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Abstract: Proteinuria is a marker of incipient kidney injury in many disorders, including obesity.
Previously, we demonstrated that megalin, a receptor endocytotic protein in the proximal tubule, is
downregulated in obese mice, which was prevented by inhibition of dipeptidyl protease 4 (DPP4).
Obesity is thought to be associated with upregulation of intra-renal angiotensin II (Ang II) signaling
via the Ang II Type 1 receptor (AT1R) and Ang II suppresses megalin expression in proximal tubule
cells in vitro. Therefore, we tested the hypothesis that Ang II will suppress megalin protein via
activation of DPP4. We used Ang II (200 ng/kg/min) infusion in mice and Ang II (10´8 M) treatment
of T35OK-AT1R proximal tubule cells to test our hypothesis. Ang II-infused mouse kidneys displayed
increases in DPP4 activity and decreases in megalin. In proximal tubule cells, Ang II stimulated DPP4
activity concurrent with suppression of megalin. MK0626, a DPP4 inhibitor, partially restored megalin
expression similar to U0126, a mitogen activated protein kinase (MAPK)/extracellular regulated
kinase (ERK) kinase kinase (MEK) 1/2 inhibitor and AG1478, an epidermal growth factor receptor
(EGFR) inhibitor. Similarly, Ang II-induced ERK phosphorylation was suppressed with MK0626
and Ang II-induced DPP4 activity was suppressed by U0126. Therefore, our study reveals a cross
talk between AT1R signaling and DPP4 activation in the regulation of megalin and underscores the
significance of targeting DPP4 in the prevention of obesity related kidney injury progression.
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1. Introduction

Overnutrition and obesity have become a major health problem in the United States as well
as worldwide [1,2]. Prevalence rates of obesity in children and adults have increased in the past
2–3 decades, which has been associated with the Western diet (WD), which is high in refined sugars
and fat [3]. Concurrently, there has been a rise in the incidence and prevalence of diabetes, hypertension
and chronic kidney disease (CKD). Therefore, it is widely thought that the increased prevalence of
obesity has contributed to an increased progression of kidney disease to end stage kidney disease and
dialysis in the general population.

Inappropriate activation of renin-angiotensin system (RAS) is associated with the cardiovascular
pathophysiology in obesity [4–10]. The RAS has diverse roles beyond its well-known role in the
maintenance of blood pressure (BP) and regulation of fluid and salt homeostasis [4,11,12]. For example,
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Ang II, the main effector protein of the RAS has been shown to induce both glomerular and proximal
tubule injury contributing to progression of kidney disease [13–16]. In this regard, megalin a receptor
endocytotic protein expressed in the proximal tubule cells, has been identified as a target protein
for Ang II-mediated proximal tubule origins of proteinuria [4,17]. In the proximal tubule, the role of
megalin includes the reabsorption of filtered albumin and other low molecular weight proteins and
many of its passengers, e.g., albumin, insulin and Ang II, are associated with physiologic regulation
of kidney function [4,11,18]. For example, Ang II binds to and is internalized by megalin (18) while
signaling through AT1R negatively regulates megalin expression at both mRNA and protein levels [17].
Furthermore, Ang II infusion in mice causes megalin and other proteins to co-localize to the low-density
microvilli enriched membranes while angiotensin converting enzyme (ACE) inhibition has the opposite
effect [19]. Whether change in cellular redistribution has an effect on protein transport is not known.

Ang II infusion also results in redistribution of dipeptidyl peptidase 4 (DPP4) to the low-density
enriched membranes of the tubules [19]. DPP4 is a type 2 integral membrane protein that is abundantly
expressed on the proximal tubule cell and together with aminopeptidase N, helps in the reabsorption
of oligopeptides from the glomerular filtrate into the proximal tubule by virtue of its ectopeptidase
activity [20,21]. Furthermore, DPP4 has been shown to regulate the activity of sodium hydrogen
exchanger 3 (NHE3), which is also enriched in the low-density enriched membranes in response
to Ang II infusion [22]. While it is hypothesized that DPP4 co-localization in the low-density
microvilli-enriched membranes may assist DPP4 regulation of NHE3, no such role for DPP4 has
been assigned in the regulation of megalin. Rodent models of obesity, exhibit higher kidney and
plasma levels of DPP4 and lower levels of megalin in the brush border of the proximal tubule [23–25].
In this context, inhibition of DPP4 has been shown to improve kidney injury and proteinuria in obese
rodent models [23,24,26,27]. Importantly, human diabetes patients are characterized by elevation in
DPP4 in the plasma and urine [28,29]. We have previously observed that DPP4 inhibition is associated
with reduction in uric acid, 3-nitrotyrosine levels (marker of oxidative stress) and inflammation in
the kidney of obese mice [23]. As Ang II is a known promoter of inflammation, kidney injury and
proximal tubule dependent proteinuria, and stimulates the co-localization of megalin and DPP4,
we hypothesized that Ang II may regulate both proteins via AT1R signaling in the proximal tubule.
We further hypothesized that since Ang II downregulates megalin in the proximal tubule cell, and also
co-localizes DPP4 and megalin to the low-density enriched membranes, DPP4 activation may regulate
megalin protein expression.

Herein, we examined the modulation of DPP4 activity and megalin protein levels in kidney
tissue obtained from Ang II-infused mice. We then extended our findings to a opossum proximal
tubule (OKP) line with stable expression of rat AT1AR. We demonstrate here that Ang II stimulates
DPP4 activity likely via AT1R-mediated transactivation of epidermal growth factor receptor (EGFR).
Furthermore, ERK stimulation may occur both directly via AT1R and indirectly via DPP4 activation
and signaling. The activation of ERK then leads to reduction in megalin protein levels.

2. Results

2.1. Kidney-Specific Activation of Renin-Angiotensin System (RAS), Dipeptidyl Peptidase 4 (DPP4) Activity
and Suppression of Megalin by Ang II Infusion in Mice

Obesity is characterized by elevations in plasma Ang II and the thought is that intra-renal RAS
is activated as well. In Ang II infusion models, proximal tubule AT1R is upregulated as assessed
by increased binding of radiolabeled Ang II [13]. Therefore, we examined whether Ang II infusion
activated RAS components in the kidney. Low dose Ang II 200 ng/kg/min infusion in C57Bl/6
mice for three weeks did not increase blood pressure as determined by telemetry (data not shown).
The mRNA expression of genes for angiotensinogen (AGT), AT1AR, AT1BR and AT2R was examined in
Ang II-infused mice and compared with saline-infused control mice (Figure 1A). We observed that
Ang II infusion resulted in increased expression of AT1AR with concomitant increase in the expression
of AGT gene. There was no significant increase in the expression of AT1BR. However, Ang II also
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caused increased expression of AT2R under conditions of Ang II infusion. We then assessed whether
Ang II infusion would stimulate DPP4 activity in the kidney. The effects of non-specific proteases
were blocked by the use of protease inhibitors. We observed a significant increase in DPP4 activity
in kidney tissue extracts from Ang II-infused mice when compared to saline infused control mice
(Figure 1B). Finally, we wanted to test whether Ang II infusion in vivo affects megalin protein levels.
We have previously reported that megalin protein levels are decreased in proximal tubule cell brush
borders of diet induced obesity mice and Zucker obese rat and TG(mRen2) rats [23,24,30]. Others have
shown an increase in megalin expression in AT1AR knockout mice and with AT1R blockade [15,31,32].
Herein, we observed that megalin protein levels were significantly reduced as determined by Western
blot analysis in kidney tissue lysates from Ang II-infused mice when compared to saline-infused
control mice (Figure 1C).
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Figure 1. Ang II infusion activates the renin-angiotensin system (RAS) and dipeptidyl peptidase 4
(DPP4) and suppresses megalin protein levels in mice: (A) Quantification of differential mRNA
expression of RAS in the kidney (Ai–Aiv) and depiction of actual bands that were used for
quantification (Av); (B) DPP4 activity in the kidney expressed as relative light units (RLUs); and
(C) megalin protein expression by immunoblot of kidney lysates. n = 3–4; * p < 0.05; AGT:
Angiotensinogen; AT1AR: Angiotensin type 1A receptor; AT1BR: Angiotensin type 1B receptor; AT2R:
Angiotensin type 2 receptor; 18s: 18s ribosomal RNA; Con: Saline-infused mice; Ang II: Ang II-infused
mice (200 ng/kg/min).
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2.2. Proximal Tubule Cell-Specific Increase in DPP4 Activity by Ang II Stimulation

Our studies in C57Bl/6 mice showed that Ang II infusion increased DPP4 activity in the kidneys.
Furthermore, DPP4 redistributes with megalin to the low-density microvilli-enriched membranes of
the proximal tubules in response to Ang II and out of these membranes in response to ACE inhibition.
Therefore, we tested whether Ang II stimulation via AT1R directly increased DPP4 activity in proximal
tubule cells in vitro. T35OK-AT1R cells with stable AT1AR expression were acutely (30 min) stimulated
with Ang II (10´8 M). The stimulation resulted in an increase in DPP4 activity when compared to
untreated controls (Figure 2A) and blockade with an AT1R blocker (olmesartan, 10´6 M) in another
group 1 h prior to the addition of Ang II, reduced DPP4 activity back to baseline. Despite expectation
of a much greater inhibition of DPP4 activity by MK0626 (5 ˆ 10´6 M) (IC50 6.3 nmol/L), we only
observed a reversal back to baseline of increased DPP4 activity in response to Ang II and with no Ang II
stimulation (Figure 2A) [23]. In addition, the dependency of increased DPP4 activity on DPP4 protein
levels was tested in the same cells and we observed no change in DPP4 protein levels suggesting that
the Ang II-mediated increase in DPP4 activity occurs independent of DPP4 protein expression.
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Figure 2. DPP4 enzymatic activity and protein levels in T35OK-AT1R proximal tubule cells after acute
stimulation with Ang II: (A) DPP4 activity after stimulation (30 min) with Ang II (10´8 M) and blockade
(60 min prior to Ang II) with olmesartan (10´6 M) or MK0626 (5 ˆ 10´6 M); and (B) DPP4 protein
levels after stimulation (30 min) with Ang II and blockade with olmesartan and MK0626. n = 3–5; *
p < 0.05; Olme: Olmesartan; MK0626: Rodent DPP4 inhibitor (Merck & Co., Inc.).

2.3. Restoration of Megalin Protein Levels by DPP4 Inhibition Is via Suppression of EGFR and ERK Activation
in Proximal Tubule Cells

Ang II increased DPP4 activity in the kidney of mice and in proximal tubule cells. In addition,
Ang II infusion reduced megalin protein levels in the kidney. Moreover, Ang II-infusion redistributes
DPP4 to the low-density microvilli-enriched fractions along with megalin. Therefore, we stimulated
T35OK-AT1R proximal tubule cells in a chronic manner with Ang II (10´8 M) and observed a significant
decrease in megalin protein levels as expected (Figure 3A and Figures S1–S8). Furthermore, in support
of our hypothesis, megalin protein levels were partially restored by pre-treatment with MK0626
(5 ˆ 10´5 M), indicating a potential regulatory link between DPP4 and megalin. In order to better
define the mechanism for MK0626-mediated beneficial effect on megalin, we performed the next set of
experiments. Classically, Ang II activates extracellular signal-regulated kinase (ERK1/2) through AT1R
to signal downstream and ERK1/2 has been shown to downregulate megalin expression in proximal
tubule cells [17]. Therefore, we examined whether suppression of ERK1/2 activation contributes
to DPP4 inhibition-mediated rescue of megalin protein. First, we established that Ang II (10´8 M)
activates ERK1/2 in T35OK-AT1R cells via increase in pThr202Tyr204-ERK1/2 levels when compared
to untreated controls and that U0126 (10 µM), MEK1/2 inhibitor, blocks this activation (Figure 3B);
Second, T35OK-AT1R cells were treated with Ang II (10´8 M) for 30 min and MK0626 (5 ˆ 10´6 M) was
added 1 h prior. Ang II-mediated ERK1/2 activation as indicated by increase in pThr202Tyr204-ERK1/2
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was partially suppressed by MK0626 treatment of PTCs (Figure 3B); Third, we were also interested
to test if ERK1/2 inhibition had any impact on Ang II-stimulated DPP4 activity, which, if present,
would show a two way interaction between DPP4 and ERK1/2 proteins. Under control conditions,
MEK1/2 inhibitor (U0126) lowered DPP4 activity below baseline (data not shown). In contrast, U0126
lowered Ang II-mediated DPP4 activation back to baseline suggesting that ERK1/2 activation regulates
DPP4 activity and also plays a role in Ang II-mediated DPP4 activation; Fourth, we examined the
cellular behavior with respect to megalin expression in the presence of U0126 and AG1478, knowing
that Ang II can activate ERK1/2 and transactivate the epidermal growth factor receptor (EGFR)
(unpublished data). Western blot analysis revealed that U0126 partially restored megalin expression
similar to MK0626 (Figure 3A and Figures S1–S8). In comparison, AG148 was able to restore megalin
expression to a greater degree than MEK1/2 inhibition alone. Last, we examined the proximal tubule
cell responses in vitro under chronic Ang II presence to test if continued elevation in DPP4 activity is
needed for megalin protein levels to decrease. Compared to untreated controls (Figure 3C), chronic
(24 h) Ang II stimulation of proximal tubule cells resulted in an incremental increase in DPP4 activity.
In order to better define the mechanisms involved, blockade of AT1R, ERK1/2 and EGFR activation
was tested. To our surprise, blockade of all three proteins resulted in a decrease in DPP4 activity
back to the baseline (Figure 3C). In comparison, under conditions of chronic Ang II stimulation, DPP4
activity was attenuated to a greater extent by MK0626.
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Figure 3. Ang II regulates megalin protein expression via DPP4 activation. (A) Megalin protein
expression by immunoblot in T35OK-AT1R proximal tubule cells. Proximal tubule cells were stimulated
with Ang II (10´8 M) for 24 h and pre-treated 1 h with olmesartan (10´6 M), AG1478 (10´5 M), U0126
(10´5 M) and MK0626 (5 ˆ 10´5 M); (B) ERK1/2 activation was assessed by pThr202Tyr204-ERK1/2
increase. Proximal tubule cells were stimulated with Ang II (10´8 M) for 30 min and the ratio of
pThr202Tyr204-ERK1/2 to total ERK1/2 ratio was calculated. Proximal tubule cells were pre-treated for
1 h with olmesartan (10´6 M), AG1478 (10´5 M), U0126 (10´5 M) and MK0626 (5 ˆ 10´5 M); (C) DPP4
activity in conditions of chronic Ang II stimulation. T35OK-AT1R proximal tubule cells were stimulated
for 24 h with Ang II (10´8 M) and olmesartan (10´6 M), AG1478 (10´5 M), U0126 (10´5 M) and MK0626
(5 ˆ 10´5 M) were tested for blockade of Ang II-mediated increase in DPP4 activity. n = 3–6; * p < 0.05
when compared to control; † p < 0.05 when compared to Ang II.
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3. Discussion

In the current study, we demonstrate that DPP4 activation occurs via direct Ang II/AT1R signaling
in vitro and in vivo. We further demonstrate that Ang II suppression of megalin protein levels is
prevented by DPP4 inhibition and this occurs via suppression of Ang II-stimulated ERK1/2 activation.
Moreover, EGFR transactivation by AT1R may play a role in the activation of DPP4 and ERK1/2, which
in turn may lead to reduction in megalin protein levels.

Our observation that Ang II increases DPP4 in kidney tissue lysates and in cultured proximal
cells is novel. To our knowledge, although Ang II crosstalk with insulin in the genesis of insulin
resistance has been studied in detail, the role of Ang II in the regulation of DPP4, a potential player in
mediating insulin resistance, has not been studied. In this regard, these data demonstrate that DPP4 is
regulated in response to insulin and TNF-α (released from differentiated adipocytes) [33]. In addition,
when recombinant DPP4 is added to adipocytes, it disrupts insulin-mediated phosphorylation of Akt
suggesting that overexpression of DPP4 in conditions of obesity and diabetes may result in insulin
resistance. Insulin infusion has been shown to tyrosine phosphorylate DPP4 via association with c-Src
in the Golgi/endoplasmic reticulum of liver tissue, suggesting that there is a pool of Src kinase that is
amenable to stimulation by peptide agonists [34]. Moreover, Src kinase has been shown to have a major
role in orchestrating tyrosine phosphorylation of its target proteins (EGFR and Cav-1) in caveolae and
is a downstream effector of Ang II signaling cascades. In this study, we observed downregulation of
DPP4 activity in response to AG1478, a potent EGFR inhibitor and Ang II transactivation inhibitor,
which suggests that suppression of DPP4 phosphorylation via either EGFR-mediated cascades or Src
tyrosine kinase may regulate DPP4 activity. The classical EGFR-mediated activation of ERK was tested
in this study since ERK phosphorylation was shown to be associated with reduction in megalin [17].
Other conditions that could potentially activate DPP4 are hypoxia and/or oxidative stress. In the case
of hypoxia, the results have been conflicting so far with one study showing no effect in adipocytes and
another showing activation in DPP4. In addition to agonists regulating DPP4 activity, what the agonists
do to DPP4 mRNA and/or protein is of tremendous interest [35,36]. Active DPP4 is a homodimeric
structure, with monomeric DPP4 having only residual activity. Dimer formation requires hydrophobic
interactions [37] and the interaction between dimers is critical for a successful enzymatic activity.
It has been shown that conformational changes with impact on activity are propagated from the
transmembrane domain to the extracellular active site [38]. In addition, DPP4 activity is regulated
through glycosylation in diabetic nephropathy [39]. In the case of Ang II, this modulation could
be exerted either directly or through an intermediate molecule, part of the cell-signaling cascade
through AT1R.

We observed that Ang II infusion into mice resulted in activation of kidney RAS. It is known
that most Ang II effects are mediated through binding to its specific receptors (AGTRs), and of these,
AT1R, a subset of AGTR, are thought to be responsible for the pro-growth, hypertrophy, inflammation,
vasoconstriction, thirst and sodium retaining effects of Ang II. In addition, Ang II may exert a positive
feedback on various RAS components, leading to a further increase in its local concentrations and that
of AGT and AT1AR (sub-type of AT1R) has been observed by others [40,41], and was confirmed in our
present study (Figure 1). Since AT2R effects are generally considered to antagonize the effects of AT1R,
their expression should follow a similar trend; that is, if AT1R are up-regulated, the number of AT2R
will also increase to counterbalance AT1R. In our kidney extract samples, we found increases in the
expression of both AT1AR and AT2R, thus confirming in part our expectations, although AT1BR, another
subset of AT1R, did not increase significantly upon low dose Ang II stimulation. AT1R sub-types are
functionally similar and not distinguishable pharmacologically, however our observation suggests
they may be regulated differently [42]. The line of evidence about AT1R sub-types and their expression
is limited, and, although our present work does not explore the consequences of differential expression
of AT1R, these findings are interesting.

The specific sequence of intracellular signaling events that follow AT1R activation in specific
cell types and conditions is still an area of active research. Experimental findings in the literature
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suggest that transactivation of EGFR by Ang II plays an important role in ERK1/2 activation and
activation of ERK1/2 by Ang II has been shown to modulate proximal tubule function including
megalin expression [17,43]. In our study, the addition of an EGFR inhibitor (AG1478) prior to Ang II,
prevented an increase in DPP4 activity beyond baseline (Figure 3C), an effect similar to AT1R blockade
through olmesartan, supporting a prominent role for EGFR transactivation in Ang II-activation of
DPP4. In addition, AG1478 prevented ERK1/2 phosphorylation and decrease in megalin protein levels,
further implicating EGFR transactivation by the AT1R as a major player.

The role of megalin in the reabsorption of various molecules at the proximal tubule brush border
such as albumin and other low molecular weight proteins is well known. In contrast, the regulation
of megalin in conditions of obesity and RAS activation is not well known. In one study, Ang II
downregulated megalin through ERK1/2 activation and insulin/PI3-K antagonized Ang II-mediated
effects and preserved megalin protein levels, partially [17]. In that study, blockade of Ang II-AT1R
downstream targets including c-jun N-terminal kinase (JNK), protein kinase C (PKC), Janus kinase
(JAK) and p38 mitogen activated protein kinase (p38MAPK) did not restore megalin levels. However, it
is not known how EGFR and DPP4 activation regulate megalin. Ang II activation of EGFR plays
an important role in proximal tubule pathology and albuminuria through activation of TACE
(tumor necrosis factor-α converting enzyme, also known as ADAM17) [44]. We have observed
that Ang II-mediated EGFR transactivation and ERK activation, may regulate albumin endocytosis
via NADPH oxidase-mediated production of reactive oxygen species (manuscript in preparation).
Furthermore, reactive oxygen species production via NADPH oxidase may regulate megalin.
However, the role of DPP4 and its enzymatic activity in megalin regulation was not addressed in that
study. Herein, we show that Ang II-EGFR increase in DPP4 activity leads to ERK phosphorylation
and that reduction in ERK phosphorylation inhibits increases in DPP4 activity suggesting a 2-way
communication between these pathways. Increase in DPP4 enzymatic activity is thought to be
associated with increased function of DPP4 and in this case DPP4 signaling may be enhanced via
Ang II-EGFR pathway. DPP4 signaling has been shown to decrease phosphorylation of Akt and lead
to insulin resistance in adipocytes [33]. However, we have not addressed the downstream effects of
recombinant DPP4 in our study. Interestingly, we observed that MEK inhibitor U0126, was able to
suppress Ang II-mediated increase in DPP4 activity. We think that this suppression of DPP4 activity
by U0126 could be due to non-specific inhibition either through enhanced degradation of DPP4 or
reduced phosphatases or increased shedding. Very little is known regarding the co-localization of
megalin and DPP4 in the proximal tubules and this association is probably not fortuitous since many
of the Ang II-AT1R downstream signaling molecules such as PKC, PI3-K, mTOR and ERK1/2 regulate
the expression and functions of megalin [17,19,45].

Based on our results, we suggest a new Ang II signaling model to DPP4 and megalin. Ang II,
increased in states of chronic RAAS activation, exerts its effects through AT1R, which once activated,
transactivates EGFR and leads to phosphorylation of ERK. The activation of DPP4 by Ang II occurs
through EGFR and ERK1/2 activation. DPP4 also modulates ERK1/2 and, DPP4-mediated reduction
of megalin protein partially occurs though ERK1/2 dependent mechanisms. Further work needs to be
done to characterize whether in vivo treatment with MK0626 can reverse Ang II-mediated increases in
kidney DPP4 activity and reductions in megalin protein. In summary, targeting DPP4 may be a novel
way of suppressing renal injury under the setting of inappropriate renal RAS activation such as obesity
and diabetes.

4. Experimental Section

4.1. Animals

Male C57Bl/6 mice were purchased from Charles River, Inc. (Wilmington, MA, USA) and cared
for in accordance with National Institutes of Health guidelines. All procedures were approved by
the Institutional Animal Care and Use Committee of the University of Missouri. Mice were divided
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into two groups to include C57Bl/6 control (Con) and C57Bl/6 treated with Ang II 200 ng/min/kg
(Ang II).

4.2. Proximal Tubule Cell Culture

T35OK-AT1R proximal tubule cells (kind gift from Thomas Thekkumkara, TTUHSC School of
Pharmacy, Amarillo, TX, USA) stably expressing rat AT1AR were grown in DMEM/F12 with 10% fetal
bovine serum (FBS), insulin, transferrin, dexamethasone, EGF and G418 to maintain selection pressure.
Proximal tubule cells grown in 100 mm dishes, were starved overnight in DMEM/F12 with 0.1% FBS
and treated with Ang II (10´8 M) for 24 h. Various inhibitor treatments were performed 1 h prior to
adding Ang II where indicated. AG1478 and olmesartan was obtained from Sigma (St. Louis, MO,
USA). U0126, was procured from Tocris (Bristol, UK).

4.3. Preparation of Kidney Tissue and Cell Extracts

Frozen kidney tissue and proximal tubule cell extracts were homogenized in ice-cold modified
RIPA buffer containing 1% triton X-100, 100 mM NaCl, 20 mM Tris pH 7.5, 2.0 mM EDTA, 10 mM
MgCl2, 10 mM NaF, 40 mM β-glycerol phosphate, 1 mM PMSF, 2 mM sodium orthovanadate, protease
inhibitor cocktail tablet (Roche Diagnostics, Indianapolis, IN, USA), 10 µg/mL leupeptin, 7 µg/mL
pepstatin. Homogenates were centrifuged at 13,200ˆ g for 10 min and the supernatant collected.
Protein concentrations were determined using a BCA protein assay kit (Thermo Scientific, Rockford,
IL, USA).

4.4. Immunoblotting

Forty micrograms of proteins were separated by SDS-PAGE and transferred to nitrocellulose
membranes and blocked for 1 h at RT according to manufacturer’s instructions. For megalin, NuPAGE
large protein gel separation kit was used and manufacturer’s instructions (Invitrogen, Carlsbad, CA,
USA) were followed to prepare samples. Protein transfer to nitrocellulose was done overnight at 15 V
at 4 ˝C. Primary antibodies for pERK1/2, ERK1/2 were from Cell Signaling (Danvers, MA, USA),
anti-rat megalin antibody was from Santa Cruz Biotechnology (Dallas, TX, USA) and DPP4 antibody
was from Origene Technologies, Inc. (Rockville, MD, USA). Anti-opossum megalin antibody was
a kind gift from Daniel Biemesderfer (Yale University, New Haven, CT, USA). Antibody binding
was detected by chemiluminescence and images recorded using a Bio-Rad ChemiDoc XRS image
analysis system (Bio-Rad Laboratories, Santa Cruz, CA, USA). Protein band density quantitation was
performed using Image Lab software (Bio-Rad Laboratories).

4.5. DPP4 Activity Assay

Kidney tissue [23] and T35OK-AT1AR cell extracts were prepared as previously described and as
above, respectively. Kidney tissue extracts, prepared as before, were thawed on ice. For the activity
assay, 100 µg protein was resuspended in DPP4 assay buffer (Tris-HCl pH 8.0, NaCl 150 mM and
protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA)) in a black 96-well plate for a final
volume of 50 µL. Fifty microliters of substrate, 200 mM H-Ala-Pro-AFC (I-1680, Bachem, Torrance,
CA, USA), was added to each well and the plate incubated for 10 min at room temperature in the
dark. Appropriate positive and negative controls were set up with and without DPP4 inhibitor.
Fluorescence was measured with a Synergy Microplate Reader (Biotek, Winooski, VT, USA) at
excitation wavelength of 405 nm and emission wavelength of 535 nm. Results are reported as relative
light units (RLUs).

4.6. Semi-Quantitative Polymerase Chain Reaction

Total RNA from kidney tissue was extracted using the TRIzol reagent (Invitrogen) followed
by purification on RNeasy midi columns (Qiagen, Valencia, CA, USA) including DNAse treatment.
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cDNA was synthesized from 2 µg of total RNA using the ImProm-II cDNA synthesis kit (Promega,
Madison, WI, USA). Reverse transcriptase-polymerase chain reaction (RT-PCR) reaction was performed
using Platinum Blue PCR mix (Invitrogen) as per manufacturer’s instructions. The primers used for
RT-PCR are based on published sequences with the following modifications [46]. Thermal cycling
conditions were 95 ˝C for 5 min (hot start), followed by 35 cycles of 95 ˝C for 15 s denaturation, and
57 ˝C for 1 min annealing and extension. The PCR products were electrophoresed on 1.5% agarose gel
and bands visualized using Biorad Imaging System. The intensity of the bands were quantitated by
densitometric readings in Imagelab. The expression of each gene was normalized to 18S RNA and
calculated relative to control animal.

4.7. Statistical Analysis

Results are reported as the mean ˘ SEM. One way ANOVA and post hoc t-tests (Fisher’s LSD)
were performed to examine differences in outcomes between different groups. Unpaired t-tests were
used where indicated. p values of <0.05 are considered significant.

5. Conclusions

Ang II stimulates DPP4 activity in the proximal tubules via activation of EGFR and/or ERK
pathways likely independent of a change in DPP4 protein expression. DPP4 inhibition partly
suppresses ERK activation, which restores Ang II reduction in megalin protein levels. DPP4 may
also mediate ERK independent reduction in megalin protein levels. Taken together, DPP4 plays
an important modulatory role in megalin protein regulation, which underscores the utility of DPP4
inhibition in the management of kidney injury/proteinuria in conditions of RAS activation.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/
17/5/780/s1.

Acknowledgments: This work was supported by a research grant from Dialysis Clinics Inc. and Merck
Pharmaceuticals (Ravi Nistala), NIH HL-73101, NIH HL-107910 and VA Merit (James R. Sowers) and NIH
AG040638, CDA2 BB-47 and the ASN-ASP Junior Development Grant in Geriatric Nephrology (Adam
Whaley-Connell) supported by a T. Franklin Williams Scholarship Award. Funding provided by: Atlantic
Philanthropies, Inc., the John A. Hartford Foundation, and the Association of Specialty Professors.

Author Contributions: Annayya Aroor, Marcin Zuberek, Alex Meuth, James R. Sowers and Ravi Nistala conceived
and designed the experiments; Marcin Zuberek, Alex Meuth and Ravi Nistala performed the experiments;
Marcin Zuberek, Alex Meuth, Adam Whaley-Connell and Ravi Nistala analyzed the data; James R. Sowers,
Adam Whaley-Connell and Ravi Nistala contributed reagents/materials/analysis tools; and Annayya Aroor,
Marcin Zuberek, Cornel Duta, Adam Whaley-Connell and Ravi Nistala wrote the paper.

Conflicts of Interest: The authors declare no conflict of interest. The founding sponsors had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the
decision to publish the results.

References

1. Flegal, K.M.; Carroll, M.D.; Ogden, C.L.; Curtin, L.R. Prevalence and trends in obesity among US adults,
1999–2008. JAMA 2010, 303, 235–241. [CrossRef] [PubMed]

2. Ogden, C.L.; Carroll, M.D.; Kit, B.K.; Flegal, K.M. Prevalence of childhood and adult obesity in the
United States, 2011–2012. JAMA 2014, 311, 806–814. [CrossRef] [PubMed]

3. Johnson, R.J.; Segal, M.S.; Sautin, Y.; Nakagawa, T.; Feig, D.I.; Kang, D.H.; Gersch, M.S.; Benner, S.;
Sánchez-Lozada, L.G. Potential role of sugar (fructose) in the epidemic of hypertension, obesity and the
metabolic syndrome, diabetes, kidney disease, and cardiovascular disease. Am. J. Clin. Nutr. 2007, 86,
899–906. [PubMed]

4. Nistala, R.; Whaley-Connell, A. Resistance to insulin and kidney disease in the cardiorenal metabolic
syndrome; role for angiotensin II. Mol. Cell. Endocrinol. 2013. [CrossRef] [PubMed]

5. Hall, J.E. The kidney, hypertension, and obesity. Hypertension 2003, 41, 625–633. [CrossRef] [PubMed]

http://dx.doi.org/10.1001/jama.2009.2014
http://www.ncbi.nlm.nih.gov/pubmed/20071471
http://dx.doi.org/10.1001/jama.2014.732
http://www.ncbi.nlm.nih.gov/pubmed/24570244
http://www.ncbi.nlm.nih.gov/pubmed/17921363
http://dx.doi.org/10.1016/j.mce.2013.02.005
http://www.ncbi.nlm.nih.gov/pubmed/23416840
http://dx.doi.org/10.1161/01.HYP.0000052314.95497.78
http://www.ncbi.nlm.nih.gov/pubmed/12623970


Int. J. Mol. Sci. 2016, 17, 780 10 of 12

6. Littlejohn, N.K.; Grobe, J.L. Opposing tissue-specific roles of angiotensin in the pathogenesis of obesity,
and implications for obesity-related hypertension. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2015, 309,
R1463–R1473. [CrossRef] [PubMed]

7. Yvan-Charvet, L.; Quignard-Boulange, A. Role of adipose tissue renin-angiotensin system in metabolic and
inflammatory diseases associated with obesity. Kidney Int. 2011, 79, 162–168. [CrossRef] [PubMed]

8. Grassi, G.; Seravalle, G.; Dell’Oro, R.; Trevano, F.Q.; Bombelli, M.; Scopelliti, F.; Facchini, A.; Mancia, G.;
Study, C. Comparative effects of candesartan and hydrochlorothiazide on blood pressure, insulin sensitivity,
and sympathetic drive in obese hypertensive individuals: Results of the CROSS study. J. Hypertens. 2003, 21,
1761–1769. [CrossRef] [PubMed]

9. Massiera, F.; Bloch-Faure, M.; Ceiler, D.; Murakami, K.; Fukamizu, A.; Gasc, J.M.; Quignard-Boulange, A.;
Negrel, R.; Ailhaud, G.; Seydoux, J.; et al. Adipose angiotensinogen is involved in adipose tissue growth and
blood pressure regulation. FASEB J. 2001, 15, 2727–2729. [CrossRef] [PubMed]

10. Yiannikouris, F.; Gupte, M.; Putnam, K.; Thatcher, S.; Charnigo, R.; Rateri, D.L.; Daugherty, A.; Cassis, L.A.
Adipocyte deficiency of angiotensinogen prevents obesity-induced hypertension in male mice. Hypertension
2012, 60, 1524–1530. [CrossRef] [PubMed]

11. Gekle, M. Renal tubule albumin transport. Annu. Rev. Physiol. 2005, 67, 573–594. [CrossRef] [PubMed]
12. Guzik, T.J.; Hoch, N.E.; Brown, K.A.; McCann, L.A.; Rahman, A.; Dikalov, S.; Goronzy, J.; Weyand, C.;

Harrison, D.G. Role of the T cell in the genesis of angiotensin II induced hypertension and vascular
dysfunction. J. Exp. Med. 2007, 204, 2449–2460. [CrossRef] [PubMed]

13. Cheng, H.F.; Becker, B.N.; Burns, K.D.; Harris, R.C. Angiotensin II upregulates type-1 angiotensin II receptors
in renal proximal tubule. J. Clin. Investig. 1995, 95, 2012–2019. [CrossRef] [PubMed]

14. Ren, Z.; Liang, W.; Chen, C.; Yang, H.; Singhal, P.C.; Ding, G. Angiotensin II induces nephrin
dephosphorylation and podocyte injury: Role of caveolin-1. Cell Signal. 2012, 24, 443–450. [CrossRef]
[PubMed]

15. Tojo, A.; Onozato, M.L.; Kurihara, H.; Sakai, T.; Goto, A.; Fujita, T. Angiotensin II blockade restores albumin
reabsorption in the proximal tubules of diabetic rats. Hypertens. Res. 2003, 26, 413–419. [CrossRef] [PubMed]

16. Kawarazaki, W.; Nagase, M.; Yoshida, S.; Takeuchi, M.; Ishizawa, K.; Ayuzawa, N.; Ueda, K.; Fujita, T.
Angiotensin II- and salt-induced kidney injury through Rac1-mediated mineralocorticoid receptor activation.
J. Am. Soc. Nephrol. 2012, 23, 997–1007. [PubMed]

17. Hosojima, M.; Sato, H.; Yamamoto, K.; Kaseda, R.; Soma, T.; Kobayashi, A.; Suzuki, A.; Kabasawa, H.;
Takeyama, A.; Ikuyama, K.; et al. Regulation of megalin expression in cultured proximal tubule cells by
angiotensin II type 1A receptor- and insulin-mediated signaling cross talk. Endocrinology 2009, 150, 871–878.
[CrossRef] [PubMed]

18. Gonzalez-Villalobos, R.; Klassen, R.B.; Allen, P.L.; Johanson, K.; Baker, C.B.; Kobori, H.; Navar, L.G.;
Hammond, T.G. Megalin binds and internalizes angiotensin-(1–7). Am. J. Physiol. Ren. Physiol. 2006, 290,
F1270–F1275. [CrossRef] [PubMed]

19. Riquier-Brison, A.D.; Leong, P.K.; Pihakaski-Maunsbach, K.; McDonough, A.A. Angiotensin II stimulates
trafficking of NHE3, NaPi2, and associated proteins into the proximal tubule microvilli. Am. J. Physiol.
Ren. Physiol. 2010, 298, F177–F186. [CrossRef] [PubMed]

20. Tiruppathi, C.; Miyamoto, Y.; Ganapathy, V.; Roesel, R.A.; Whitford, G.M.; Leibach, F.H. Hydrolysis and
transport of proline-containing peptides in renal brush-border membrane vesicles from dipeptidyl peptidase
IV-positive and dipeptidyl peptidase IV-negative rat strains. J. Biol. Chem. 1990, 265, 1476–1483. [PubMed]

21. Lee, J.W.; Chou, C.L.; Knepper, M.A. Deep sequencing in microdissected renal tubules identifies nephron
segment-specific transcriptomes. J. Am. Soc. Nephrol. 2015, 26, 2669–2677. [CrossRef] [PubMed]

22. Girardi, A.C.; Fukuda, L.E.; Rossoni, L.V.; Malnic, G.; Reboucas, N.A. Dipeptidyl peptidase IV inhibition
downregulates Na+–H+ exchanger NHE3 in rat renal proximal tubule. Am. J. Physiol. Ren. Physiol. 2008, 294,
F414–F422. [CrossRef] [PubMed]

23. Nistala, R.; Habibi, J.; Lastra, G.; Manrique, C.; Aroor, A.R.; Hayden, M.R.; Garro, M.; Meuth, A.; Johnson, M.;
Whaley-Connell, A.; et al. Prevention of obesity-induced renal injury in male mice by DPP4 inhibition.
Endocrinology 2014, 155, 2266–2276. [CrossRef] [PubMed]

24. Nistala, R.; Habibi, J.; Aroor, A.; Sowers, J.R.; Hayden, M.R.; Meuth, A.; Knight, W.; Hancock, T.; Klein, T.;
DeMarco, V.G.; et al. DPP4 Inhibition attenuates filtration barrier injury and oxidant stress in the zucker
obese rat. Obesity 2014. [CrossRef]

http://dx.doi.org/10.1152/ajpregu.00224.2015
http://www.ncbi.nlm.nih.gov/pubmed/26491099
http://dx.doi.org/10.1038/ki.2010.391
http://www.ncbi.nlm.nih.gov/pubmed/20944545
http://dx.doi.org/10.1097/00004872-200309000-00027
http://www.ncbi.nlm.nih.gov/pubmed/12923410
http://dx.doi.org/10.1096/fj.01-0457fje
http://www.ncbi.nlm.nih.gov/pubmed/11606482
http://dx.doi.org/10.1161/HYPERTENSIONAHA.112.192690
http://www.ncbi.nlm.nih.gov/pubmed/23108647
http://dx.doi.org/10.1146/annurev.physiol.67.031103.154845
http://www.ncbi.nlm.nih.gov/pubmed/15709971
http://dx.doi.org/10.1084/jem.20070657
http://www.ncbi.nlm.nih.gov/pubmed/17875676
http://dx.doi.org/10.1172/JCI117886
http://www.ncbi.nlm.nih.gov/pubmed/7738168
http://dx.doi.org/10.1016/j.cellsig.2011.09.022
http://www.ncbi.nlm.nih.gov/pubmed/21982880
http://dx.doi.org/10.1291/hypres.26.413
http://www.ncbi.nlm.nih.gov/pubmed/12887133
http://www.ncbi.nlm.nih.gov/pubmed/22440899
http://dx.doi.org/10.1210/en.2008-0886
http://www.ncbi.nlm.nih.gov/pubmed/18927221
http://dx.doi.org/10.1152/ajprenal.00164.2005
http://www.ncbi.nlm.nih.gov/pubmed/16380466
http://dx.doi.org/10.1152/ajprenal.00464.2009
http://www.ncbi.nlm.nih.gov/pubmed/19864301
http://www.ncbi.nlm.nih.gov/pubmed/1967253
http://dx.doi.org/10.1681/ASN.2014111067
http://www.ncbi.nlm.nih.gov/pubmed/25817355
http://dx.doi.org/10.1152/ajprenal.00174.2007
http://www.ncbi.nlm.nih.gov/pubmed/18077600
http://dx.doi.org/10.1210/en.2013-1920
http://www.ncbi.nlm.nih.gov/pubmed/24712875
http://dx.doi.org/10.1002/oby.20833


Int. J. Mol. Sci. 2016, 17, 780 11 of 12

25. Yang, J.; Campitelli, J.; Hu, G.; Lin, Y.; Luo, J.; Xue, C. Increase in DPP-IV in the intestine, liver and kidney of
the rat treated with high fat diet and streptozotocin. Life Sci. 2007, 81, 272–279. [CrossRef] [PubMed]

26. Liu, W.J.; Xie, S.H.; Liu, Y.N.; Kim, W.; Jin, H.Y.; Park, S.K.; Shao, Y.M.; Park, T.S. Dipeptidyl peptidase IV
inhibitor attenuates kidney injury in streptozotocin-induced diabetic rats. J. Pharmacol. Exp. Ther. 2012, 340,
248–255. [CrossRef] [PubMed]

27. Mega, C.; de Lemos, E.T.; Vala, H.; Fernandes, R.; Oliveira, J.; Mascarenhas-Melo, F.; Teixeira, F.; Reis, F.
Diabetic nephropathy amelioration by a low-dose sitagliptin in an animal model of type 2 diabetes (Zucker
diabetic fatty rat). Exp. Diabetes Res. 2011, 2011, 162092. [CrossRef] [PubMed]

28. Lee, S.A.; Kim, Y.R.; Yang, E.J.; Kwon, E.J.; Kim, S.H.; Kang, S.H.; Park, D.B.; Oh, B.C.; Kim, J.; Heo, S.T.;
et al. CD26/DPP4 levels in peripheral blood and T cells in patients with type 2 diabetes mellitus. J. Clin.
Endocrinol. Metab. 2013, 98, 2553–2561. [CrossRef] [PubMed]

29. Sun, A.L.; Deng, J.T.; Guan, G.J.; Chen, S.H.; Liu, Y.T.; Cheng, J.; Li, Z.W.; Zhuang, X.H.; Sun, F.D.; Deng, H.P.;
et al. Dipeptidyl peptidase-IV is a potential molecular biomarker in diabetic kidney disease. Diabetes Vasc.
Dis. Res. 2012, 9, 301–308. [CrossRef] [PubMed]

30. Whaley-Connell, A.; Habibi, J.; Panfili, Z.; Hayden, M.R.; Bagree, S.; Nistala, R.; Hyder, S.; Krueger, B.;
Demarco, V.; Pulakat, L.; et al. Angiotensin II activation of mTOR results in tubulointerstitial fibrosis through
loss of N-cadherin. Am. J. Nephrol. 2011, 34, 115–125. [PubMed]

31. Ma, L.J.; Corsa, B.A.; Zhou, J.; Yang, H.; Li, H.; Tang, Y.W.; Babaev, V.R.; Major, A.S.; Linton, M.F.; Fazio, S.;
et al. Angiotensin type 1 receptor modulates macrophage polarization and renal injury in obesity. Am. J.
Physiol. Ren. Physiol. 2011, 300, F1203–F1213.

32. Arruda-Junior, D.F.; Virgulino, S.G.; Girardi, A.C. Reduced tubular proteinuria in hypertensive rats treated
with losartan is associated with higher renal cortical megalin expression. Horm. Mol. Biol. Clin. Investig.
2014, 18, 105–112. [PubMed]

33. Lamers, D.; Famulla, S.; Wronkowitz, N.; Hartwig, S.; Lehr, S.; Ouwens, D.M.; Eckardt, K.; Kaufman, J.M.;
Ryden, M.; Müller, S.; et al. Dipeptidyl peptidase 4 is a novel adipokine potentially linking obesity to the
metabolic syndrome. Diabetes 2011, 60, 1917–1925. [PubMed]

34. Bilodeau, N.; Fiset, A.; Poirier, G.G.; Fortier, S.; Gingras, M.C.; Lavoie, J.N.; Faure, R.L. Insulin-dependent
phosphorylation of DPP-IV in liver. Evidence for a role of compartmentalized c-Src. FEBS J. 2006, 273,
992–1003. [PubMed]

35. Bauvois, B.; Djavaheri-Mergny, M.; Rouillard, D.; Dumont, J.; Wietzerbin, J. Regulation of CD26/DPP-IV
gene expression by interferons and retinoic acid in tumor B cells. Oncogene 2000, 19, 265–272. [PubMed]

36. Rohrborn, D.; Wronkowitz, N.; Eckel, J. DPP4 in Diabetes. Front. Immunol. 2015, 6, 386. [CrossRef] [PubMed]
37. Chien, C.H.; Tsai, C.H.; Lin, C.H.; Chou, C.Y.; Chen, X. Identification of hydrophobic residues critical for

DPP-IV dimerization. Biochemistry 2006, 45, 7006–7012. [CrossRef] [PubMed]
38. Chung, K.M.; Cheng, J.H.; Suen, C.S.; Huang, C.H.; Tsai, C.H.; Huang, L.H.; Chen, Y.R.; Wang, A.H.;

Jiaang, W.T.; Hwang, M.J.; et al. The dimeric transmembrane domain of prolyl dipeptidase DPP-IV
contributes to its quaternary structure and enzymatic activities. Protein Sci. 2010, 19, 1627–1638. [CrossRef]
[PubMed]

39. Ravida, A.; Musante, L.; Kreivi, M.; Miinalainen, I.; Byrne, B.; Saraswat, M.; Henry, M.; Meleady, P.;
Clynes, M.; Holthofer, H. Glycosylation patterns of kidney proteins differ in rat diabetic nephropathy.
Kidney Int. 2015. [CrossRef] [PubMed]

40. Coppo, M.; Boddi, M.; Bandinelli, M.; Degl’innocenti, D.; Ramazzotti, M.; Marra, F.; Galastri, S.; Abbate, R.;
Gensini, G.F.; Poggesi, L.; et al. Angiotensin II upregulates renin-angiotensin system in human isolated T
lymphocytes. Regul. Pept. 2008, 151, 1–6. [CrossRef] [PubMed]

41. Sadjadi, J.; Kramer, G.L.; Yu, C.H.; Welborn, M.B., 3rd; Modrall, J.G. Angiotensin II exerts positive feedback
on the intrarenal renin-angiotensin system by an angiotensin converting enzyme-dependent mechanism.
J. Surg. Res. 2005, 129, 272–277. [CrossRef] [PubMed]

42. Razga, Z.; Nyengaard, J.R. Up- and down-regulation of angiotensin II AT1-A and AT1-B receptors in afferent
and efferent rat kidney arterioles. J. Renin Angiotensin Aldosterone Syst. 2008, 9, 196–201. [CrossRef] [PubMed]

43. Seta, K.; Sadoshima, J. Phosphorylation of tyrosine 319 of the angiotensin II type 1 receptor mediates
angiotensin II-induced trans-activation of the epidermal growth factor receptor. J. Biol. Chem. 2003, 278,
9019–9026. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.lfs.2007.04.040
http://www.ncbi.nlm.nih.gov/pubmed/17583752
http://dx.doi.org/10.1124/jpet.111.186866
http://www.ncbi.nlm.nih.gov/pubmed/22025647
http://dx.doi.org/10.1155/2011/162092
http://www.ncbi.nlm.nih.gov/pubmed/22203828
http://dx.doi.org/10.1210/jc.2012-4288
http://www.ncbi.nlm.nih.gov/pubmed/23539735
http://dx.doi.org/10.1177/1479164111434318
http://www.ncbi.nlm.nih.gov/pubmed/22388283
http://www.ncbi.nlm.nih.gov/pubmed/21720156
http://www.ncbi.nlm.nih.gov/pubmed/25390006
http://www.ncbi.nlm.nih.gov/pubmed/21593202
http://www.ncbi.nlm.nih.gov/pubmed/16478473
http://www.ncbi.nlm.nih.gov/pubmed/10645005
http://dx.doi.org/10.3389/fimmu.2015.00386
http://www.ncbi.nlm.nih.gov/pubmed/26284071
http://dx.doi.org/10.1021/bi060401c
http://www.ncbi.nlm.nih.gov/pubmed/16752891
http://dx.doi.org/10.1002/pro.443
http://www.ncbi.nlm.nih.gov/pubmed/20572019
http://dx.doi.org/10.1038/ki.2014.387
http://www.ncbi.nlm.nih.gov/pubmed/25587705
http://dx.doi.org/10.1016/j.regpep.2008.07.010
http://www.ncbi.nlm.nih.gov/pubmed/18723052
http://dx.doi.org/10.1016/j.jss.2005.04.044
http://www.ncbi.nlm.nih.gov/pubmed/15992826
http://dx.doi.org/10.1177/1470320308098592
http://www.ncbi.nlm.nih.gov/pubmed/19126659
http://dx.doi.org/10.1074/jbc.M208017200
http://www.ncbi.nlm.nih.gov/pubmed/12522132


Int. J. Mol. Sci. 2016, 17, 780 12 of 12

44. Lautrette, A.; Li, S.; Alili, R.; Sunnarborg, S.W.; Burtin, M.; Lee, D.C.; Friedlander, G.; Terzi, F. Angiotensin II
and EGF receptor cross-talk in chronic kidney diseases: A new therapeutic approach. Nat. Med. 2005, 11,
867–874. [CrossRef] [PubMed]

45. Zou, Z.; Chung, B.; Nguyen, T.; Mentone, S.; Thomson, B.; Biemesderfer, D. Linking receptor-mediated
endocytosis and cell signaling: Evidence for regulated intramembrane proteolysis of megalin in proximal
tubule. J. Biol. Chem. 2004, 279, 34302–34310. [CrossRef] [PubMed]

46. Lu, H.; Boustany-Kari, C.M.; Daugherty, A.; Cassis, L.A. Angiotensin II increases adipose angiotensinogen
expression. Am. J. Physiol. Endocrinol. Metab. 2007, 292, E1280–E1287. [CrossRef] [PubMed]

© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC-BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1038/nm1275
http://www.ncbi.nlm.nih.gov/pubmed/16041383
http://dx.doi.org/10.1074/jbc.M405608200
http://www.ncbi.nlm.nih.gov/pubmed/15180987
http://dx.doi.org/10.1152/ajpendo.00277.2006
http://www.ncbi.nlm.nih.gov/pubmed/17213477
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/

	Introduction
	Results
	Kidney-Specific Activation of Renin-Angiotensin System (RAS), Dipeptidyl Peptidase 4 (DPP4) Activity and Suppression of Megalin by Ang II Infusion in Mice
	Proximal Tubule Cell-Specific Increase in DPP4 Activity by Ang II Stimulation
	Restoration of Megalin Protein Levels by DPP4 Inhibition Is via Suppression of EGFR and ERK Activation in Proximal Tubule Cells

	Discussion
	Experimental Section
	Animals
	Proximal Tubule Cell Culture
	Preparation of Kidney Tissue and Cell Extracts
	Immunoblotting
	DPP4 Activity Assay
	Semi-Quantitative Polymerase Chain Reaction
	Statistical Analysis

	Conclusions

