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Background: The renal tubules, which have distant metabolic features and functions in different segments, reab-
sorb N99% of approximately 180 l of water and 25,000mmol of Na + daily. Defective metabolism in renal tubules
is involved in the pathobiology of kidney diseases. However, the mechanisms underlying the metabolic regula-
tion in renal tubules remain to be defined.
Methods: We quantitatively compared the proteomes of the isolated proximal tubules (PT) and distal tubules
(DT) from C57BL/6 mouse using tandemmass tag (TMT) labeling-based quantitative mass spectrometry. Bioin-
formatics analysis of the differentially expressed proteins revealed the significant differences between PT and DT
in metabolism pathway. We also performed in vitro and in vivo assays to investigate the molecular mechanism
underlying the distant metabolic features in PT and DT.
Findings:We demonstrate that the renal proximal tubule (PT) has high expression of lipid metabolism enzymes,
which is transcriptionally upregulated by abundantly expressed PPARα/γ. In contrast, the renal distal tubule
(DT) has elevated glycolytic enzyme expression, which is mediated by highly expressed c-Myc. Importantly,
PPARγ transcriptionally enhances the protease iRhom2 expression in PT, which suppresses EGF expression
and secretion and subsequent EGFR-dependent glycolytic gene expression and glycolysis. PPARγ inhibition re-
duces iRhom2 expression and increases EGF and GLUT1 expression in PT inmice, resulting in renal tubule hyper-
trophy, tubulointerstitial fibrosis and damaged kidney functions, which are rescued by 2-deoxy-D-glucose
treatment.
Interpretation: These findings delineate instrumental mechanisms underlying the active lipid metabolism and
suppressed glycolysis in PT and active glycolysis in DT and reveal critical roles for PPARs and c-Myc inmaintain-
ing renal metabolic homeostasis. FUND: This workwas supported by the National Natural Science Foundation of
China (grants 81572076 and 81873932; to Q.Z.), the Applied Development Program of the Science and Technol-
ogy Committee of Chongqing (cstc2014yykfB10003; Q.Z.), the Programof Populace CreativitiesWorkshops of the
Science and Technology Committee of Chongqing (Q.Z.), the special demonstration programs for innovation and
application of techniques (cstc2018jscx-mszdX0022) from the Science and Technology Committee of Chongqing
(Q.Z.).
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1. Introduction

The mammalian kidney contains thousands of individual nephron
units, each of which consists of a glomerulus that generates filtrate of
blood and a long epithelial tubule that modifies the filtrate by
the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Research in context

Evidence before this study

The renal tubules, which have distant metabolic features and
functions in different segments. Defective metabolism in renal tu-
bules is involved in the pathobiology of kidney diseases. However,
the mechanisms underlying the metabolic regulation in renal tu-
bules remain to be defined.

Added value of this study

This study found that highly expressed PPARs and c-Myc in-
creases lipid and glycolytic enzyme expression in the renal proxi-
mal and distal tubules, respectively. PPARγ enhances iRhom2
expression to suppress EGF expression and EGFR-dependent gly-
colytic gene expression and glycolysis in the renal proximal and
distal tubules. PPARγ inhibition results in renal tubule hypertro-
phy, tubulointerstitial fibrosis and damaged kidney functions,
which could be rescued by 2-deoxy-D-glucose treatment.

Implications of all the available evidence

Our findings delineate instrumental molecular mechanisms under-
lying the active lipid metabolism and suppressed glycolysis in the
PT and active glycolysis in the DT and reveal critical roles for
PPARs and c-Myc inmaintainingmetabolic homeostasis in the kid-
ney. Given that PPARs are implicated to have roles in many renal
pathophysiological conditions, including diabetic nephropathy,
glomerulosclerosis, chronic kidney disease, and kidney fibrosis,
our study elucidates the potential to treat PPARγ function-
defective kidney diseases with currently available EGF receptor
antagonists.
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transporting substances into and out of it to form the final urine. The
renal tubule, which reabsorbs N99% of approximately 180 l of water
and 25,000 mmol of Na+ daily, is comprised of many segments, includ-
ing the proximal (convoluted) tubule (PT) and distal (convoluted) tu-
bule (DT), and the loop of Henle, each having distinct cell types and
functions [1,2]. PT and DT are derived from nephron progenitor cells
(metanephric mesenchymal cells) and develop into two segments
with varied morphologies and functions [1–3]. PT is responsible for re-
covering the majority of filtrate, including nearly 80% of fluid and
electrolytes, N99% of glucose and amino acids, and endocytosis-
dependentmassive protein andmacromolecular substances. DT further
fine-tunes the composition offiltrate and plays a key role inmaintaining
potassium, calcium, magnesium homeostasis, and water absorption
[1,2]. To achieve these different functions, PT and DT have distinct
types of energy metabolism. Specifically, PT metabolizes fatty acids in-
stead of glucose to produce energy, whereas DT oxidizes glucose at a
rate three times greater than that by PT [1,2]. Normally regulated energy
metabolism plays an instrumental role inmaintaining kidney functions,
and abnormal alteration of this metabolism contributes to many renal
pathophysiological states. For instance, inhibition of fatty acid oxidation
in kidney tubule cells promotes kidney fibrosis development in patients
with chronic kidney disease, whereas defective activation of aerobic
glycolysis deregulates the balance between proliferation and apoptosis
of kidney tubule cells in patients with autosomal dominant polycystic
kidney disease [4,5]. Despite the distant features of cell metabolism in
different segments of the renal tubules, the molecular mechanisms un-
derlying these observations remain to be elucidated. In this study, we
showed that the nuclear receptor peroxisome proliferator- activated re-
ceptor (PPAR)α/γ and c-Myc are highly expressed in PT and DT,
respectively. (PPAR)α/γ upregulate expression of the enzymes for
active lipid metabolism, whereas PPARγ increases expression of
iRhom2 to suppress EGF expression and secretion and EGFR
activation-dependent glycolytic gene expression and glycolysis in PT.
In contrast, c-Myc upregulates glycolytic gene expression, increasing
glycolysis in DT. PPARγ inhibition resulted in enhanced glycolysis-
related hypertrophy and tubulointerstitial fibrosis of renal tubules and
impaired kidney functions.

2. Materials and methods

2.1. Materials

Rabbit polyclonal antibodies recognizing PPARα, PPARγ, Glut1, NCC,
iRhom2 and EGF (for neutralization) and mouse monoclonal antibody
against c-Myc were obtained from Abcam (Cambridge, MA). Rabbit
polyclonal antibodies recognizing PFKL, β-tubulin, CD28K, EGFR,
phospho-EGFR, phospho-ERK, phospho-AKT, and AKT were obtained
from Cell Signaling Technology (Beverly, MA). Rabbit polyclonal anti-
bodies recognizing PPARγ, ACOX1, ACSL1, ACAA1, ACAA2, HADH, HK2,
and LDHA were obtained from Proteintech (Wuhan, China). Rabbit
polyclonal antibodies recognizing EGF and CD36 were obtained from
Bioworld (St. Louis Park, MN). Rabbit polyclonal antibody recognizing
Podocin and ERK1 and mouse monoclonal antibody against EGF was
purchased from Santa Cruz Biotechnology (Santa Cruz, CA). Mouse
monoclonal antibody against CD-28 K was purchased from Boster
(Wuhan, China). Recombinant human and rat EGF proteins were ob-
tained from Peprotech (Rocky Hill, NJ). PPARγ inhibitor GW9662 was
purchased from Sigma (St. Louis, MO). 2-deoxy-D-glucosewas obtained
from Sangon biotech (Shanghai, China). Lipofectamine™2000 transfec-
tion reagents and BODIPY® 500/510 C1, C12 were from Invitrogen
(Carlsbad, CA, USA). Mouse KIM-1 Quantikine ELISA kit was purchased
from R&D (Minneapolis, MN).

2.2. Cell lines and cell culture conditions

NRK-52E, MDCK, and HEK 293FT cells were maintained in
Dulbecco's modified Eagle's medium supplemented with 10% fetal bo-
vine serum (Gibco) and 1% penicillin/streptomycin antibiotics. HK2
cells were maintained in DMEM/F-12 medium supplemented with
10% fetal bovine serum (Gibco) and 1% penicillin/streptomycin antibi-
otics. The cells were cultured in 37 °C with 5% CO2 condition. Before
transfection, the culture medium was replaced by medium supple-
mented with 0.5% fetal bovine serum.

2.3. Isolation of mouse renal proximal and distal tubules

Renal Proximal and distal tubules were separated from C57BL/6
male mouse using a method adapted from a previous publication [6].
Briefly, the kidneys were instantly put in the ice-cold modified Krebs-
Henseleit buffer (KHB) (118 mM NaCl, 4.0 mM KCl, 1.0 mM KH2PO4,
27.2 mM NaHCO3, 1.25 mM CaCl2, 1.20 mM MgCl2, 5.0 mM glucose,
and 10 mM N-2-hydroxyethylpiperazine- N′-2-ethanesulfonic acid
[HEPES]), and the capsules were stripped. The renal cortices were ex-
cised, minced, and incubated in 10 ml KHB-enzyme solution (9 ml
KHB, 1 ml collagenase I) for 35min at 37 °C. The tubules were collected
by centrifugation at 750g for 2 min and then filtered through a 100 μm
mesh and a 74 μm mesh to remove the undissociated tissues and the
glomeruli, respectively. Separation of the tubules was achieved
by Percoll gradient centrifugation. Suspended tubules in 35% isosmotic
Percoll solution were centrifuged at 4 °C for 10 min at 17,540g.
The upper bands were enriched with distal tubules, and the lower
bands were enriched with proximal tubules. The proximal and distal
fractions were washed three times to remove Percoll and were then
stored at−80 °C.
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2.4. Proteomics

For the quantitative proteomic analysis, the isolated renal proximal
tubules (three groups) and distal tubules (three groups) were analyzed
as described previously [7]. Briefly, tryptic peptides from three biologi-
cal replicates of the C57 adult mouse renal proximal tubules and distal
tubules were labeled with Tandem Mass Tag™ 6-plex (TMT sixplex™)
Reagents (Thermo scientific, Rockford, USA). The labeled peptides
were mixed together with an equal molar ratio and separated into 10
fractions by RP-HPLC before LC-MS/MS analysis. Rawmass spectromet-
ric data were analyzed in the MaxQuant environment (version 1.4.1.2)
[8]. MS/MS spectra were searched using the Andromeda search engine
against the decoy UniProt- Mus musculus database (77,129 entries,re-
leased on 05/03/2014) [9], The false discovery rate (FDR) was set to
0.01 for both peptide and protein identifications (Benjamini Hochberg).
Statistical and bioinformatics analyses were mainly performed by the
software Perseus version 1.4.0.17 [10]. A paired t-test was performed
to determine statistical significance of differential expression of proteins
between the C57 adult mouse renal proximal tubules and distal tubules
with a false discovery rate value of 0.05. KEGGmetabolism pathway en-
richment analyses were performed using the DAVID Bioinformatics Re-
sources 6.7 [11]. Upstream regulators of gene expressionwere analyzed
using QIAGEN's Ingenuity® Pathway Analysis (IPA®, QIAGEN Redwood
City, www.qiagen.com/ingenuity). A p-value b .05 was used as the cut-
off for all statistical analyses.
2.5. DNA constructs and mutagenesis

PCR-amplified Rat PPARα, Rat RHBDF2, and Mouse PPARγ were
inserted into pCDNA3.1(+). Species-specific RHBDF2 promoters were
amplified by PCR and cloned into pGL3.basic vector. The mutant
RHBDF2 promoter vector was constructed, as described before [12].
The primers used in DNA constructs were listed in Supplementary
Table 1.
2.6. Transfection

Lipofectamine™ 2000 (Invitrogen, Carlsbad, CA, USA) was used to
transfect overexpression vectors and small interfering RNA (siRNA)
into cells. The transfection efficiency was confirmed by real time PCR
and western blot. Cells were transfected with 200 nM siRNA. The target
sites of siRNA were listed in Supplementary Table 2.
2.7. Promoter activity assay

The promoter activity of RHBDF2was determined byDual-luciferase
reporter assay system. Briefly, pGL3-RHBDF2 promoter, pCDNA3.1(+)
or pCDNA3.1(+)-PPARγ and pRL-SV40 renilla were transfected into
HEK293FT cells in 24-well plate via Lipofectamine™ 2000. pRL-SV40
renilla vector was cotransfected for normalization of transfection effi-
ciency. The HEK293FT cells were further treated for 24 h after transfec-
tions with or without PPARγ ligand (50 μM Rosiglitazone(TZD)). The
luciferase activity was detected 36 h after transfections by Dual-
Luciferase Reporter Assay System (Promega, Madi-son, WI, USA).
2.8. ChIP assay

ChIPwas performed by SimpleChIP Enzymatic Chromatin IP kit (Cell
Signaling Technology). Chromatin prepared fromNRK-52E cells in a 10-
cm dish was used to determine total DNA input and for overnight incu-
bationwith an anti-PPARγ antibody (Abcam) or normal mouse IgG. The
Rat RHBDF2 promoter-specific primers used in PCR were listed in Sup-
plementary Table 1.
2.9. Real time PCR

RNA was extracted using the RNAprep pure Cell/Bacteria Kit and
RNAprep pure Tissue Kit (TIANGEN, Beijing, China) following the
manufacture's instructions. 1 μg RNA was reverse transcripted into
cDNA by the First Strand cDNA Synthesis Kit (Thermo Scientific, USA).
The mRNA level was detected by SYBR-Green qRT-PCR kit (Takara,
Japan) and normalized relative to the PPIB (peptidylprolyl isomerase
B) mRNA levels. The primers used in real time PCR were listed in Sup-
plementary Table 1.

2.10. Immunoblot analysis

Extraction of proteins from cultured cells using a modified buffer
was followed by immunoblot analyses with antibodies, as described
previously [13]. We extracted the protein using RIPA lysis buffer and
boiled with 5× SDS loading buffer 95 °C for 10 min. we adjusted the
total protein with BCA protein concentration determination kit
(Thermo scientific, Rockford, USA) to ensure the same consistence of
total protein and internal control. 20 μg of protein of each sample was
separated by 12% SDS–PAGE, and transferred to NC membrane
(Millipore, USA), The transferred membrane was stained with Ponceau
S to ensure the same loading of each lines on the membrane. Subse-
quently, the membrane was washed with 1 × PBS to remove Ponceau
S and blocked with 5% (w/v) fat-free milk in TBST at room temperature
for 1 h. Then themembrane was probed with primary antibodies (anti-
PPARα (1:1000 dilution, Abcam),anti-Glut1 (1:1000 dilution, Abcam),
anti-NCC (1:1000 dilution, Abcam), anti-iRhom2(1:500 dilution,
Abcam), anti-c-Myc(1:1000 dilution, Abcam) anti-CD28K(1:1000 dilu-
tion, Cell Signaling Technology) anti-PFKL(1:1000 dilution, Cell Signal-
ing Technology), anti-β-tubulin(1:2000 dilution, Cell Signaling
Technology), anti-EGFR(1:2000 dilution, Cell Signaling Technology),
anti-phospho-EGFR(1:2000 dilution, Cell Signaling Technology), anti-
phospho-ERK(1:2000 dilution, Cell Signaling Technology), anti-
phospho-AKT(1:2000 dilution, Cell Signaling Technology), anti-AKT
(1:2000 dilution, Cell Signaling Technology), anti-PPARγ(1:1000 dilu-
tion, Proteintech), anti-ACOX1(1:1000 dilution, Proteintech), anti-
ACSL1(1:1000 dilution, Proteintech), anti-ACAA1(1:1000 dilution,
Proteintech), anti-ACAA2(1:1000 dilution, Proteintech), anti-HADH
(1:1000 dilution, Proteintech), anti-HK2(1:1000 dilution, Proteintech),
anti-LDHA(1:5000 dilution, Proteintech) anti-EGF(1:1000 dilution,
Bioworld), anti-CD36(1:1000 dilution, Bioworld), anti-Podocin(1:1000
dilution, Santa Cruz Biotechnology) and anti-ERK1(1:1000 dilution,
Santa Cruz Biotechnology)) at 4 °C overnight, The membrane was
then washed with 1 × TBST at room temperature 3 times for 5 min
and probed with corresponding second antibody at room temperature
for 1 h. The final signals of WB fragments were developed by Chemilu-
minescent Horseradish Peroxidase (HRP) Substrate Reagent (Millipore,
Billerica, MA, USA) and then were detected with ChemiDoc™ XRS+
(Bio-Rad, Hercules, CA, USA). After that, we stripped the membranes
(no more than two times), re-blocked the stripped membranes using
5% fat-free milk at room temperature for 2 h and probedwith other pri-
mary antibodies at room temperature for 2 h.

2.11. In vivo experiments

C57BL/6 male mice (6-week old) were divided into four groups:
1) Control group (DMSO + normal saline (NS); n = 10); 2) 2-DG
group (DMSO +2-DG; n = 10); 3) GW9662 group (GW9662 + NS; n
= 10); 4) GW9662 and 2-DG group (GW9662 + 2-DG; n = 10). Mice
were injected intraperitoneally with GW9662 (10 mg/kg body weight)
in DMSO solvent and 2-DG (500 mg/kg body weight) in normal saline
(NS). Preferentially injected GW9662 or DMSO was followed by injec-
tion with 2-DG or NS one h later. After continuously injection for four
weeks, the urine was collected and all mice were sacrificed and the

http://www.qiagen.com/ingenuity
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kidneys were harvested and fixed in 4% paraformaldehyde for the sub-
sequent experiments.

2.12. Histological and immunostaining analysis of kidney

Kidney specimens were fixed in 4% paraformaldehyde and then em-
bedded by paraffin or O.C.T (SAKURA, Tissue-Tek). The paraffin-
embedded tissues were cut into 4-μm-thick sections for hematoxylin
and eosin (H&E) staining, Sirius red staining and Masson's trichrome
staining, and the O.C.T-embedded tissues were cut into 10-μm-thick
sections for immunofluorescence staining. For immunofluorescence
staining, sections were air-dried, washed, and blocked with 5% goat
serumwith 0.1% Triton X-100 and 0.1% saponin for 1 h at room temper-
ature. Incubationwith anti-EGF (1:100, Santa Cruz), or anti-Glut1 (1:50,
Abcam), anti- PPARγ (1:50, Proteintech), anti-PPARα (1:100, Abcam),
anti-CD28K (1:100, Boster), anti-CD28K (1:200, Cell Signaling Technol-
ogy),anti-c-Myc (1:100, Abcam), anti-NRF2 (1:100, Abcam) antibody
was performed at 4 °C overnight. After washed 3 times with 1× PBS,
the sections were incubated with an goat anti-rabbit 555 (1:500,
Invitrogen), goat anti-mouse 488 (1:500, Invitrogen) or LTL (1:300,
Vector Laboratories), and DAPI (1:5000, Life Technologies). Fluores-
cence images were collected using a fluorescence microscope (Nikon).

2.13. Measurements of glucose consumption and lactic acid production

The levels of glucose and lactic acid in culture medium were mea-
sured by the glucose Assay Kit and the Lactic Acid assay kit (Nanjing
Jiancheng Bioengineering Institute, China). In brief, 48 h after transfec-
tion, the cells were counted and themedia were collected for the detec-
tion of glucose and lactic acid concentration. The results were
normalized by cell numbers.

2.14. Fatty acid uptake assays

Fatty acid uptake was performed in NRK-52E cells with BODIPY®
500/510 C1, C12probe (Invitrogen Life Sciences, Carlsbad, CA) dissolved
in DMSO. 48 h after transfections, the cells were incubated for 5 min
with the fatty acid probes to a final concentration of 2 μM. And then
the cells were rinsedwith ice-cold PBS for three times to remove the ex-
ternal fluorescence probes. Fixed the cell with 4% paraformaldehyde for
10 min at room temperature and washed with ice-cold PBS to remove
the paraformaldehyde. The images were collected and scanned using a
fluorescence microscope (Nikon). The fluorescence signal was normal-
ized to the cell number.

2.15. ElISA

The levels of secreted EGF and urineKIM-1were detected by the cor-
responding Elisa kits. 48 h after transfection, the culture media of NRK-
52E cells were collected for the detection of secreted EGF. The results
were normalized to cell numbers. The urine of mice was collected for
the detection of KIM-1 level.

2.16. Measurements of serum creatinine and urea nitrogen

Serumwas collected frommice and serumcreatinine and urea nitro-
gen was determined using an automatic biochemical analyzer (enzyme
Fig. 1. Lipidmetabolism-regulatingproteins and glycolytic enzymes are highly expressed in PT a
Dots in blue, grey and purple indicate that 2247 proteins are differentially expressed between
statistical significance in their expression between PT and DT fractions. Dots in blue repre
proteins with abundance change PT/DT b 0.83. The x axis shows the log2 of protein abundan
(B) Bar graph represents the number of proteins differentially expressed in PT (left bar) and D
15 most significant enriched metabolism pathways in PT (C) and DT (D) fractions were sorte
(E) A diagram shows the fatty acid β-oxidation pathway and the enriched expression of prot
and the enriched expression of proteins in this pathway in DT (red) and PT (blue) fractions.
methods)in Clinical Laboratory of the Second affiliated Hospital of
Chongqing Medical University.

2.17. NADP/NADPH quantitation assays

NADP/NADPHquantitation assayswere performed inMDCK cell line
following the instruction of NADP/NADPH quantitation kit (Sigma, St.
Louis, MO). The transfected MDCK cells were wash with cold PBS,
digested with trypsin and pelleted 4 × 106 cells for each assay by
centrifuging at 2000 rpm for 5 min. The pelleted cells were extracted
with 800 μL of NADP/NADPH Extraction Buffer followed by 10 min
standing on ice. The samples were centrifuged for 10 min at 10,000 ×g
to remove insoluble material. Then 50 μL supernatant was transferred
into a labeled 96 well plate in duplicate. The Master Reaction Mix was
set up following the manual and was added into each sample followed
by incubation of 5 min at room temperature. 10 μL of NADPH developer
was added and incubated at room temperature for 1–4 h according to
the color. The absorbance was measure at 450 nm. 10 μL Stop Solution
was added into the reactions and the color was stable within 48 h. The
results were calculated according to the instructions.

2.18. Statistical analysis

All the experiments data were performed in triplicate at least. There
were 10 mice in each group of the in vivo assay. We used the Prism 5
software (GraphPad, San Diego, CA, USA) to calculate the statistical
data. The results were expressed as mean ± SD and unpaired student's
t -test was introduced to analysis data between two groups, while
ANOVAwas used formultiple comparison groups. p value ≤.05was con-
sidered significant.

3. Results

3.1. Lipidmetabolism-regulating proteins and glycolytic enzymes are highly
expressed in PT and DT, respectively

To understand the regulatory mechanisms underlying the different
metabolic features of PT and DT, we isolated PT and DT fractions from
adult mice via density gradient centrifugation (Fig. S1A). Purity of PT
and DT fractions was verified via immnunoblotting, showing
enriched-expression of megalin in PT fractions and enriched-
expression of CD28K [14] in DT fractions but no expression of the glo-
merulus protein podocin in either fraction (Fig. S1B). Quantitative pro-
teomic analysis of both PT and DT fractions using tandem mass tag
labeling coupled with liquid chromatography (LC)-tandem mass spec-
trometry identified a total of 4445 proteinswith a 1% false-positive pro-
tein identification rate at both the protein and peptide level. We
quantified 3326 of these proteins and showed that 2247 of them had
markedly different expression levels in PT and DT fractions (Fig. 1A),
and these results had high overall reproducibility (Fig. S1C). Using pro-
tein abundance changes (log2 [PT/DT]) N0.26 and less than−0.26 (1.2-
fold change) as criteria, we analyzed 2208 of 2247 proteins meeting
these criteria and found that 835 proteins were overexpressed in PT
fractions (log2 [PT/DT] N 0.26) and that 1373 proteins were
overexpressed in DT fractions (log2 [PT/DT] b −0.26) (Fig. 1B). In addi-
tion,manyof these proteinswere PT- or DT-enrichedproteins identified
previously (Fig. S1D) [14–33] strongly supporting the accuracy and effi-
ciency of our approaches.
ndDT, respectively. (A)Distributions and quantifications of theproteins in renal PT andDT.
PT and DT fractions (t-test P b .05) whereas dots in green indicate 1079 proteins with no
sent the proteins with protein abundance change PT/DT N 1.2. Dots in purple indicate
ce change between PT and DT, whereas the y axis shows the -log10 of the t-test P value.
T (right bar). (C, D) KEGG metabolism pathway enrichment analysis was performed. The
d according to the p value and shown. The y axis shows the -log10 of the t-test P value.
eins in this pathway in PT (blue) fractions. (F) A diagram shows the glycolysis pathway
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Wenext subjected the differentially expressed proteins to Kyoto En-
cyclopedia of Genes and Genomes metabolism pathway enrichment
analysis and revealed that proteins involved in fatty acid metabolism,
amino acid metabolism, the PPAR signaling pathway, and the citrate
cycle were enriched in PT fractions (Fig. 1C). In contrast, the proteins
that regulate mRNA splicing, protein synthesis, pentose phosphate
pathways, cell cycle progression, and glycolysis were highly expressed
in DT fractions (Fig. 1D). The connection of the protein expression
with fatty acid metabolism in PT was reflected by high expression of
CD36, ACOX1, ACSL1, CPT2, ACAD1, ACADV1, HADH, ACAA1a/1b and
ACAA2, which are involved in fatty acid degradation (Fig. 1E). In addi-
tion, G6PC was highly expressed in PT (Fig. 1F). In contrast to PT, DT
had overexpression of enzymes in the glycolytic pathway, such as
GLUT1, HK2, PFKL, PFKP, GAPDH, PGAM, ENO1, and LDHA (Fig. 1F). Of
note, antioxidative proteins such as G6PD and PGD in the pentose phos-
phate pathway and ME1, which maintain the NADPH level, were
enriched in DT (Figs. 1F, data not shown). In line with previously re-
ported metabolic features of PT and DT [34,35], these findings sup-
ported that highly expressed enzymes involved in fatty acid and lipid
metabolism provide major energy sources in PT and that highly
expressed glycolytic enzymes supply major energy sources in DT.

3.2. PPAR and c-Myc regulate lipid metabolism and glycolysis in PT and DT,
respectively

To determine the regulatory mechanisms underlying the different
protein expression patterns in PT andDT, we performed Ingenuity Path-
way Analysis-based upstream regulator analysis (QIAGEN, Valencia, CA,
USA) to identify the upstream regulators of gene expression in PT and
DT. We found that PPARα and PPARγwere highly scored activated up-
stream transcription factors in PT (Fig. 2A) but not in DT (Fig. 2B). In
agreement with this finding and previous reports [36–38], immunoflu-
orescent staining of kidney cortex tissue samples demonstrated that the
expression patterns of PPARα and PPARγ matched with that of PT
marker LTL but not with that of DT marker CD28K (Fig. 2C), supporting
that PPARα and PPARγ have a higher expression in PT than DT. PPARα
and PPARγ are lipid sensors and regulate the expression of genes in-
volved in lipid metabolism [39]. As expected, depletion of PPARα or
PPARγ in NRK-52E (rat proximal tubular epithelial cells) reduced the
mRNA (Fig. 2D) and protein (Fig. 2E) expressions of CD36, ACOX1,
HADH, ACAA1, and ACAA2 [40,41]. In addition, reconstituted expression
of PPARα and PPARγ restored the protein expression of these genes
(Fig. 2F). We observed similar effects in HK2 human proximal tubular
epithelial cells (Fig. S3A) [42]. In linewith PPARγ-dependent regulation
of the expression of CD36, which is involved in fatty acid uptake [43,44],
depletion of PPARγ (Fig. 2G) or PPARα (Fig. S3B) reduced the fatty acid
uptake in NRK-52E cells; and the observed reduction was rescued by
reconstituted expression of PPARγ and PPARα. These results combined
with previous reports [30,36,37], indicated that PPARα and PPARγ are
upregulated in PT cells and play an instrumental role in lipid metabo-
lism in PT.
Fig. 2. PPAR and c-Myc regulate lipidmetabolism and glycolysis in PT and DT, respectively. (A) U
(B) Upstream regulators of gene expression in DT identified by IPA upstream regulator analysi
sections were performed with the indicated antibodies. Scale bar = 50 μm. (D) Real time PCR
or without PPARα (left) and PPARγ (right) knockdown were performed. The data represent t
or without PPARα and PPARγ depletion were analyzed using an immunoblotting assay wit
HADH. All the experiments data were performed in triplicate at least and the representative
reconstituted with expression of PPARα or PPARγ, respectively. Immunoblotting analyses w
ACAA1, ACAA2 and HADH. All the experiments data were performed in triplicate at least and
without PPARγ depletion and reconstituted expression of PPARγ was determined. Represente
fatty acid uptake images. Data represent the means ± SD of three independent experiments
kidney sections were performed with the indicated antibodies. Scale bar = 50 μm. (I) MDCK
indicated antibodies including MYC, HK2, PFKL, GLUT1 and LDHA. All the experiments da
(J) MDCK cells with or without NRF2 depletion were analyzed using real time PCR of the mR
mean ± SD from n = 3 independent experiments. *** P ≤ .001. (K, L) The media of MDCK c
(K) and lactate production (L). The data represent the mean ± SD from n = 3 independent ex
NRF2 depletion were measured. The data represent the mean ± SD from n = 3 independent e
In contrast to the gene expression patterns in PTs, our Ingenuity
Pathway Analysis-based upstream analysis revealed that c-Myc and
the Nrf2 (also known as NFE2L2)were the highly scored transcriptional
factors in DT (Fig. 2B). Immunofluorescent staining of kidney tissue
samples demonstrated that the expression patterns of c-Myc and Nrf2
matched with that of CD28K but not with that of LTL (Fig. 2H),
supporting that c-Myc and Nrf2 have a higher expression in DT than
PT. C-Myc is a critical regulator of glycolytic gene expression, whereas
Nrf2 is important for regulation of antioxidant protein expression
[45,46]. As predicted, depletion of c-Myc in MDCK cells (distal tubular
epithelial cells) reduced GLUT1, HK2, PFKL, and LDHA expressions
(Fig. 2I), whereas Nrf2 depletion reduced the mRNA levels of G6PD,
PGD, and ME1 (Fig. 2J), which are directly regulated by Nrf2 [47].
Consistent with the effect of c-Myc depletion on glycolytic gene expres-
sion, c-Myc depletion also inhibited glucose uptake (Fig. 2K) and lactate
production of MDCK cells (Fig. 2L). In addition, the NADPH:NADP ratio
decreased in the presence of Nrf2 depletion in MDCK cells (Fig. 2M).
These results strongly suggested that expression of c-Myc and Nrf2 is
upregulated in DT and that they play important roles in glycolysis and
NADPH production in DT cells.

Taken together, our findings indicated that PPARα/γ and c-Myc reg-
ulate lipid metabolism and glycolysis in PT and DT, respectively.

3.3. PPARγ suppresses glycolysis via inhibition of EGFR activation in PT cells

PT is known to metabolize glucose poorly [48,49]. Intriguingly, we
found that PPARγ depletion in NRK-52E cells or HK2 cells increased
the expression of glycolytic proteins, including GLUT1, HK2, PFKL, and
LDHA (Fig. 3A, Fig. S4A); and the increased protein expressions were
abrogated by reconstituted expression of PPARγ (Fig. 3A). In contrast,
PPARα depletion reduced the expression of these proteins (Fig. S4B).
However, PPARα overexpression in NRK-52E cells did not dramatically
increase the expression of these proteins (Fig. S4C). These results
suggested that PPARγ and PPARα have opposite roles in regulation of
glycolysis and that PPARα expression is necessary but not sufficient
for increasing glycolytic protein expression. These results also suggested
that PT-highly expressed PPARγ, which has inhibitory function in gly-
colysis, is critical for a low glycolysis level in PT. Consistent with the ef-
fect of PPARγ above, PPARγ depletion increased glucose consumption
(Fig. 3B) and lactate production (Fig. 3C) in NRK-52E cells andwere res-
cued by reconstituted expression of PPARγ. These results indicated that
PPARγ suppresses glycolysis in PT cells.

Growth factor receptor activation promotes glycolysis, and our pre-
vious studies demonstrated that activation of EGFR increases glycolytic
gene expression [45,50,51]. Of note, we found that PPARγ depletion in
NRK-52E cells resulted in increased phosphorylation of EGFR as well
as the downstream signaling molecules extracellular signal-regulated
kinase (ERK) and AKT (Fig. 3D). Treated with the EGFR inhibitor
AG1478 could block PPARγ depletion-upregulated expression of HK2,
PFKL, GLUT1, and LDHA (Fig. 3E). In contrast, EGF treatment-induced
expression of these proteins was not affected by overexpression of
pstream regulators of gene expression in PT identified by IPA upstream regulator analysis.
s. (C) Immunofluorescence analyses of PPARα and PPARγ in the adult C57 mouse kidney
analyses of mRNA levels of CD36, ACOX1, HADH, ACAA1, and ACAA2 in NRK-52E cells with
he mean ± SD from n = 3 independent experiments. *** P ≤ .001. (E) NRK-52E cells with
h the indicated antibodies including PPARα, PPARγ, CD36, ACOX1, ACAA1, ACAA2 and
imagines were shown. (F) Endogenous PPARα- or PPARγ-depleted NRK-52E cells were
ere performed with the indicated antibodies including PPARα, PPARγ, CD36, ACOX1,

the representative imagines were shown. (G) Fatty acid uptake of NRK-52E cells with or
d pictures were shown. The bar graph below represents the fluorescence scanning of the
. * P ≤ .05. (H) Immunofluorescence analyses of MYC and NRF2 in the adult C57 mouse
cells with or without MYC depletion were analyzed using immunoblot analyses with the
ta were performed in triplicate at least and the representative imagines were shown.
NA levels of the indicated genes including ME1, G6PD, PGD, NRF2. The data represent the
ells with or without MYC depletion were collected for analysis of glucose consumption
periments. **P ≤ .01, ***P ≤ .001. (M) NADPH:NADP ratios in MDCK cells with or without
xperiments. ** P ≤ .01.



Fig. 3. PPARγ suppresses glycolysis via inhibition of EGFR in PT cells. (A) NRK-52E cells with or without PPARγ depletion were transfected with a control vector or a vector expressing
PPARγ. Immunoblotting analyses were performed with the indicated antibodies including PPARγ, HK2, PFKL, GLUT, LDHA. All the experiments data were performed in triplicate at
least and the representative imagines were shown. (B, C) The media of serum-starved NRK-52E cells with or without PPARγ depletion and with or without reconstituted expression of
PPARγ were collected for analysis of glucose consumption (B) and lactate production(C). The data represent the mean ± SD from n = 3 independent experiments. *** P ≤ .001.
(D) NRK-52E cells with or without PPARγ depletion were lysed. Immunoblotting analyses were performed with the indicated antibodies including PPARγ, P-EGFR, Total-EGFR, P-
ERK1/2, total-ERK1, P-AKT, Total-AKT. All the experiments data were performed in triplicate at least and the representative imagines were shown. (E) NRK-52E cells with or without
PPARγ depletion were treated with or without EGFR inhibitor AG1478 (2 μM) for 48 h. Immunoblotting analyses were performed with the indicated antibodies including PPARγ, P-
EGFR, HK2, PFKL, GLUT1, LDHA. All the experiments data were performed in triplicate at least and the representative imagines were shown. (F) NRK-52E cells with or without PPARγ
overexpression were treated with or without EGF (100 ng/ml) for 24 h. Immunoblotting analyses were performed with the indicated antibodies including PPARγ, HK2, PFKL, GLUT1,
GAPDH, LDHA. All the experiments data were performed in triplicate at least and the representative imagines were shown. (G, H) The media of serum-starved NRK-52E cells with or
without PPARγ depletion in the presence or absence of AG1478 (2 μM) for 48 h were collected for analysis of glucose consumption (G) and lactate production (H). The data represent
the mean ± SD from n = 3 independent experiments. * P ≤ .05;** P ≤ .01; *** P ≤ .001.
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PPARγ in NRK-52E (Fig. 3F) or HK2 (Fig. S4D) cells. These results
strongly suggested that EGF is a downstream molecule of PPARγ and
that EGFR activation is suppressed by PPARγ expression. In line with
the effect of treatment with AG1478 on glycolytic gene expression,
AG1478 also inhibited PPARγ depletion-enhanced glucose consump-
tion (Fig. 3G) and lactate production (Fig. 3H) in NRK-52E cells, further
supporting that PPARγ suppresses glycolysis via inhibition of EGFR
activation.
3.4. PPARγ suppresses glycolysis in PT via iRhom2-mediated downregula-
tion of EGF expression and secretion

To identify the mechanism underlying PPARγ-suppressed EGFR
activation, we performed Realtime PCR and it revealed that PPARγ de-
pletion did not affect the mRNA expression of EGF and EGFR (Fig. 4A).
However, PPARγ depletion increased both intracellular and secreted
EGF levels (Fig. 4B) but not cellular EGFR expression (Fig. 3D). Notably,
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incubation of NRK-52E (Fig. 4C) and HK2 (Fig. S5A) cells with a neutral-
izing antibody against EGF inhibited PPARγ depletion-induced EGFR
phosphorylation. These results strongly suggested that PPARγ inhibits
EGFR activation by reducing EGF stability and secretion.

It was reported that iRhom2 can bind to EGF in the endoplasmic
reticulum (ER) to induce proteasomal destruction of EGF in a process
called ER-associated degradation [52]. As expected, PPARγ depletion re-
duced the mRNA (Fig. 4D) and protein (Fig. 4E) level of RHBDF2, which
correlated with increased EGF expression and EGFR phosphorylation
(Fig. 4E). In contrast, iRhom2 overexpression in NRK-52E and HK2
cells (Fig. S5B) suppressed the effect of PPARγ depletion on enhanced
phosphorylation of EGFR and downstream ERK and AKT; increased ex-
pression of HK2, PFKL, GLUT1, and LDHA; and upregulated expression
(Fig. 4E) and secretion (Fig. 4F) of EGF. These results indicated that
PPARγ inhibits EGF expression and secretion via upregulation of
iRhom2 expression.

We next sought to identify the mechanism underlying PPARγ-
regulated iRhom2 expression by examining whether PPARγ directly
regulates RHBDF2 gene transcription. It is known that PPARγ binds to
the PPAR response element (PPRE; AGGTCA-N-AGGTCA) of a targeted
gene promoter [53]. Sequence analysis of the human, rat, and mouse
RHBDF2 promoter regions revealed the putative PPRE with a 2- or 3-
nucleotide variation (Fig. 4G). Chromatin immunoprecipitation (ChIP)
analysis with an anti-PPARγ antibody revealed that PPARγ bound spe-
cifically to the putative PPRE region of the RHBDF2 promoter in NRK-
52E cells (Fig. 4H). Expression of PPARγ induced transcriptional activity
of the RHBDF2 promoter of different species (human, mouse, rat) as
measured using a luciferase reporter assay with a vector expressing
RHBDF2 promoter-driven luciferase (Fig. 4I); and the effect induced by
PPARγ expression was further enhanced by PPARγ ligand Rosiglitazone
(TZD) treatment. In contrast, mutation of the putative PPRE of the
RHBDF2 promoter (Fig. 4G) abrogated the promoter's response to
PPARγ-induced transcription (Fig. 4I). These results indicated that
PPARγ binds to the PPRE of the RHBDF2 promoter and induces
iRhom2 expression. As expected, iRhom2 overexpression in NRK-52E
cells inhibited PPARγ depletion-enhanced glucose consumption
(Fig. 4J) and lactate production (Fig. 4K), and this inhibition was abro-
gated by exogenous EGF stimulation. Taken together, these findings re-
vealed that PPARγ suppresses glycolysis in PT via iRhom2-mediated
downregulation of EGF expression and secretion.

3.5. PPARγ inhibition results in renal tubule hypertrophy and kidney
dysfunction

To determine the functional consequences of the regulation of
PPARγ in renal PTs, we intraperitoneally injected mice with GW9662,
a selective PPARγ inhibitor [54]. Immunofluorescence (IF) analysis
demonstrated that the treatment markedly increased EGF and GLUT1
expression in PTs (Fig. 5A). In addition, H&E, Masson and Sirius red
staining of renal tubules revealed that GW9662 treatment induced hy-
pertrophy (Fig. 5B, top panel) and tubulointerstitial fibrosis of them
Fig. 4. PPARγ suppresses the glycolysis in PT through iRhom2-mediated downregulation of EGF
in NRK-52E cells with or without PPARγ depletion were performed. The data represent the m
difference between the indicated sample and the counterpart in the absence of PPARγ depleti
depletion were analyzed by immunoblotting assay with the indicated antibodies including P
without PPARγ depletion were treated with or without EGF neutralizing antibody for 48 h. Im
P-EGFR, Total-EGFR. All the experiments data were performed in triplicate at least and the re
52E cells with or without PPARγ depletion were determined by real time PCR analysis. The
F) NRK-52E cells with or without PPARγ depletion were transfected with or without a vecto
PPARγ, iRhom2, EGF, P-EGFR, Total-EGFR, P-ERK1/2, Total-ERK1, P-AKT, Total-AKT, HK2, PFK
data represent the mean ± SD from n = 3 independent experiments. ** P ≤ .01. (G) Sequenc
The varied nucleotides in WT RHBDF2 promoter of different species and mutated nucleotides
of NRK-52E cells were performed with an anti-PPARγ antibody and the primers for the putati
or mutated RHBDF2 promoter were co-transfected with the vector expressing PPARγ into HEK
reporter analyses were performed. The data represent the mean ± SD from n = 3 independen
PPARγ depletion or iRhom2 overexpression were treatedwith or without EGF (100 ng/ml) for
tion (k). The data represent the mean ± SD from n = 3 independent experiments. * P ≤ .05; **
(Fig. 5C, D, top panel), suggesting that PPARγ inhibition resulted in
pathologically phenotypic changes in the renal tubules. In line with
this finding, renal functional analyses demonstrated that mice given
GW9662 had elevated KIM-1 mRNA expression in the kidneys
(Fig. 5E), KIM-1 protein expression in urine (Fig. 5F) and serum creati-
nine and urea nitrogen (Fig. S6A,B); these results were in agreement
with previous findings showing that KIM-1was considerably expressed
in the kidneys, specifically, in proximal tubular cells in humans and in
the urine after proximal tubular injury and kidney fibrosis [2,55].

To determine whether PPARγ inhibition-enhanced glycolysis con-
tributes to pathologically phenotypic and functional changes in renal
tubules, we intraperitoneally injected mice with 2-deoxy-D-glucose
(2-DG), an effective inhibitor of glycolysis [56], and found that it
prevented GW9662-induced hypertrophy and tubulointerstitial fibrosis
of the tubules (Fig. 5B,C,D, bottom panel) and increased KIM-1 mRNA
expression in the kidneys (Fig. 5E) and KIM-1 expression in urine
(Fig. 5F). In contrast, PPARγ-dependent CD36 and RHBDF2 mRNA ex-
pression in the kidneys was reduced by GW9662 treatment but was
not affected by 2-DG treatment (Fig. 5E), implying that 2-DG does not
directly regulate PPARγ activity. These results suggested that PPARγ
suppresses glycolysis in PT cells to maintain normal kidney function
and that disrupted PPARγ function leads to pathologic changes and dys-
function in the kidneys.
4. Discussion

The kidney, which accounts for approximately 20% of cardiac output
in humans, consumes a large amount of energy to transport large
amounts ofwater, iron, and proteins and form urine. Different segments
of renal tubules have distinct metabolic features and functions. We per-
formed quantitative proteomic analysis of PT and DT and demonstrated
that enzymes involved in fatty acid and lipid metabolism are highly
expressed in PTs and responsible for active lipid metabolism in them,
whereas glycolytic enzyme expression is increased in DT to produce
high rates of glycolysis. Importantly, we demonstrated that metabolism
of fatty acids and lipids in PT is regulated by abundantly expressed
PPARα/γ via transcriptional regulation of lipid-metabolic enzymes. In
contrast, in DTs, c-Myc upregulates the expression of glycolytic genes
to enhance glycolysis, and Nrf2 upregulates that of G6PD, PGD, and
ME1 to maintain antioxidation functions in cells. In addition, we re-
vealed that PPARγ transcriptionally increased iRhom2 expression in
PTs, which suppressed EGF expression and secretion, thereby inhibiting
EGFR activation-dependent glycolytic gene expression andmaintaining
a low level of glycolysis (Fig. 6, model). Inhibition of PPARγ expression
or function reduced iRhom2 expression and increased EGF and GLUT1
expression in PTs in mice, resulting in hypertrophy of renal tubules
and kidney dysfunctions, which were rescued by glycolysis inhibition
via treatment with 2-DG. Thus, our findings delineated an instrumental
molecular mechanism underlying the active fatty acid and lipid metab-
olism and suppressed glycolysis in PTs and high rate of glycolysis in DTs
expression and secretion. (A) Real time PCR analyses ofmRNA levels of the indicated gene
ean ± SD from n = 3 independent experiments. *** P ≤ .001. ns represents not significant
on. (B) The intracellular and secreted EGF levels of NRK-52E cells with or without PPARγ
PARγ and EGF (left) and ELISA (right), respectively. * P ≤ .05. (C) NRK-52E cells with or
munoblotting analyses were performed with the indicated antibodies including PPARγ,
presentative imagines were shown. (D) The mRNA levels of PPARγ and RHBDF2 of NRK-
data represent the mean ± SD from n = 3 independent experiments. *** P ≤ .001. (E,
r expressing iRhom2. Immunoblotting analyses with the indicated antibodies including
L, GLUT1, LDHA (E) and ELISA analyses of secreted EGF levels (F) were performed. The
e alignment of the putative PPRE within the human, rat, and mouse RHBDF2 promoters.
in the RHBDF2 promoter used for luciferase assay were labeled in red. (H) ChIP analyses
ve PPRE region of RHBDF2 promoter. (I) Luciferase reporter vectors with species-specific
293FT cells treated with or without PPARγ ligand Rosiglitazone (TZD) (50 μM). Luciferase
t experiments. ** P ≤ .01; *** P ≤ .001. (J, K) Serum-starved NRK52-E cells with or without
24 h. The media were collected for analysis of glucose consumption (j) and lactate produc-
P ≤ .01.
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Fig. 6. A model of the regulation of metabolism in PT and DT by PPAR, c-Myc, and NRF2.
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and revealed critical roles for PPARα/γ and c-Myc in maintainingmeta-
bolic homeostasis in the kidneys.

In previous studies, PPARα and PPARγwere implicated to have roles
in many aspects of metabolic disorders, including obesity, insulin
resistance, dyslipidemia, inflammation, and hypertension. In addition,
they were implicated to be involved in many renal pathophysiological
conditions, including diabetic nephropathy, glomerulosclerosis, chronic
kidney disease, and kidney fibrosis [3,15]. In line with these previous
findings demonstrating that PPARα and PPARγ are critical metabolism
regulators, we found that in addition to playing critical roles in lipidme-
tabolism in PT, they have distinct roles in regulation of glycolysis in PT.
Although the mechanism underlying PPARα-mediated glycolysis war-
rants further investigation, we demonstrated that PPARγ suppresses
glycolysis via iRhom2-mediated EGF degradation in PT. The present
study elucidated the potential to treat PPARγ function-inhibition kidney
diseases with currently available EGFR antagonists.

It has been previously documented that the expression pattern of
EGF and EGFR is not consistent in renal tubule segments. EGF is
mainly expressed in the thick ascending limb of Henle and DT [57],
whereas EGFR is observed in PT [58]. Of interest, early study [59] dem-
onstrated that the amount of EGF protein in urine (which is mainly
contributed by DT) positively correlated with renal function in chronic
kidney disease (CKD), while our current study showed that the aber-
rant high EGF expression level in PT, which is mediated by PPARγ in-
hibition, led to the renal tubule dysfunction. The previous studies and
our data suggest that the EGF and EGFR may differentially regulate PT
and DT function. Besides, EGF-EGFR axis was reported to play an im-
portant but bidirectional role in renal tubule diseases [60]. On one
hand, Activation of EGFR by EGF, can promote renal regeneration
and functional recovery in the early stage of acute kidney injury
[60–62]. On the other hand, EGFR activation is also involved in the ini-
tiation and progression of renal diseases, including renal fibrosis in
various animal models of CKD, diabetic nephropathy, hypertensive
Fig. 5. PPARγ inhibition results in hypertrophy of renal tubules and dysfunction of kidney. (A-D
daily for four weeks. The mice were sacrificed and examined for glycolysis protein expression a
sections of the mice with the indicated treatment was performedwith indicated antibodies. (B)
mice injectedwith DMSO, GW9662, 2-DG, or GW9662with 2-DG. Scale bar= 50 μm. (C)Mass
mice injectedwithDMSO, GW9662, 2-DG, or GW9662with 2-DG. Scale bar=50 μm. (D) Sirius r
mice injected with DMSO, GW9662, 2-DG, or GW9662 with 2-DG. Scale bar = 50 μm. (E) Real
kidney of the mice with the indicated treatment. ** P ≤ .01; *** P ≤ .001. (F) The KIM-1 leve
dysfunction. *** P ≤ .001.
nephropathy, or polycystic kidney disease [60,63], which suggests
that EGF-EGFR axis probably have distinct function in the different
stage of renal diseases. Given that the PT is more easily injured than
DT in renal tubule diseases [64,65], the specific function of EGF-EGFR
axis in PT during the progress of renal diseases should not be
overlooked in further studies.

Another interesting finding in our dataset is highly enriched
functional pathways, like Ribosome, Spliceosome, and Proteasome in
DT, which reveals the highly anabolicly active status of DT. Previous ev-
idence demonstrated that DT plays crucial roles in potassium, sodium,
and divalent cation homeostasis (1,2). However, little is known about
the link between the identified molecules enriched in these pathways
and the function and regulation mechanism of DT. Nevertheless, our
current findings reveal the potential role of metabolism in DT and give
some clues for our future studies.
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