformaldehyde for 20 min at 22 °C. They were permea-
bilized with 0.1% Triton X-100 at 4 °C for 1 min and then incu-
bated with TUNEL reagents at 37 °C for 1 h, as per instructions
from the vendor. The nuclei were also stained with TO-PRO-
3�-iodide. The cells undergoing apoptosis were identified as
fluorescent nuclei with a UV microscope.

For senescence-associated �-galactosidase (SA-�-gal) stain-
ing, 4-�m-thick cryostat kidney sections were prepared from
freshly frozen kidneys (26). The sections were immersed in a
0.2% glutaraldehyde fixative solution containing 0.1 M phos-
phate buffer, pH 7.2, 5 mM EGTA, 2 mM MgCl2, and 0.1% Non-
idet P-40 for 20 min. Sections were washed with PBS and then
immersed in SA-�-Gal staining solution (0.1 M phosphate
buffer, pH 7.2, 2 mM MgCl2, 0.01% sodium deoxycholate, 0.02%
Nonidet P-40, 5 mM potassium ferricyanide, 5 mM potassium
ferrocyanide, 20 mM Tris-HCl, pH 7.3, and 1 mg/ml X-gal).
Sections were incubated in the dark at 37 °C for 16 –18 h. They
were then washed with PBS and counterstained for 5 min with
0.1% nuclear fast red.

Preparation of Fatty Acid Conjugates with Bovine Serum
Albumin (BSA)—A preparation of palmitate-conjugated BSA
was made by modifying a previously described method (27). A
working solution of 5 mM palmitate/BSA was prepared by con-
jugating BSA with palmitate as follows. One g of Ultra Fatty
Acid-free BSA was mixed with 20 ml of 0.15 M NaCl in a small
beaker. This beaker was placed in a larger 1-liter beaker with
pre-warmed water, and the temperature was maintained at
37 °C while being stirred on a hot plate. The dissolved BSA was
filtered through a 0.45-�m filter, and the pH was adjusted to pH
7.4. The filtered BSA was constantly stirred at 37 °C as indicated
above. In another beaker, 279 mg of sodium palmitate was
mixed with 10 ml of 0.15 M NaCl. The palmitate solution was
placed in a 70 °C water bath with frequent gentle shaking until
completely dissolved. Then 0.5 ml of the heated palmitate solu-
tion was added to 9.5 ml of BSA solution while stirring at 37 °C
for 1 h. The dissolved palmitate-conjugated BSA was re-filtered
through a 0.45-�m filter and used.

Cell Culture Studies—HK-2 cells were grown in low glucose
DMEM supplemented with 5% heat-inactivated FBS, 100
units/ml penicillin, and 100 �g/ml streptomycin. LLC-PK1
cells were grown in low glucose M199 medium supplemented
with 3% heat-inactivated FBS, 100 units/ml penicillin, and 100
�g/ml streptomycin. The cells were maintained in a humidified
atmosphere of 5% CO2, 95% air at 37 °C. Approximately 2.2 �
106 cells were seeded on 55-cm2 culture dishes and maintained
to achieve 80% confluency. The cells were then treated with
various concentrations of palmitate/BSA (10 –300 �M) for
24 – 48 h. For the inhibition assay, cells were treated with palmi-
tate/BSA in the presence/absence of rapamycin (10 mM), srebp1
siRNA, and miox siRNA.

Enzymatic Activity of Miox in Kidneys and LLCPK-1 Cells—
Miox activity was determined, as described previously (24).
Briefly, kidney cortices of mice receiving normal and high fat
diet or cells undergoing various treatments were homogenized
in a sodium acetate or phosphatase buffer. The protein concen-
tration of the homogenate was adjusted to 100 �g/ml, and 50 �l
of homogenate was used from each variable for determining the
Miox activity. The reaction was carried out at 30 °C for 30 min
in a volume of 500 �l containing 50 mM sodium acetate, 1 mM

ferrous ammonium sulfate, 2 mM L-cysteine, and 60 mM myo-
inositol. The reaction was terminated by boiling followed by
precipitation with 3% TCA. Following centrifugation at 1,000 �
g for 5 min, the D-glucuronate concentration was determined in
the supernatant with the addition of double the volume of
freshly prepared orcinol reagent (40 mg of orcinol and 9 mg of
FeCl36H2O dissolved in 10 ml of concentrated HCl) (28). Spec-
trometric readings were made at A660 nm. Miox activity was
averaged from four different experiments or animals per vari-
able. For phosphatase treatment, the kidney homogenates or
cellular lysates from various experimental variables were pre-
pared and treated with protein �-phosphatase (�-PPase; New
England Biolabs) for 1 h at 30 °C. The phosphatase reaction was
carried out in a mixture containing 50 mM Tris-HCl, pH 7.8, 5
mM DTT, 2 mM MnCl2, 100 �g/ml BSA, 100 units of �-PPase,
and 50 �l of homogenate protein solution in a total volume of
500 �l, following which the samples were processed for deter-
mination of Miox activity. In another set of experiments, the
effect of various kinase activators and inhibitors on the poten-
tiation or dampening of the Miox activity was carried out fol-
lowing 24 h of palmitate/BSA treatment. Various activators and
inhibitors used were as follows: PKA activator forskolin (0.2
�M) and inhibitor H89 (0.2 �M); phosphoinositide-dependent
protein kinase-1 (PDK1)/PI3K inhibitor wortmannin (0.5 �M)
and activator insulin (100 nM); PKC activator 12-O-tetradeca-
noyl phorbol-13-acetate (TPA, 0.2 �M) and inhibitor calphostin
(0.05 �M).

Immunoblot Analyses—Cytoplasmic and nuclear extracts
were prepared from HK-2 or LLCCK-1 cells, as detailed previ-
ously (22). Protein concentrations in the extracts were mea-
sured by the Bradford method, and equal amounts of protein
were loaded in each lane of the gels subjected to SDS-PAGE and
blotted onto nitrocellulose membrane. Membranes were incu-
bated with 1 mg/ml diluted from each of the primary antibodies
for 15 h at 4 °C in Tris-buffered saline � Tween 20 (TBS-T)
supplemented with 5% nonfat dried milk. After a brief wash
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with TBST, the membranes were then incubated with 1:4,000
diluted goat anti-rabbit IgG (Santa Cruz Biotechnology) or
1:10,000 diluted goat anti-mouse IgG (Sigma) as secondary
antibodies conjugated with horseradish peroxidase (HRP).
Autoradiograms were prepared using the enhanced chemilu-
minescence (ECL) detection system (Thermo Scientific). Equal
loading of the samples was confirmed by probing the immuno-
blots with mouse �-actin or laminB1 antibodies at a dilution of
1:10,000.

Immunoprecipitation and Western Blot Analyses with Phospho-
amino Acid-specific Antibodies—To assess whether the high activ-
ity of Miox by HFD administration and palmitate/BSA treatment
was due to phosphorylation of a given specific amino acid residue
by different kinases, the treated cells and kidney homogenates
were lysed in a radioimmune precipitation assay buffer containing
protease and phosphatase inhibitors, as described previously (22,
24). Equal amounts (50 �g of protein) of the cell lysates/kidney
homogenates were used for immunoprecipitation with the follow-
ing antibodies: anti-phosphoserine/threonine-specific PKA sub-
strate antibody, anti-phosphoserine-specific PKC substrate anti-
body, anti-phosphothreonine antibody, and anti-phosphotyrosine
antibody (Cell Signaling Technology). The immunoprecipitates
were subjected to 10% SDS-PAGE. The proteins were then trans-
ferred onto PVDF membranes, and the blots were prepared. They
were then probed with polyclonal anti-Miox antibody.

Isolation of miox Transcripts and Generation of Reporter
Constructs—A DNA fragment was isolated from the human
genomic DNA (Promega) and used as a template for generation
of PCR products spanning the miox promoter region by
employing a common antisense primer 5�-GTACCCCAGAC-
CCATGAGTGGTGGCAGTGGAAGTA-3� and the following
sense primers: 5�-GGGGGTAC(C/G)TCCCACCTCCTAAC-
CTATC-3� (�1499 to �30), 5�-GGGGGTAC(C/T)GTGGC-
CGAACTCTAGGC-3� (�828 to �30), and 5�-GGGGG-
TAC(C/C)AAGTGGGAGGCTGG-3� (�261 to �30). The
DNA fragments were cloned into pGL4.16 promoter vector
(Promega). A KpnI site, GGTACC (underlined), was included
in the primers. The inserts were sequenced and their orienta-
tion confirmed by using vector-specific primer 5�-CTAG-
CAAAATAGGCTGTCCC-3�. The upstream 5� sequence of
human miox and its homologues were retrieved from NCBI.
Transcription-factor-binding motifs and promoter predication
were searched on line. For creating pGL4 mutation constructs,
the pGL4 (�1499 to �30) construct vector was modified using
QuikChange multisite-directed mutagenesis kit per manufa-
cturer’s instructions. Mutagenic primer 5�-GATACAGC-
CTTGACCCCCAGGTGCTGACATTCTAGGGGGAGA-3�
(mutated SRE site is in underlined) was used to mutate the SRE
site (GACCCCCAGGGGCTGACATT) in the pGL4 inclusive
of the miox promoter (�1499 to �30). The mutation in the
modified construct was confirmed by nucleotide sequencing.

Transfection of Cells and Luciferase Assays—The reporter
plasmid constructs (pGL4 �1499 to �30, �828 to �30, and
�261 to �30) were transfected into exponentially growing
HK-2 cells (1 � 105 cells) seeded onto 24-well culture plates in
Opti-MEM I medium and allowed to grow for 12 h. The trans-
fection was carried out by using 1.5 �l of FuGENE 6 and 1 �g of
reporter plasmid constructs. Luciferase activity was normalized

to Renilla luciferase activity following co-transfection with
pRL-CMV-Renilla (100 ng), which served as the optimized
equalization control. Assays for both firefly and Renilla lucifer-
ase activity were carried out 24 h post-transfection using a com-
mercial Dual-Luciferase� kit and a TD 20/20 luminometer
according to the instructions provided by the manufacturer.
Basal promoter activity was determined in cells transfected
with reporter construct pGL4.16 only. For comparison between
fatty acid-free BSA and palmitate/BSA, 24 h post-transfection
of the reporter plasmid-nonliposomal complex, the culture
medium was replaced with Opti-MEM I containing 100 �M

BSA or palmitate/BSA.
Electrophoretic Mobility Shift Assays (EMSA)—Nuclear

extracts were prepared from HK-2 cells, as described previously
(22). EMSA were performed using a Thermo Fisher LightShift
chemiluminescent EMSA kit per instructions provided by the
manufacturer. Briefly, single-stranded oligomers were custom-
synthesized by Integrated DNA Technologies. Their sequences
were as follows: �1048 to �1017, 5�-GCACCCCACTGC-
CCTCTCTCCTGCCCCAGCCG-3�, which corresponded to
nucleotide stretches spanning human SRE. Both sense and
complementary oligomers were labeled using a biotin 3�-end
DNA labeling kit and by following the manufacturer’s instruc-
tions. For EMSA, the binding reactions were carried out using
10 �g of nuclear protein and 20 fmol of biotin end-labeled DNA
in a 20-�l volume containing 2.5% glycerol, 5 mM MgCl2, 50
ng/�l poly(dI�dC), and 0.05% Nonidet P-40. The reaction mix-
tures were incubated at 22 °C for 30 min. The samples were
then loaded onto 4% polyacrylamide non-denaturing minigels,
and electrophoresis was carried out in a 0.5� running TBE
buffer. DNA-protein complexes in the gels were then trans-
ferred onto a Hybond-N� membrane by wet transfer in 0.5�
TBE buffer and immobilized by UV cross-linking. For specific-
ity, the blots were probed with Srebp1 antibody. The biotin-
labeled reaction products were visualized by treating the blots
with streptavidin horseradish peroxidase conjugate followed by
incubation with ECL chemiluminescent reagents.

Chromatin Immunoprecipitation (ChIP) Assays—ChIP
assays were also carried out to assess the binding of Srebp1 to
the promoter region of human miox. The HK-2 cells were cul-
tured in 100-mm Petri dishes and treated with 10 –100 �M

palmitate/BSA for 24 h. The ChIP assay was performed, as
described previously (22). Cross-linking of DNA and protein
was carried out by addition of 1% formaldehyde into the cell
medium and incubated for 15 min. The formaldehyde was
quenched by the addition of 0.125 M glycine for 5 min. The cells
were then washed with cold PBS, scraped from the dishes, and
centrifuged at 500 � g for 5 min. The pellet was resuspended in
300 �l of swelling buffer (25 mM HEPES, pH 7.8, 1.5 mM MgCl2,
10 mM KCl, 0.1% Nonidet P-40, 1 mM DTT, 0.5 mM PMSF) and
incubated on ice for 10 min. The DNA fragmentation for prep-
aration of oligonucleotides was achieved with the treatment of
micrococcal nuclease for 20 min at 37 °C. The reaction was
terminated by adding 10 �l of 0.5 M EDTA, pH 8.0. This was
followed by a brief centrifugation at 10,000 � g for 3 min. The
pellet was resuspended in 250 �l of sonication buffer (50 mM

HEPES, pH 7.9, 140 mM NaCl, 1% Triton X-100, 0.1% sodium
deoxycholate, 0.1% SDS, and 0.5 mM PMSF) and incubated on
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ice for 10 min and then sonicated to generate 200 –1,000-bp
DNA fragments. The sonicated suspension was centrifuged at
15,000 � g for 15 min to remove the insoluble debris. The sol-
uble chromatin was diluted to 1:10 with ChIP dilution buffer
(16.7 mM Tris-HCl, pH 8.1, 167 mM NaCl, 1 mM EDTA, 1%
Triton X-100, and 0.01% SDS). It was pre-cleaned by incubation
with protein G-Sepharose for 2 h at 4 °C. The samples were
then re-centrifuged, and an aliquot (800 �l) was saved as input
DNA. The remainder was processed for immunoprecipitation
with Srebp1 antibody followed by incubation with protein
G-Sepharose beads. Samples with normal IgG were also used as
a negative control. The Sepharose beads were centrifuged and
washed twice, first with 1 ml of low salt washing solution (20
mM Tris-HCl, pH 8.1, 150 mM NaCl, 2 mM EDTA, 1% Triton
X-100, and 0.1% SDS) and then with 1 ml of high salt washing
solution (20 mM Tris-HCl, pH 8.1, 500 mM NaCl, 2 mM EDTA,
1% Triton X-100, and 0.1% SDS). The beads were then washed
with a LiCl washing solution (10 mM Tris-HCl, pH 8.1, 1 mM

EDTA, 1% deoxycholic acid, 1% Nonidet P-40, and 0.25 M LiCl)
and then twice with 1 ml of Tris/EDTA buffer. DNA fragments
from the samples were eluted by adding 400 �l of elution buffer
(50 mM Tris-HCl, pH 8.0, 50 mM NaHCO3, 1 mM EDTA, and 1%
SDS) and then incubated at 65 °C for 10 min. After addition of
16 �l of 5 M NaCl, the samples were further incubated at 65 °C
for 4 h for de-cross-linking. Similarly, samples of input DNA
were de-cross-linked. One �l of DNase-free RNase A (10
mg/ml) was added and incubated at 37 °C for 30 min. This was
followed by addition of 10 �l of proteinase K (2 mg/ml), and
then the samples were incubated at 55 °C for 1 h. After a phe-
nol/chloroform extraction and addition of 1 �l of glycogen (20
mg/ml), the DNA was precipitated with 40 �l of 3 M sodium
acetate and 1 ml of ethanol. The precipitates of ChIP and input
samples were resuspended in 20 �l of 10 mM Tris/EDTA buffer
and used for PCR analyses. The primers used for ChIP-PCR
included regions spanning SRE motifs included in the miox
promoter from �1,499 to �1,229 bp. The primer sequences
were 5�-GTCCCACCTCCTGAACCTATCCAG-3� (sense)
and 5�-TGACTTCCTGTGGCACTCAGCA-3� (antisense),
with an expected size of an amplified product of 271 bp.

Generation of Eukaryotic Expression Constructs and Stable
Transfectants—An srebp1 cDNA was generated by RT-PCR
with srebp1-specific primers, and it was cloned into
pcDNA3.1/V5-His TOPO vector (Invitrogen) and amplified in
an Escherichia coli system, as described previously (29). For
cloning of mouse cDNA, srebp1 was amplified using the mouse
kidney cDNA and the respective sense and antisense primers
5�-GCCACCATGGACGAGCTGGCCTTCG-3� with Kozak
sequence and 5�-GCCCCAGCCGAAAAGCGAG-3�. The plas-
mid constructs were then transfected into LLC-PK1 cells, and
stable transfectants were selected by growing cells in the pres-
ence of G418.

RNA Extraction and Quantitative Real Time PCR—Total
RNA was isolated from the kidney using TRIzol reagent (Invit-
rogen), and cDNA was synthesized using Go Script reverse
transcription system (Promega). The mRNA level was quanti-
fied using Step One Plus System real time PCR (Applied Bio-
systems). A 20-�l total reaction mix included 100 ng of cDNA,
50 nmol/liter forward/reverse primers, and 1� Fast SYBR

Green Master Mix (Life Technologies, Inc.). 18S rRNA was
used as an internal control, and the amount of mRNA was cal-
culated by the comparative CT method. All the data were
derived from quadruplicate PCRs. The levels of miox, srebp1
mRNA, and 18S rRNA were determined. The primers used
were as follows: miox forward, 5�-TGTCTTCACCACCTA-
CAAGCTC-3�, and reverse, 5�-GGCCTCCATGACTGTCAT-
TTTC-3�; and srebp1 forward, 5�-AGTGACTTCCCTGGCC-
TATTTG-3�, and reverse, 5�-TCAAGAGAGGAGCTCAA-
TGTGG-3�; and 18S rRNA forward, 5�-CGAGCCGCCTGGA-
TACC-3�, and reverse, 5�-CAGTTCCGAAAACCAACA-
AAATAGA-3�.

Determination of Intracellular ROS—The status of cellular
ROS was evaluated both by fluorescent microscopy and flow
cytometry using 5-(and-6)-chloromethyl-2�,7�-dichlorodihy-
drofluorescein diacetate, acetyl ester (CM-H2DCF-DA) dye.
The dye following its diffusion into the cell gets deacetylated by
cellular esterases and then oxidized by intracellular ROS into a
highly fluorescent compound DCF, which can be detected by
fluorescent microscopy or flow cytometry with excitation at
488 and emission at 520 nm. About 5 � 105 HK-2 cells were
seeded (on coverslips for microscopy) in a 6-well plate and
treated with various concentrations of palmitate/BSA (30 –300
�M) for 24 h. In another set of experiments, the palmitate/BSA-
treated cells were also subjected to srebp1 or miox siRNA treat-
ment for their respective gene disruption. Cells were then
washed twice with PBS and each wash was 5 min. 5 mM stock of
CM-H2DCF-DA in DMSO was diluted in PBS to make a final
concentration of 5 �M. Cells were then incubated with 5 �M

CM-H2DCF-DA probe for 15 min at 37 °C in the dark. They
were re-washed three times with PBS, each wash was 5 min, and
then processed for microscopic examination. For flow cyto-
metry-based detection of ROS, cells were gently scraped off the
plates with a rubber policeman and transferred into fluores-
cence-activated cell sorting tubes for staining. Cells were
stained with 5 �M CM-H2DCF-DA for 15 min at 37 °C in the
dark. They were then washed twice with PBS and resuspended
in 300 �l of PBS and processed for acquisition of fluorescence
with a flow cytometer. Then mean fluorescent intensity of the
CM-H2DCF-DA was measured using standard operational
procedures of flow cytometry and employing FACSDiva soft-
ware (BD Biosciences).

MitoSOX Staining of Cells—Mitochondrial superoxide (O2
. )

generation was detected by using a specific mitochondrial
superoxide indicator, MitoSOX Red (Molecular Probes). HK-2
cells were seeded in 6-well plates and treated with various con-
centrations of palmitate/BSA (30 –300 �M) for 24 h, as
described above. After transferring the cells into the FACS
tubes, they were incubated with 5 �M MitoSOX for 15 min at
37 °C in the dark. Following two PBS washes, the cells were
subjected to flow cytometric measurements, and mean fluores-
cence intensity was determined.

Determination of ROS in Kidney Tissues—For detection of
ROS in kidney tissues, transverse renal slices were prepared
from mice fed control and high fat diets. They were embedded
in OCT compound in a plastic mold and immediately frozen in
liquid nitrogen. The embedded tissues were mounted on metal-
lic stubs. About 8 �m thick frozen sections of the kidney were
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prepared using Leica cryostat and transferred onto glass slides.
The tissue sections were then air-dried for 5 min at 22 °C. To
remove OCT compound from tissues, the glass slides were
rinsed twice with PBS. The sections were then incubated with 5
�M CM-H2DCF-DA or 10 �M DHE for 15 min at 37 °C. They
were washed with PBS twice for 5 min each. A drop of mounting
media was placed onto the tissue sections. They were then cov-
ered with glass coverslips and examined with a fluorescence
microscope equipped with UV epi-illumination.

Statistical Analyses—Results were expressed as mean � S.D.
following statistical analyses. Student’s t test was used to com-
pare the data between the two groups. A p value of �0.05 was
considered to be statistically significant.

Results

The findings described in this section include the induction
of Miox expression and activity in a hyperlipidemic state via
phosphorylation of its potential PKC-, PKA-, and PDK1-phos-
phorylating sites and how HFD administration or exposure of
fatty acids to renal tubular cells in vitro affects its translational
and transcriptional activities. The latter seems to be largely
influenced by unique DNA E-box overlapping sites for the
binding of transcription factor Srebp localized in its promoter.
Intriguingly, fatty acid-induced Miox up-regulation also led to a
notable oxidant stress in renal tubular cells.

Effect of HFD and Albumin-bound Fatty Acids on Miox
Expression and Activity—Administration of HFD to CD1 mice
over a period of 2– 6 weeks induced a tremendous increase in
the expression of Miox, as assessed by immunofluorescence
microscopy (Fig. 1, A versus B). The increased expression, high-
lighted by green fluorescence, was exclusively confined to the
tubular compartment of the kidney cortex, although no expres-
sion was seen in the glomeruli (Fig. 1, A and B, arrowheads).
Also, besides the increased expression in superficial cortical
tubules, it also extended into the deeper cortex. The expression
was time-dependent because it steadily increased over a period
of 6 weeks, as assessed by immunoblot analyses, whereas
�-actin expression was unchanged (Fig. 1C). Likewise, Miox
activity was increased notably up to 4 weeks, although a mild
increase was also seen at 6 weeks (Fig. 1D). This increase in the
activity was reduced to normal levels with treatment of
�-PPase, suggesting that the increase in the activity was phos-
phorylation-dependent. These in vivo observations were con-
firmed by in vitro experiments where LLCPK-1 cells were
exposed to various concentrations of palmitate-conjugated
BSA. A dose-dependent increase in Miox expression and activ-
ity was observed at a concentration range of 10 –300 �M of
palmitate/BSA, although no change was observed with BSA
treatment alone (Fig. 1, E and F). Similar to in vivo results, the
�-PPase treatment reduced Miox activity to basal levels in
LLCPK-1 cells. During these in vitro experiments, a certain
degree of apoptosis was observed in these cells, and thus in light
of these observations apoptogenic Bax expression was assessed
to rule out any cytotoxic effect. Concomitant with Miox up-
regulation, a dose-dependent increased Bax protein expression
was observed following palmitate/BSA treatment of LLCPK-1
cells (Fig. 1, G–I).

Effect of HFD and Albumin-bound Fatty Acids on the Phos-
phorylation of Miox and Its Activity—With respect to phosphor-
ylation of Miox, the next question addressed was which amino
acid residues are affected by HFD or palmitate/BSA treatment
because one of our previous publications suggests that Miox is
differentially phosphorylated in a diabetic state or under high
glucose ambience. This was accomplished by using antibodies
directed against various phosphorylated amino acid residues.
Immunoprecipitation was performed on kidney homogenates
or cellular lysates with substrate-specific phosphoantibodies to
PKA (Ser/Thr) and PKC (Ser) and to phosphothreonine and
phosphotyrosine residues. This was followed by Western blot
analyses with anti-Miox antibody using equal concentrations of
proteins in immunoprecipitated samples. A time-dependent
(2– 6 weeks) increased phosphorylation was observed following
HFD administration in kidney samples where immunoprecipi-
tation was carried out with phosphoantibodies directed against
serine and threonine residues (Fig. 2A). No increase was
observed in samples immunoprecipitated with anti-phospho-
tyrosine antibody. Similarly, a dose-dependent increase in phos-
phorylation at serine and threonine residues was observed in
cells treated with various concentrations of palmitate/BSA (Fig.
2B). No increase in phosphorylation of tyrosine residues was
observed, suggesting that these residues in Miox are unaffected
by phosphorylation following HFD administration or palmi-
tate/BSA treatment. The latter treatment also led to an increase
in Miox activity in LLCPK-1 cells. Concomitant treatment with
palmitate/BSA and activators of PKA (forskolin), PDK/PI3K
(insulin), and PKC (TPA) further increased Miox activity (Fig.
2C). Although concomitant treatment with respective inhibi-
tors, i.e. H89 (PKA), wortmannin (PI3K), and calphostin (PKC),
reduced the activity below the levels induced by palmitate/BSA
alone, this confirmed that fatty acid-induced activity is phos-
phorylation-dependent (Fig. 2C). Because fatty acids seem to
modulate expression of Miox, we proceeded to investigate the
status of proteins that regulate fatty acid and cholesterol bio-
synthesis. We focused on Srebp1 in the context of Miox
pathobiology.

Effect of Hyperlipidemia, Palmitate/BSA, and Insulin on
Miox and Srebp1 Expression—Treatment of HK-2 cells with
palmitate/BSA (100 �M) for 24 h induced an increased Miox
expression with a concomitant decrease in the membrane-
bound precursor form of pre-Srebp1 (pSrebp1, 120 kDa) in the
cytoplasmic fraction. Simultaneously, with its recruitment and
cleavage, the mature form (mSrebp1, 68 kDa) translocated into
the nucleus, as assessed by immunoblot analyses (Fig. 3A). No
change in the expression of �-actin or laminB1 was observed.
The dissociation of mSrebp from Golgi saccules following
cleavage with an increase and decrease in the nuclear and cyto-
plasmic expression, respectively, was quantified and included
as bar graphs (Fig. 3, B and C). Srebp1 is believed to serve as a
link in changes in insulin levels and expression of genes that
modulate systemic energy metabolism, e.g. fatty-acid synthase
and leptin (30). Thus, it is activated during nutritional abun-
dance and adiposity and is associated with excessive secretion
of insulin in early phases of obesity, a vital component of met-
abolic syndrome with increased insulin and glucose levels and a
certain degree of insulin resistance (30 –32). Because Miox is
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transcriptionally up-regulated by high glucose ambience, we
evaluated whether insulin causes a concomitant increase in the
expression of Miox and mSrebp1. A dose-dependent increase
in the expression of Miox was observed following insulin (10 –
1,000 nM) treatment (Fig. 3, D and F). At the same time, a dose-
dependent increase in the mSrebp1 was observed (Fig. 3, E and
G), suggesting a temporal relationship between the up-regula-
tion of Miox and translocation of mSrebp1. The in vivo results
in mice or rats were similar to those seen in cultured cells
exposed to palmitate/BSA. Like Miox, the HFD administration
over a period of 6 weeks resulted in a marked time-dependent

up-regulation of mSrebp1 (Fig. 3H). No change in the laminB1
expression was observed. These observations were further sub-
stantiated by immunohistochemical (IHC) studies performed
on kidney sections of mice fed control and HFD diets, using
anti-Srebp1 antibody (Life Span Biosciences). In contrast to
other Srebp-1 antibodies (Santa Cruz Biotechnology), this anti-
body was found to be suitable for IHC. In control animals, mild
staining of both the cytoplasm as well as of nucleus of the kidney
tubules, indicative of basal expression of Srebp, was observed
(Fig. 3I). Minimal staining of the glomerular cells was observed,
which authenticated specificity of the antibody. Following HFD

FIGURE 1. Modulation of Miox expression and activity and of Bax by HFD and albumin-bound fatty acids. Following HFD administration an increased
expression of Miox was seen in kidney cortical tubules (green fluorescence, A and B), although no expression was seen in glomeruli (arrowheads). Miox
expression extended into deeper cortex in mice fed an HFD diet (B). By immunoblot analyses, the expression seemed to be time-dependent, and it increased
over a period of 6 weeks, whereas the �-actin expression was unchanged (C). A concomitant time-dependent increase in Miox activity was also observed, which
was normalized following �-PPase treatment, suggesting that the activity was phosphorylation-dependent (D). In vitro, a dose-dependent increase in the
expression and activity of Miox was also observed in cells treated with palmitate/BSA (E and F). Similarly, a dose-dependent increase in the BAX’s expression was
observed with the palmitate/BSA treatment, suggesting preserved cellular integrity at least within the concentration range used (G–I). *, p � 0.01 versus
control, n � 4.
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administration, a remarkable increase in the expression in renal
proximal tubules was observed (Fig. 3J). Intriguingly, increased
expression was seen in both cytoplasmic and nuclear (Fig. 3, I
versus J, arrowheads) compartments of the tubular cells,
although there was a very mild increase in glomerular cells. This
suggested a specific Srebp1 response following HFD that is
selectively confined to tubular cells. In aggregate, these obser-
vations suggested responsiveness of Miox and Srebp expression
to insulin as well as fatty acids, and this led us to examine the
promoter characteristics of miox.

Effect of Palmitate/BSA on miox Promoter Activity and Bind-
ing of Srebp to the SRE of Its Promoter—To explore mechanisms
that up-regulate expression of Miox by palmitate/BSA, human
miox gene upstream of the open reading frame (ORF) was
cloned by genomic PCR amplification, and it was used for pro-
moter activity analyses. First, three constructs were generated
spanning miox gene �1,500 bp upstream of ORF. The con-
struct spanning the entire region had maximum miox basal
promoter activity, as shown schematically (Fig. 4A). This con-
struct was enriched with E-box sites and at the same time was
inclusive of multiple SRE sites. The SRE and E-box motifs
(CANNTG) congregated at �1047 to �1499 in the miox pro-
moter region. A total of seven SRE motifs were localized to
�1,499- (GTCCCA), �1,328- (AGGGGC), �1,271- (GGTG-
GTGGA), �1,196- (TTAAAT), �1,137- (CTTGTT), �1,090-
(AAGCCCA), and �1,047- (CACCCCAC) bp regions. In ad-
dition, a mutant construct was generated by modifying the
SRE sites by site-directed mutagenesis. All four constructs
were transfected into HK-2 cells and also co-transfected with
the luciferase constructs to measure the luciferase activity. The
basal activity was designated as one, and following palmitate/
BSA treatment a variable increase in luciferase activity was
observed in all the constructs (Fig. 4B). The highest increase in
activity (	2-fold) was observed in the transfected construct
inclusive of E-box and SRE sites. A marginal increase in activity
in HK-2 cells transfected with the mutant construct was
observed, which indicated that responsiveness of the miox pro-
moter to fatty acids is mediated via the SRE sites. This suggested
that Srebp, a basic helix-loop-helix-leucine zipper transcription

factor that is known to regulate cholesterol biosynthesis and
fatty acid metabolism (33–35), can potentially bind to the pro-
moter region of miox and modulate its transcription following
palmitate/BSA treatment.

To investigate the existence of SRE sites and binding of
Srebp1 with the miox promoter, electrophoretic mobility shift
assays (EMSA) were performed, using nuclear extracts of HK-2
cells in a non-denaturing minigel system. The reaction mix-
tures included nuclear extracts, unlabeled cold or biotin-la-
beled double-stranded oligonucleotide probes (�1048 to
�1017 bp), or an anti-Srebp-1 antibody. A shifted band was
seen in the biotin-labeled oligonucleotide probe (Fig. 4C, lower
arrow, middle lane). The unlabeled cold oligonucleotide probe
effectively competed with the labeled probe in nuclear protein
reaction mixture because the shifted band disappeared (Fig. 4C,
left lane); a nonspecific low molecular band and free labeled
oligonucleotides were seen in this lane. With the inclusion of
anti-Srebp1 antibody in reaction mixture, a super-shifted band
to a higher molecular weight was seen, which suggested the
formation of the SRE-oligonucleotide-nuclear protein complex
and existence of an Srebp1-binding SRE site in the promoter
region of the miox gene (Fig. 4C, upper arrow, right lane). To
investigate whether binding of Srebp1 with the miox promoter
was dose-dependent, ChIP assays were carried out on HK-2
cells treated with BSA or palmitate/BSA (10 –100 �M) for 24 h.
ChIP PCR products were amplified from input-positive control
(Fig. 4D, Input), a negative control normal rabbit IgG (Neg), and
an antibody specific for Srebp1 (ChIP). ChIP assays were fol-
lowed by PCR analyses of the SRE region (�1499 to �1229)
with the expected PCR product size of 271 bp. A dose-depen-
dent increase in binding of Srebp1 to SRE sites was observed
following palmitate/BSA treatment (Fig. 4D). No band was seen
in negative control samples where normal rabbit IgG was sub-
stituted for Srebp1 antibody.

Finally, to ensure the functionality of srebp1 in transfected
cells that this transcription factor can modulate Miox ex-
pression a 1,500-bp Srebp1 cDNA was cloned into the
pcDNA3.1/V5-His-TOPO. This vector was transfected into
cells by utilizing FuGENE 6, and stable transfectants were gen-

FIGURE 2. Modulation of phosphorylation of Miox and its activity by HFD and albumin-bound fatty acids. Kidney homogenates or cellular lysates were
immunoprecipitated with substrate-specific phosphoantibodies to PKA (Ser/Thr) and PKC (Ser) and to phosphothreonine and phosphotyrosine residues followed by
Western blot analyses with anti-Miox antibody. A time-dependent (2–6 weeks) increased phosphorylation was observed with phosphoantibodies directed against
serine and threonine residues (A). Similarly, a dose-dependent increase in the phosphorylation at serine and threonine residues was observed in cells treated with
various concentrations of palmitate/BSA (B). No increase was observed in samples immunoprecipitated with anti-phosphotyrosine antibody. Concomitant treatment
with palmitate/BSA and activators of PKA (forskolin), PDK/PI3K (insulin), and PKC (TPA) further increased the Miox activity (C). Concomitant treatment with respective
inhibitors, i.e. H89 (PKA), wortmannin (PI3K), and calphostin (PKC), reduced the activity below the levels induced by palmitate/BSA alone, confirming that fatty
acid-induced activity is phosphorylation-dependent (C). *, p � 0.01 versus control or inhibitor versus activator n � 4.
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erated. Expression of transfected Srebp1, His protein, and Miox
was confirmed by Western blot analysis using antibodies
directed against anti-His tag, anti-Srebp1, and anti-Miox. His-
tagged antibody could confirm the presence of His fusion pro-

tein in cells transfected with pcDNA3.1/V5-His TOPO srebp1,
although no band was seen in cells transfected with empty vec-
tor (Fig. 4E). The pcDNA-transfected cells also yielded an
increased expression of both Srebp1 and Miox, suggesting

FIGURE 3. Modulation of Miox and Srebp1 expression by hyperlipidemia, palmitate/BSA, and insulin. Treatment of HK-2 cells with palmitate/BSA
(Palm/BSA) (100 �M) increased Miox expression with a concomitant decrease in membrane-bound precursor form of pre-Srebp1 (pSrebp1, 120 kDa) in the
cytoplasmic fraction and a simultaneous recruitment and cleavage mature form (mSrebp1, 68 kDa) translocated into the nucleus (A–C). No change in the
expression of �-actin or laminB1 was observed. In view of the fact that Srebp1 is activated and is associated with excessive secretion of insulin, expression of
Miox and mSrebp1 was determined. A dose-dependent increase in expression of Miox and mSrebp1 was observed following insulin (10 –1,000 nM) treatment,
suggesting a temporal relationship between the up-regulation of Miox and translocation/expression of mSrebp1 (D–G). Con, control. The in vivo results were
similar to those seen in cultured cells exposed to palmitate/BSA. HFD administration over a period of 6 weeks to mice resulted in a time-dependent up-regu-
lation of mSrebp1 (H). IHC studies confirmed the up-regulation of Srebp in renal proximal tubules, both in cytoplasmic and nuclear fractions (I and J,
arrowheads). *, p � 0.01 versus control, n � 4.
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Srebp1 is functional in transfected cells and can modulate the
Miox expression. This validated the findings of promoter anal-
yses studies, which indicated that fatty acids up-regulate Srebp1
and then it binds to miox promoter and modulates miox tran-
scription (Fig. 4E).

Effect of HFD Diet on Srebp1, Tubular Cytoplasmic and
Nuclear Alterations, Senescence, Apoptosis, and Urinary Pro-
tein Excretion in Mice and Rats—Because studies detailing the
effect of HFD on kidney tubules in the literature are limited, we
therefore examined cytoplasmic and nuclear changes in the
context of Srebp-1 and Miox pathobiology. We examined both
rat and mouse kidneys to assess the morphologic and biochem-
ical differences and similarities between two species, utilizing

various IHC markers. Overall, major changes were seen in the
metabolically active tubular compartment of the kidney in both
the species. In mice, notable morphologic changes were
observed in the tubular compartment in kidney sections stained
with periodic acid-Schiff. There was a partial loss of the pink
staining luminal brush border (Fig. 5, A versus B, arrows) with
extrusion and falling of nuclei from tubular cells (arrowheads).
Bcl2 expression was decreased while conversely that of apopto-
genic Bax was remarkably increased in tubular cells (Fig. 5,
C–F). Damage to tubular nuclear DNA was assessed by IHC
staining with anti-pH2AX antibody that localizes the phosphor-
ylated form of histone variant H2AX at the Ser139 residue.
Many nuclei with prominent pH2AX staining were observed in

FIGURE 4. Modulation of miox promoter activity by palmitate/BSA and characterization of binding of Srebp to SRE. Three constructs were generated
spanning the miox gene �1500 bp upstream of ORF, and one spanning the entire region had maximum miox basal promoter activity (A). This construct was
populated with E-box sites and multiple SRE sites. A mutant construct was generated by modifying the SRE sites by site-directed mutagenesis. The constructs
were transfected into HK-2 cells and co-transfected with the luciferase constructs to measure the luciferase activity. Basal promoter activity was designated as
1, and following the palmitate/BSA treatment a variable increase in luciferase activity was observed in all constructs (B). The highest palmitate-induced increase
in activity (	2-fold) was observed in the transfected construct inclusive of E-box and SRE sites. A marginal increase in activity in HK-2 cells transfected with
mutant construct was observed, which indicated that the responsiveness of miox promoter to fatty acids is mediated via SRE sites. EMSA revealed a shifted
band where a biotin-labeled oligonucleotide probe was included in the incubation mixture (C, lower arrow, middle lane). Unlabeled cold oligonucleotides
probe effectively competed because the shifted band disappeared (C, left lane). With inclusion of anti-Srebp1 antibody in the reaction mixture, a super-shifted
band to a higher molecular weight was seen (C, upper arrow, right lane). To investigate whether binding of Srebp1 with the miox promoter was dose-dependent,
ChIP assays followed by PCR were performed following palmitate/BSA treatment with an expected PCR product size of 271 bp. A dose-dependent increase in
the binding of Srebp1 to SRE sites was observed following palmitate/BSA treatment (D). No band was seen in negative control samples where normal rabbit IgG
was substituted for Srebp1 antibody. Functionality of Srebp1 in transfected cells was confirmed by Western blot analysis using antibodies directed against His
tag, Srebp1, and Miox. His-tagged antibody could confirm the presence of His fusion protein in cells transfected with pcDNA3.1/V5-His TOPO Srebp1, although
no band was seen in cells transfected with empty vector (E). The pcDNA-transfected cells also yielded an increased expression of both Srebp1 and Miox,
suggesting Srebp1 is functional in transfected cells and can modulate Miox expression (E). These experiments validated that fatty acids up-regulate Srebp1,
which then binds to the miox promoter and modulates miox transcription. *, p � 0.01 versus control, n � 4.
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kidney tubules of mice fed the HFD (Fig. 5, G versus H, arrow-
heads). Tubular damage was reflected by pathophysiologic
changes as well. There was an increased urinary excretion of
low molecular proteins ranging 30 – 45 kDa (Fig. 5Q, arrows).
Proteinuria was time-dependent for up to 6 weeks, and a mild

increase in albumin excretion was also observed, suggesting
that glomerular damage is less at this time interval. Likewise,
changes were seen in kidney tubules of rats fed an HFD. A
tremendous increase in the expression of Miox in kidney
tubules was observed, and it had an identical spatio-temporal
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distribution in the tubular compartment as seen in mice follow-
ing 2– 6 weeks of HFD administration (Fig. 1, A and B). Srebp1
expression was increased in both the cytosolic and nuclear
compartment, as reflected by increased antibody staining in
cytoplasm and nuclei (Fig. 5, I versus J). This suggested that an
HFD-induced induction of Miox is mediated via Srebp1 tran-
scription factor in rats as well. Associated with it was an increased
expression of apoptogenic Bax, and it had both cytoplasmic and
perinuclear distribution (Fig. 5, K versus L). Increased expression
of Bax following HFD administration was time-dependent up to 6
weeks, as assessed by immunoblot analyses (Fig. 5R). HFD-in-
duced nuclear damage in rats was reflected by an increased degree
of apoptosis as highlighted by TUNEL staining (Fig. 5, M versus N).
In view of the HFD-induced cellular and nuclear changes, the rep-
licative capacity of tubular cells was investigated by using SA-�-
Gal activity marker. Strikingly, a marked increase in SA-�-Gal
staining was observed (Fig. 5, O versus P, arrowheads), suggesting
that HFD administration has affected the overall homoeostasis of
renal tubules concomitant with increased expression of Miox and
Srebp1.

Effect of Rapamycin on HFD-induced Miox Expression and
Associated Changes in the Renal Tubules—Because mammalian
target of rapamycin is activated in states of obesity, studies were
carried out in vivo to assess the effect of rapamycin on HFD-
induced expression of Miox, Srebp1, and changes in biomark-
ers associated with cytoplasmic or nuclear damage and related
functional parameters. Six weeks of HFD administration
resulted in a significant increase in body weight, blood glucose,
and serum insulin levels (Fig. 6, A, C, and D). In overweight
animals, obesity was mainly due to an increase in abdominal fat,
and these changes were normalized to basal levels with con-
comitant administration of rapamycin. Along with an increase
in abdominal fat, there was an 	40% increase in serum choles-
terol levels in mice fed an HFD, i.e. 134 � 15.56 versus 188 �
8.94 mg/dl, which was reversed with rapamycin treatment.
Also, pathologic changes, i.e. loss of proximal tubular brush
border and extrusion of nuclei (arrowheads) were restored to
normal by administration of rapamycin (Fig. 6, E–G). Interest-
ingly, HFD-induced expressions of Miox (mRNA and protein),
Bax, and pH2AX were restored to basal expression following
rapamycin treatment as well (Fig. 6, B and H–P), suggesting a
relationship between obesity, Miox expression, apoptogenic
Bax, nuclear DNA damage, reflected by pH2AX staining, and
blood glucose, cholesterol, and insulin levels, parameters that
are conceivably deranged in metabolic syndrome.

Effect of Rapamycin on Palmitate/BSA-induced Miox,
Srebp1, and p53 Expression and Apoptosis in Renal Tubular
Cells—To establish a mechanistic causal relationship between
fatty acid injury leading to up-regulated expression of Miox via

transcription factor Srebp1, in vitro experiments were per-
formed using HK-2 cells. A basal expression of Miox and
Srebp1 was observed in HK-2 cells treated with BSA (Fig. 7, A
and D). With the treatment of palmitate/BSA (100 �M), there
was a marked simultaneous increase in expression of Miox and
Srebp1 (Fig. 7, B and E), and it was dramatically reduced with
rapamycin treatment (Fig. 7, C and F). At high magnification,
the expression of Srebp1 was equally localized to both the cyto-
plasm and nucleus under basal conditions, and it was notably
increased in the nuclear compartment following palmitate/
BSA treatment (Fig. 7, G and H, arrowhead). Nuclear expres-
sion was remarkably reduced following rapamycin, suggesting
that the mammalian target of rapamycin pathway is involved in
up-regulation of Miox and Srebp1 (Fig. 7I). Along with an
increase in expression of Miox and Srebp1, there was a con-
comitant increase of apoptosis following palmitate/BSA treat-
ment, which was notably reduced by rapamycin, as assessed by
the TUNEL method. TO-PRO-3 dye was used as a nuclear
stain; it yields a red color and cells undergoing apoptosis
acquire a yellow color (Fig. 7, J–L). Apoptosis observed was
most likely triggered by p53 because there was an increased
expression of p53, which could be inhibited by rapamycin treat-
ment, as indicated by the immunoblots (Fig. 7M). Interestingly,
this increase and decrease of p53 was congruent with expres-
sion of Miox following various treatments. To elucidate a direct
causal relationship between Miox and Srebp1, siRNA experi-
ments were performed. With srebp1 siRNA treatment, Miox
expression was dramatically reduced in palmitate/BSA-treated
cells, although scrambled oligonucleotide had no effect (Fig.
7N). Specificity of srebp1 siRNA was confirmed by measuring
mRNA expression. srebp1 siRNA caused a remarkable reduc-
tion in expression of Srebp1 in palmitate/BSA-treated cells,
although a scrambled oligonucleotide had a minimal effect (Fig.
7O). Next, we proceeded to address the question of whether
Srebp-1-induced Miox expression leads to changes in cellular
redox.

Effect of Palmitate/BSA or HFD-induced Perturbations in
Cellular Redox in Renal Tubular Cells—Cells were treated with
different concentrations of palmitate/BSA for 24 h, and cellular
ROS generation was assessed by CM-H2DCF-DA staining fol-
lowed by flow cytometric analysis. A dose-dependent increase
in mean fluorescence intensity (MFI) related to DCF-DA stain-
ing was observed within the concentration range of 30 –300 �M

palmitate/BSA (Fig. 8A). Likewise a dose-dependent increase in
mitochondrial ROS was observed following treatment with
palmitate/BSA, as assessed by MitoSOX staining and flow
cytometry (Fig. 8B). These in vitro observations were confirmed
by in vivo experiments. To assess the effect of an HFD on cel-
lular redox, kidney sections from mice fed with control and an

FIGURE 5. Modulation of Srebp1 expression, cytoplasmic and nuclear alterations, senescence, apoptosis, and urinary protein excretion in mice and
rats by HFD. Studies were performed to assess the effect of HFD on morphologic and biochemical changes in both the species in metabolically active tubular
compartment. In mice, a loss of the pink staining luminal brush border (A versus B, arrows) with extrusion of nuclei of tubular cells was observed (arrowheads).
The Bcl2 expression was decreased, and that of apoptogenic Bax was increased (C–F). Anti-pH2AX-associated nuclear staining (reflective of nuclear DNA
damage) was seen in many tubular nuclei of mice fed an HFD (G versus H, arrowheads). Tubular damage was also reflected in increased time-dependent urinary
excretion of low molecular proteins ranging from 30 to 45 kDa (Q, arrows). Some of the changes seen in kidney tubules of rats fed with HFD are depicted here.
Identical to the Miox expression, an increased expression of Srebp1 (I versus J) and BAX (K versus L) was observed. The increased expression of Bax was time
dependent (R). This was associated with increased apoptosis, as highlighted by TUNEL staining (M versus N). In addition, a marked increase in SA-�-Gal staining
was observed (O versus P, arrowheads), suggesting an increased replicative capacity of tubular cells following HFD-induced cellular damage. Overall, these
changes suggest that HFD adversely affect the cellular homeostasis in both the species.
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HFD were processed for CM-H2DCF-DA and DHE staining. A
notable increase in both CM-H2DCF-DA and DHE staining
was observed in kidney sections of mice fed an HFD, suggesting
increased intracellular levels of ROS (Fig. 8, C and E versus D
and F). DCF staining was mainly confined to the cytoplasm of
the tubules (Fig. 8D). Glomerular cells did not yield any distinct
notable increase in DCF staining. DHE staining was also con-
fined to the tubular compartment, and it was seen exclusively

localized to nuclei (Fig. 8F). No notable DHE staining was seen
in kidney sections of mice fed a normal diet (Fig. 8E).

Effect of srebp1 and miox siRNA on Palmitate/BSA-induced
Perturbations in Cellular Redox of Renal Tubular Cells—Keep-
ing in view that HFD administration to mice or palmitate/BSA
treatment to HK-2 cells leads to increased Miox expression, we
addressed the question whether increased generation of ROS is
specific to Miox and is mediated via Srebp1 transcription fac-

FIGURE 6. Rapamycin reverses HFD-induced Miox expression and associated changes in the renal tubules. A significant increase in body weight, blood glucose,
and serum insulin levels was observed following HFD administration, and it was reduced following rapamycin treatment (A, C, and D). HFD-induced pathologic
changes, i.e. loss of proximal tubular brush border and extrusion of the nuclei (arrowheads) were reversed by rapamycin treatment (E–G). Also, the expression of Miox
(mRNA and protein), Bax, and pH2AX was restored to basal levels following rapamycin treatment (B and H–P). *, p � 0.01 versus control, n � 4.
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tor. HK-2 cells treated with palmitate/BSA were subjected to
siRNA gene disruption, and then they were stained with
CM-H2DCF-DA. Following that, ROS levels were monitored by
flow cytometry and fluorescent microscopy. A significant
increase in DCF staining and MFI following palmitate/BSA
treatment was observed (Fig. 9, A versus B). However, following
srebp1 siRNA or miox siRNA treatment the palmitate/BSA-
induced increase in MFI was notably reduced (Fig. 9, C–E). The
reduction in MFI was comparable following the miox siRNA or

srebp1 siRNA treatment. Fluorescent microscopy of HK-2 cells
subjected to various treatments confirmed the findings of flow
cytometric analyses. By fluorescent microscopy a notable
increase in intensity of staining was observed following palmi-
tate/BSA treatment (Fig. 9, F versus G). Both the srebp1 siRNA
and miox siRNA treatments remarkably reduced intensity of
fluorescence, suggesting that palmitate/BSA-induced ROS per-
turbations are specific to Miox and are mediated via Srebp1
(Fig. 9, H and I).

FIGURE 7. Rapamycin reverses palmitate/BSA-induced Miox, Srebp1, and p53 expression and apoptosis in renal tubular cells. A notable increase
in the expression of Miox and Srebp1 was observed following treatment with palmitate/BSA compared with BSA-treated cells alone (B and E versus A and
D). The increase was predominantly confined to the nuclear fraction (G and H, arrowhead). The increased expression of Miox and Srebp1 was reduced
with rapamycin treatment (C, F, and I), suggesting that the mTOR pathway is involved in the up-regulation of Miox and Srebp. Associated with the
increased expression of Miox and Srebp1, a concomitant increase of apoptosis (K, yellow-colored nuclei) was seen, and it was reduced by rapamycin
treatment, as assessed by the TUNEL assay (TO-PRO-3 dye) (L, red-colored nuclei). Normally, the intact nuclei yield red fluorescence after staining with
this dye (J).The apoptosis observed was most likely mediated by p53, and its increased expression was also reduced by rapamycin (M). A causal
relationship between Miox and Srebp1 was established by siRNA experiments where srebp1 siRNA treatment reduced miox as well as srebp1 mRNA
expression (N and O). *, p � 0.01 versus control, n � 4.
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Discussion

The results of this investigation highlight that in states of
obesity there is an up-regulation of a kidney-specific metabolic
enzyme, i.e. Miox, with activation of the glucuronate-xylulose
pathway in which myo-inositol via a series of reactions gets
converted into xylulose and ribulose along with the generation
of ROS. The latter would likely adversely affect the pathobiol-
ogy of the tubulo-interstitial compartment of the kidney. In
such a setting, the tubulo-interstitial injury besides the glomer-
ular injury would be reflected in compromised renal functions.
In this regard, currently obesity has emerged as a significant risk
factor, independent of diabetes and hypertension, in the pro-
gression of chronic kidney disease on a long term basis (36). So
far most of the mechanistic studies concerning development of
chronic kidney disease in states of obesity have focused on the
glomerular compartment, especially on the podocyte, whereas
the proximal tubular cell/compartment has not received much
attention, although it is equally affected by various adverse met-
abolic assaults (6, 36, 37).

Previously, we reported the status of Miox in the context of
type 1 and 2 models of diabetes while focusing on the biology of
the proximal tubular compartment (20, 22, 24). Because this
enzyme is conserved across various species lines, we utilized
different proximal tubular cell lines and mice and rats to inves-
tigate its pathobiology in states of obesity and exposure of
cells to albumin-bound fatty acids. The latter strategy would
mimic the in vivo renal disease states, such as nephrosis, where
the tubular cells are subjected to assault by the filtered albumin-

bound fatty acids. Like in type 1 or 2 diabetes the mice receiving
the HFD had a marked time-dependent (1– 6 weeks) increased
expression of Miox and activity in the proximal tubules,
although the glomeruli were unaffected (Fig. 1). One may
regard the time-dependent increase in expression to be dose-
dependent as well because cholesterol levels gradually
increased with time being significantly high at 6 weeks. In fact,
in vitro exposure of palmitate/BSA induced an increased
expression and activity of Miox in LLC-PK1 cells in a dose-de-
pendent manner. The question of toxicity of palmitate/BSA
leading to cellular disintegration was ruled out because Bax
expression was concomitantly increased up to a concentration
range of 300 �M. Miox activity was reduced to basal levels with
the treatment of �-PPase, suggesting that phosphorylation may
be essential for the activity of this enzyme. Phosphorylation can
induce a conformational change in the protein to associate or
dissociate with other proteins or increase or decrease substrate
affinity and thereby reduce or accentuate the activity of a given
enzyme (38, 39). Kinase-induced phosphorylation or phospha-
tase-mediated dephosphorylation processes target serine, thre-
onine, or tyrosine residues. All of these potential sites are
included in the Miox protein and are amenable to phosphory-
lation in different biologic processes thereby increasing its
expression and activity (22). As in the diabetic state or the cells
under high glucose ambience, there was an increased expres-
sion and activity at the serine or threonine residues following
HFD administration or treatment of LLC-PK1 cells with palmi-
tate/BSA (Fig. 2). The role of phosphorylation in regulation of

FIGURE 8. Palmitate/BSA and HFD-induced perturbations in cellular redox in renal tubular cells. A dose-dependent increase in MFI related to
CM-H2DCF-DA and MitoSOX staining was observed in HK-2 cells following palmitate/BSA treatment (A and B). Likewise, a notable increase in both
CM-H2DCF-DA and DHE staining was observed in kidney sections of mice fed an HFD (D and F versus C and E). DCF staining was mainly confined to the
cytoplasm of tubules, although the glomeruli were unaffected. *, p � 0.01 versus control, n � 4.
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Miox activity by fatty acids was further substantiated by the fact
that various activators or inhibitors of PKC, PKA, and PDk1
were able to boost or inhibit palmitate/BSA-induced Miox
activity. Interestingly, because insulin also could remarkably
induce Miox activity, this would suggest its significance and a
link in various pathobiologic processes like diabetes and obe-
sity, the latter relating to perturbation in the fatty acid
metabolism.

A number of genes that are involved in the synthesis of fatty
acids, cholesterol, triglycerides and phospholipids, are regu-
lated by transcription factors known as Srebps (32–35). They
belong to the basic helix-loop-helix-leucine zipper family of
transcription factors, and they are bound to the endoplasmic
reticulum in an inactive precursor form, i.e. pSrebp. Upon acti-
vation by various stimuli, e.g. hyperinsulinemia, Srebp is
escorted by Srebp cleavage-activating protein into the Golgi
apparatus where it undergoes successive cleavage by site-1 pro-
tease and site-2 protease. The mature form (mSrebp) translo-
cates into the nucleus and binds to SRE to initiate transcription
of various genes (32–35). Given the above considerations, we
investigated whether HFD-induced up-regulation of Miox was
mediated by insulin via utilizing Srebp transcription factors. In
line with this notion, we observed that palmitate/BSA increased
the expression of mSrebp1 concomitant with the up-regulation
of Miox and decreased expression of pSrebp1 (Fig. 3). Similarly,
the HFD diet increased the expression of mSrebp1 in a proxi-
mal tubular compartment (Fig. 3). However, no significant
increase in Srebp1 expression or glomerulosclerosis was
observed following HFD administration. Conceivably, these
differences may be related to the duration of HFD administra-
tion, i.e. 6 weeks versus 12 weeks or use of different strains of
mice, i.e. CD1 versus C57BL/6J (40). Insulin is also known to
increase the expression of Srebp1 in adipocytes (30), and like-
wise a dose-dependent increase in HK-2 cells with a concomi-
tant up-regulation of Miox was also observed (Fig. 3).

Collectively, the above observations suggest that the biology
of Srebp1 and Miox is interlinked in states of high insulin or
fatty acid ambience. This led us to investigate the transcrip-
tional regulation of Miox. The miox promoter included multi-
ple SREs and E-box motifs localized from �1047 to �1099 bp
(Fig. 4). This suggested that Miox is a potential target candidate
of Srebp-1 that has dual DNA-binding specificity (30, 41).
Although Srebps have many potential targets, but two well
characterized genes to which adipocyte determination- and
differentiation-dependent factor 1 (ADD1)/Srebp1, with dual
DNA-binding specificity, can bind include fatty-acid synthase
and leptin. Incidentally, both are involved in fatty acid metab-
olism (30, 42). It is known that many transcription factors bind
to the E-box, including TFE3 and USF1, and the latter is
involved in the synthesis of fatty acids (43, 44). USF1 and Srebp1
cooperate with one another to regulate the transcription of
fatty-acid synthase. Thus, conceivably, USF1 in cooperation

with Srebp1 could regulate the transcription of miox following
HFD administration. Among several miox promoter con-
structs, maximal activity was confined to the construct contain-
ing the entire promoter segment inclusive of SREs and E-box
motifs. A marked increase in the activity was noted following
palmitate/BSA treatment, and it was reduced to basal levels in
cells transfected with a mutant construct (Fig. 4). EMSA and
ChIP assay further provided the evidence that miox transcrip-
tion is modulated by Srebp1 in states of high fatty acids
ambience.

Next, we addressed the question as to which of the genes
co-localize with Miox that would be reflective of proximal
tubular injury and are induced following HFD administration.
Expression studies were carried out both in rats and mice
because different species/strains display differential suscepti-
bility to HFD-induced tubular injury (40). In either species
there was loss of the proximal tubular brush border with
increased low molecular weight proteinuria (Fig. 5). Such low
molecular weight proteinuria besides albuminuria has also
been reported in states of obesity in children (45). A mild
increase in albumin excretion was also observed that may be
due to the shorter duration of HFD administration, i.e. 6 weeks
versus 12 weeks (40). HFD administration also induced cellular
and nuclear damage, which was readily discernible by TUNEL
assay and by delineating the changes in the expression of vari-
ous genes and markers, i.e. Bcl2/Bax and -pH2AX and SA-�-
Gal (Fig. 5). Overall, HFD markedly perturbed cellular homeo-
stasis with increased expression of Srebp1 and concomitant
up-regulation of Miox. Upstream modulators of Srebp1 are
believed to be a group of kinases, including PI3K, Akt/protein
kinase, and more importantly another protein kinase known as
mTORC1. The latter regulates cell growth by coordinating pro-
tein anabolism, nucleotide synthesis, gluconeogenesis, and
lipogenesis (46, 47). The mTORC1 is also modulated by
5�-AMP-activated kinase, an enzyme that is a key regulator of
carbohydrate as well as lipid metabolism (3, 48). Among these
enzymes, mTROC1 seems to rest at the cross-roads of various
kinase-mediated signaling pathways and is activated by fatty
acids and by states of obesity; and its inhibition by rapamycin
leads to amelioration of palmitate-induced endoplasmic retic-
ulum stress and obesity-mediated autophagy insufficiency
(48 –50). Most of these studies relate to glomerular biology
focusing on podocyte injury culminating into glomerulosclero-
sis, and there are few studies concerning obesity or metabolic
syndrome related to tubulo-interstitial injury (45, 51). This
investigation addresses an interlinked pathobiology of Miox,
mTORC1. and Srebp1 in the context of tubular injury and obe-
sity/metabolic syndrome. It is likely that the scenario that one is
dealing with here is reminiscent of metabolic syndrome
because the mice had HFD-induced obesity (body weight) and
high blood sugar, cholesterol, and insulin levels. Interestingly,
these physiologic parameters were normalized along with res-

FIGURE 9. srebp1 and miox siRNA reduced palmitate/BSA-induced perturbations in cellular redox in renal tubular cells. A significant increase in MFI, as
assessed by flow cytometric analyses, following palmitate/BSA treatment was observed (B versus A and E). srebp1 siRNA treatment reduced the MFI (C and E).
Similarly, a reduction in MFI was observed following miox siRNA treatment (D and E). Likewise fluorescent microscopy of HK-2 cells revealed a notable increase
in intensity of staining following palmitate/BSA treatment (G versus F). Both the srebp1 siRNA and miox siRNA treatments remarkably reduced intensity of
fluorescence, suggesting that palmitate/BSA-induced ROS perturbations are specific to miox and are mediated via Srebp1 (H and I). *, p � 0.01 versus control,
n � 4.
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toration of villous architecture of proximal tubules and reduc-
tion in expression of Miox and markers of cellular/nuclear
damage (Fig. 6). To interlink the biologic relationship between
Miox, Srebp1, and mTORC1, the in vitro experiments utilizing
HK-2 cells, rapamycin, and siRNA techniques were carried out.
Treatment of cells with rapamycin concomitantly reduced the
palmitate/BSA-induced expression of Miox and Srebp-1 (Fig.
7). Nuclear translocation of Srebp1 was also remarkably
reduced, suggesting that inhibition of mTROC1 led to a down-
regulation of Miox that is most likely mediated via the Srebp1
transcription factor. The fact that palmitate/BSA-induced
Miox and Srebp1 expression was reduced by srebp1 siRNA
would strongly suggest the existence of an mTORC1-Srebp1
signaling pathway that modulates the pathobiology of Miox. In
addition, the extent of apoptosis was remarkably reduced by
rapamycin, and this process, which influences the regulation of
Miox, was conceivably mediated through p53 because the lat-
ter’s expression was reduced (Fig. 7). The p53 is a redox-active
transcription factor that modulates cellular responses in the
setting of various stresses that lead to genomic instability and
apoptosis (52). With respect to cellular redox, ROS may serve as
upstream or downstream modulators of p53 signaling, but a
long held view is that ROS are downstream mediators of p53-
dependent apoptosis (53).

In view of the above discussion and the fact that overexpres-
sion of Miox leads to ROS generation (29), we examined the
status of ROS in HFD- or palmitate-induced up-regulation of
Miox in proximal tubules. ROS, as assessed by staining with
DCF-DA and DHE staining, indicative of hydrogen peroxide
and superoxide anion generation, were notably increased in the

proximal tubular compartment of kidneys of mice fed an HFD
for 6 weeks (Fig. 8). Likewise, in in vitro experiments a dose-de-
pendent increase in the mean fluorescence intensity of
DCF-DA and MITOSOX following palmitate/BSA treatment
was observed, which suggested that most likely the ROS gener-
ated are derived from both mitochondrial and cytosolic frac-
tions of HK-2 cells, as assessed by flow cytometric analysis (Fig.
8). Although the generation of ROS followed the up-regulation
of Miox, it is worth mentioning here that the miox promoter
includes both oxidant and anti-oxidant response elements (22).
Therefore, it is conceivable that Miox activation may lead to
setting up a positive regulatory loop with sustained generation
of ROS thus accentuating the oxidant stress in proximal
tubules. Moreover, in the kidney the HFD diet-induced gener-
ation of ROS is also seen in other organ systems, including
skeletal muscle, liver, generalized vasculature, and importantly
in adipose tissues (2, 6, 14, 54 –57). However, peculiar to the
kidney is that the HFD diet-induced ROS generation would be
sustained because of unique oxidant response elements in the
miox promoter. Here, another relevant question that needs to
be addressed is whether ROS generation directly relates to
increased expression of Srebp1 and Miox and whether this pro-
cess is specific to the Miox pathobiology? With this in mind,
siRNA experiments were performed. Both srebp1siRNA and
miox siRNA reduced the DCF-DA-related mean fluorescence
intensity, as measured by flow cytometric analyses, as well as
gauged by fluorescence microscopy (Fig. 9). The degree of sup-
pression of ROS generation was comparable following the
treatment with either of the siRNAs, suggesting an intertwined
pathobiology of Srebp1 and Miox.

FIGURE 10. Mechanism(s) of Miox induction leading to tubulo-interstitial injury in states of obesity or metabolic syndrome. A, in states of obesity with
the development of insulin resistance, there is an activation of transcription factor, Srebp1, which by modulating fatty-acid synthase (FAS) would increase the
production of fatty acids in the liver. B, conceivably, the fatty acids reabsorbed by the proximal tubular cells activate mTORC1 protein kinase (48 –50), which in
turn would increase the expression of preSrebp1. The preSrebp1 is escorted by Scap from the endoplasmic reticulum to the Golgi via vesicular transport with
simultaneous dissociation of Insig. In the Golgi saccules the preSRBEP1 is successively cleaved by site-1 and -2 proteases to generate a mature form, i.e.
mSrebp1. The mSrebp1 translocates into the nucleus, binds to SREs, and initiates transcription of miox. C, summary of signaling events leading up to Miox
activation, oxidant stress and thereby tubulo-interstitial injury are depicted. In addition, various steps where rapamycin conceivably can interrupt mTORC1
signaling are also depicted. ER, endoplasmic reticulum; Scap, Srebp cleavage activating protein; Insig, insulin-induced gene; SRE, sterol-response elements.
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In summary, this study elucidates mechanisms involved in
HFD- or fatty acid-induced transcriptional, translational, and
post-translational regulation of Miox expression as well as its
activity. Importantly, this investigation also highlights Miox as
a novel target of the transcription factor Srebp1 and a new
mTORC1/Srebp1/Miox pathway (Fig. 10) in the generation of
ROS culminating into tubulo-interstitial injury in states of
obesity.
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