
R E S E A R CH P A P E R

Metabolic reprogramming by N-acetyl-seryl-aspartyl-lysyl-
proline protects against diabetic kidney disease

Swayam Prakash Srivastava1,3 | Julie E. Goodwin3 | Keizo Kanasaki1,2 |

Daisuke Koya1,2

1Division of Diabetology and Endocrinology,

Kanazawa Medical University, Uchinada,

Ishikawa, Japan

2Division of Anticipatory Molecular Food

Science and Technology, Kanazawa Medical

University, Uchinada, Ishikawa, Japan

3Department of Pediatrics, Yale University

School of Medicine, New Haven, Connecticut,

USA

Correspondence

Keizo Kanasaki and Daisuke Koya, Division of

Diabetology and Endocrinology, Kanazawa

Medical University, Uchinada, Ishikawa

920-0293, Japan.

Email: kkanasak@med.shimane-u.ac.jp;

koya0516@kanazawa-med.ac.jp

Funding information

Japan Society for the Promotion of Science,

Grant/Award Numbers: 23790381, 25282028,

25670414, 25670414, 25282028, and

23790381; Kanazawa Medical University,

Grant/Award Number: C-2011-4, C-2012, S-

2011-1, S2012-5; Banyu Foundation 2012;

Takeda Science Foundation 2012; NOVARTIS

Foundation (Japan) for the Promotion of

Science 2011; Ono Medical Research

Foundation 2011; Daiichi-Sankyo Foundation

of Life Science 2011; Japan Research

Foundation for Clinical Pharmacology, Grant/

Award Number: 2011; Foundation for the

National Institutes of Health, Grant/Award

Number: R01HL131952; Grant for Promoted

Research, Grant/Award Number: S2012-5, and

S2011-1; Grant for Collaborative Research,

Grant/Award Number: C2012-1, and C2011-4;

Takeda Visionally Research Grant, Grant/

Award Number: 2013

Background and Purpose: ACE inhibitors (ACEIs) and AT1 receptor antagonists

(ARBs) are first-line drugs that are believed to reduce the progression of end-stage

renal disease in diabetic patients. Differences in the effects of ACEIs and ARBs are

not well studied and the mechanisms responsible are not well understood.

Experimental Approach: Male diabetic CD-1 mice were treated with ACEI, ARB, N-ace-

tyl-seryl-aspartyl-lysyl-proline (AcSDKP), ACEI + AcSDKP, ARB + AcSDKP, glycolysis

inhibitors or non-treatment. Moreover, prolyl oligopeptidase inhibitor (POPi)-injected

male diabetic C57Bl6 mice were treated with ACEI, AcSDKP and ARB or non-treatment.

Western blot and immunofluorescent staining were used to examine key enzymes and

regulators of central metabolism.

Key Results: The antifibrotic action of ACEI imidapril is due to an AcSDKP-mediated

antifibrotic mechanism, which reprograms the central metabolism including restoring

SIRT3 protein and mitochondrial fatty acid oxidation and suppression of abnormal

glucose metabolism in the diabetic kidney. Moreover, the POPi S17092 significantly

blocked the AcSDKP synthesis, accelerated kidney fibrosis and disrupted the central

metabolism. ACEI partly restored the kidney fibrosis and elevated the AcSDKP level,

whereas the ARB (TA-606) did not show such effects in the POPi-injected mice. ACE

inhibition and AcSDKP suppressed defective metabolism-linked mesenchymal trans-

formations and reduced collagen-I and fibronectin accumulation in the diabetic

kidneys.

Conclusion and Implications: The study envisages that AcSDKP is the endogenous

antifibrotic mediator that controls the metabolic switch between glucose and fatty

acid metabolism and that suppression of AcSDKP leads to disruption of kidney cell

metabolism and activates mesenchymal transformations leading to severe fibrosis in

the diabetic kidney.

Abbreviations: 2-DG, 2-deoxyglucose; ACEI, angiotensin converting enzyme inhibitor; ACEi, angiotensin converting enzyme inhibition; AcSDKP, N-acetyl-seryl-aspartyl-lysyl-proline; ARB, AT1
antagonist/blocker; CPT1a, carnitine palmitoyltransferase 1a; DCA, dichloroacetate; GLUT1, glucose transporter protein 1; HIF1α, hypoxia-inducible factor-1α; HK2, hexokinase 2; PDK4,

pyruvate dehydrogenase kinase 4; PGC1α, PPARγ coactivator 1α; PKM2, pyruvate kinase M2 type; POP, prolyl oligopeptidase; RAAS, renin angiotensin aldosterone system; SIRT3, NAD-

dependent deacetylase sirtuin-3; STZ, streptozotocin; αSMA, α-smooth muscle actin.
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1 | INTRODUCTION

Diabetic kidney disease is the leading cause of end-stage renal disease

(ESRD) worldwide (Held et al., 1991; Koye, Magliano, Nelson, &

Pavkov, 2018). Kidney fibrosis is the final consequence of diabetic

kidney disease (Held et al., 1991; Lovisa et al., 2015; Srivastava et

al., 2019). Kidney fibroblasts play an important role in the progression

of kidney fibrosis (LeBleu et al., 2013; Srivastava et al., 2019;

Zeisberg, Potenta, Sugimoto, Zeisberg, & Kalluri, 2008). BP control is

the key to minimizing the progression from diabetes to diabetic

nephropathy (Ganesh & Viswanathan, 2011; Hsu, Lin, Ou, Huang, &

Wang, 2017). Conventional therapy of diabetic nephropathy includes

renin angiotensin aldosterone system (RAAS) inhibitors, such as ACE

inhibitors (ACEI) and angiotensin II receptor antagonists (AT1

antagonists/ARBs), which are first-line drugs that can effectively

reduce the incidence of end-stage renal disease (Gu et al., 2016; Hsu

et al., 2017; Palmer et al., 2015). However, the effects of ACE inhibi-

tion and AT1 antagonism in mouse models of diabetic nephropathy

have not been well analysed, as well as having diverse clinical effects

(Mauer et al., 2009). We have demonstrated that AT1 antagonism was

unable to restore kidney structure and did not suppress renal fibrosis

in the streptozotocin (STZ)-induced diabetic CD-1 mice, whereas ACE

inhibition significantly suppressed the renal fibrosis and restored the

kidney structure in these diabetic mice (Nagai et al., 2014). In line with

this study, we recently demonstrated that ACE regulates antifibrotic

microRNAs crosstalk level and dipeptidyl peptidase 4 (DPP-4) associ-

ated fibrogenic processes in the kidneys of diabetic mice (Srivastava,

Goodwin, Kanasaki, & Koya, 2020). Inhibiting ACE increases the

plasma level of endogenous peptide N-acetyl-seryl-aspartyl-lysyl-

proline (AcSDKP) (Kanasaki, Nagai, Kitada, Koya, & Kanasaki, 2011).

AcSDKP is a tetrapeptide that is normally present in human plasma

and is exclusively hydrolysed by ACE (Kanasaki et al., 2011). AcSDKP

is released from its precursor thymosin β4 (Tβ4) by two enzymatic

steps mediated by meprin-α and prolyl oligopeptidase (POP)

(Kanasaki et al., 2011). Renal release of AcSDKP has been studied

(Romero et al., 2019). Blockade of AcSDKP synthesis by inhibiting

POP enzyme using small chemicals has been investigated in various

in vivo and in vitro models (Macconi et al., 2012; Romero et al., 2019).

We reported that AcSDKP alone or in combination with ACE inhibi-

tion can prevent renal fibrosis by inhibiting the endothelial-to-

mesenchymal transition program in the kidneys of diabetic mice

(Nagai et al., 2014; Srivastava et al., 2016). AcSDKP has demonstrated

protective effects on organ fibrosis in several experimental animal

models of fibrosis (Nitta et al., 2016; Omata et al., 2006; Shibuya

et al., 2005).

Increased mesenchymal activation in the diabetic kidney has been

identified as one of the mechanisms causing fibrosis (Srivastava,

Koya, & Kanasaki, 2013; Srivastava, Shi, Koya, & Kanasaki, 2014).

Snail1 is the zinc-finger transcription factor which is involved in cell

differentiation and survival, two of the processes focused on in fibro-

blast research in kidneys. Snail1 has a pivotal role in the regulation of

epithelial-to-mesenchymal transition, the process by which epithelial

cells acquire a migratory, mesenchymal phenotype, as a result of its

repression of E-cadherin (Grande et al., 2015; Lovisa et al., 2015).

Alteration in fuel-source preferences (glucose, fatty acids, glutamine

or ketone bodies) has emerged as an important mechanism of cell dif-

ferentiation (DeBerardinis & Thompson, 2012).

Metabolic reprogramming is a crucial constituent of malignant

transformation (Oldfield et al., 2001). However, little is known about

the metabolism of renal epithelial cells (Rowe et al., 2013). TGFβ1 is a

well-known mesenchymal inducer (Grande et al., 2015), suppresses

fatty acid oxidation (Kang et al., 2015) and induces glucose metabo-

lism in high-glucose-treated cultured renal tubular epithelial cells

(TECs) (Srivastava et al., 2018). Renal tubular epithelial cells require

high levels of baseline energy consumption and are highly dependent

on fatty acid oxidation (Kang et al., 2015).

Kidney fibrosis is associated with an increased rate of sirtuin

3 (SIRT3) deficiency-linked abnormal glucose metabolism and mesen-

chymal activation (Srivastava et al., 2018). SIRT3 is a major mitochon-

drial deacetylase that targets several diverse enzymes involved in

central metabolism resulting in the activation of many oxidative path-

ways (Kim et al., 2010; Yin & Cadenas, 2015). SIRT3 blocks organ

fibrosis by controlling TGFβ/smad3 signalling (Bindu et al., 2017; Chen

et al., 2015; Sosulski, Gongora, Feghali-Bostwick, Lasky, &

Sanchez, 2017). Moreover, disruption in central metabolism leads to

kidney injury (Kang et al., 2015; Poyan Mehr et al., 2018; Srivastava

et al., 2018; Tran et al., 2016; Zhou et al., 2019). We have observed

that SIRT3 deficiency leads to induction of abnormal glucose metabo-

lism through higher pyruvate kinase M2 type (PKM2) dimer formation

What is already known

• ACE inhibition is protective against diabetic kidney

disease.

• AT1 antagonists have minimal reno-protective action in

the mouse model of diabetic kidney disease.

What this study adds

• Protective nature of ACE inhibition is due to the induc-

tion of AcSDKP-mediated antifibrotic action.

• ACE inhibition and AcSDKP disrupt the defective

metabolism-linked mesenchymal transformations in the

diabetic kidney.

What is the clinical significance

• AcSDKP alone or in combination with ACEIs can be

directly used in combating diabetic kidney disease.

• Glycolysis inhibitors are antifibrotic agents which elevate

AcSDKP and could be used in kidney fibrosis.
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and hypoxia-inducible factor-1α (HIF1α) accumulation (Srivastava

et al., 2018). This is similar to that observed in diabetic subjects with

chronic kidney disease, in that oxygen consumption remains elevated

with higher lactate levels in the kidney and there are also increased

rates of glycolysis (Blantz, 2014). Glycolysis inhibitors or PKM2 activa-

tors disrupt such metabolic reprogramming resulting in significant sup-

pression of fibrosis, indicating that they can be utilized as a new

therapeutic approach to combate diabetic kidney complications

(Qi et al., 2017; Srivastava et al., 2018). A recent preclinical study sug-

gests that sodium glucose transporter 2 inhibition abolished the

defective glucose metabolism and associated epithelial-to-

mesenchymal transitions in the diabetic kidneys, resulting in remark-

able improvements in the kidney's structure, functions and fibrosis

(Li et al., 2020).

Some of the alterations of energy metabolism reported so far in

mouse models of ischaemic acute kidney injury (AKI) include increased

lactate release into the interstitium (Eklund, Wahlberg, Ungerstedt, &

Hillered, 1991), elevated pyruvate kinase in kidney homogenates after

ischaemia reperfusion injury (Fukuhara et al., 1991), increased glycoly-

sis after mercuric chloride-induced acute kidney injury (Ash &

Cuppage, 1970) and reduced mitochondrial number in atrophic tubu-

lar cells in rats (Lan et al., 2016). Glycolysis-derived methylglyoxal cau-

ses changes in kidney function among individuals with type 2 diabetes

mellitus (Jensen et al., 2016). Aberrant glycolysis in autosomal domi-

nant polycystic kidney disease shares similar features with aerobic gly-

colysis; treatment with glycolysis inhibitor 2-deoxyglucose (2-DG)

suppressed the disease phenotype (Rowe et al., 2013).

Herein, we hypothesized that AcSDKP disrupts metabolic repro-

gramming in fibrotic kidneys associated with diabetes. This could pro-

vide a new insight into combating diabetic kidney disease.

2 | METHODS

2.1 | Reagents and antibodies

AcSDKP was a gift from Dr. Omata from Asabio Bio Technology

(Osaka, Japan). Imidapril (ACE-I) and TA-606 (ARB) were provided by

Mitsubishi Tanabe Pharma (Osaka Japan) through an MTA. For rabbit

polyclonal anti-pyruvate kinase (PK) isozyme M2 (Cat# 4053, RRID:

AB_1904096), rabbit anti-HK-2 (Cat# 2867, RRID:AB_2232946), car-

nitine palmitoyltransferase 1a (CPT1a) (Cat# 12252, RRID:

AB_2797857) and PPARγ coactivator 1α (PGC1α) (Cat# 2178, RRID:

AB_823600) antibodies were purchased from Cell Signaling Technol-

ogy (Danvers, MA, USA). A mouse monoclonal pyruvate dehydroge-

nase kinase 4 (PDK4) (Cat# ab71240, RRID:AB_1269709), rabbit

polyclonal Tβ4 (Cat# ab14335, RRID:AB_301115) and a rabbit poly-

clonal ACE (Cat# ab28311, RRID:AB_726126) were purchased from

Abcam (Cambridge, UK). The goat anti-Sirt3 antibody (Cat# sc-

365175, RRID:AB_10710522) was purchased from Santa Cruz Bio-

technology (Dallas, TX, USA). The mouse monoclonal anti-β-actin (AC-

74) (Cat# A2228, RRID:AB_476697) antibody was obtained from

Sigma (St. Louis, MO, USA). For immunofluorescence analysis, a

mouse anti-HIF1α (Cat# ab51608, RRID:AB_880418) antibody was

purchased from Abcam (Cambridge, UK). A rabbit polyclonal anti-Ki67

(Cat# sc-15402, RRID:AB_2250495) was purchased from Santa Cruz

Biotechnology. A goat polyclonal anti-Snail antibody (Cat# ab53519,

RRID:AB_881666), a rabbit polyclonal anti-GLUT1 (Cat# ab153309,

RRID:AB_301844) antibody and a rabbit anti-αSMA (Abcam Cat#

ab5694, RRID:AB_2223021) and a mouse anti-αSMA (Abcam Cat#

ab7817, RRID:AB_262054) antibodies were purchased from Abcam

(Cambridge, UK). Fluorescence-, Alexa Fluor 647- and rhodamine-

conjugated secondary antibodies were obtained from Jackson

Immuno Research (West Grove, PA, USA).

2.2 | Animal experimentations and development of
mouse model of diabetic kidney disease

Animal studies are reported in compliance with the ARRIVE guidelines

(Kilkenny, Browne, Cuthill, Emerson, & Altman, 2010; McGrath &

Lilley, 2015) and with the recommendations made by the British Jour-

nal of Pharmacology. The experiments in the methods sections are car-

ried out in accordance with Kanazawa Medical University animal

protocols (protocol numbers 2014-89, 2013-114 and 2014-101) and

protocol approved by the Institutional Care and use Committee at

Yale University School of Medicine, New Haven, CT, USA, and were

consistent with the National Institutes of Health Guidelines for the

Care of Laboratory Animals. Authors confirm that all the experiments

are performed in accordance with guidelines and regulations for scien-

tific and ethical experimentation.

We purchased 7-week-old male CD-1 (MGI Cat# 5659424, RRID:

MGI:5659424) and male C57Bl6 (MGI Cat# 5655052, RRID:

MGI:5655052) mice from Jackson laboratory. The induction of diabe-

tes in the CD-1 model was performed according to the previously

established experimental protocol (Kanasaki et al., 2014; Li

et al., 2017; Shi et al., 2015; Srivastava et al., 2016; Srivastava

et al., 2018). In brief, diabetes was induced in male 8-week-old CD-1

mice with a single intraperitoneal injection of STZ at 200 mg�kg−1 in

10 mmol�L−1 citrate buffer (pH 4.5). The induction of diabetes was

confirmed as a blood glucose level > 16 mmol�L−1 2 weeks after STZ

injection. After randomization, we utilized a fibrotic diabetic kidney

disease model (STZ-treated CD-1 mice) for the interventional study.

Sixteen weeks after the induction of diabetes, the randomized male

diabetic CD-1 mice were divided into the following six groups:- the

ACE inhibitor (ACEI) imidapril (2.5 mg�kg BW−1�day−1); the AT1

receptor antagonist (ARB) TA-606 (Hashimoto et al., 1998) (3 mg�kg
BW−1�day−1); AcSDKP (500 μg�kg BW−1�day−1 using an osmotic mini-

pump); AcSDKP (500 μg�kg BW−1�day−1 using an osmotic mini-

pump) + imidapril; AcSDKP (500 μg�kg BW−1�day−1 using an osmotic

mini-pump) + TA-606 (3 mg�kg BW−1�day−1) and non-treatment (con-

trol). Imidapril or TA-606 was provided in the drinking water. In the

second set of experiments, five consecutive low-dosed STZ

(50 mg�kg−1�day−1) was injected in the 8-week-old male C57Bl6 mice.

The diabetic C57Bl6 mice were randomized and divided into following

five groups:- POP inhibitor (POPI; S17092), i.p. at the dose of
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40 mg�kg−1 three times in a week for 8 weeks); imidapril + S17092;

TA-606 + S17092; AcSDKP + S17092 and vehicle-treated diabetic

control mice. In the third set of experiments, the male randomized dia-

betic CD-1 mice were divided into the following three groups:- a con-

trol group; dichloroacetate (DCA) treatment group (1 g�L body

weight−1�day−1 in drinking water) and 2-DG treatment group for

500 μg�kg−1 i.p. twice a week for 4 weeks. In the fourth set of experi-

ments, using an osmotic mini-pump we administered AcSDKP at a low

dose ( 200 μg�kg BW−1�day−1), at a medium dose (500 μg�kg
BW−1�day−1) and at a high dose (1,000 μg�kg BW−1�day−1) in random-

ized male diabetic CD-1 mice for 8 weeks. All of these mice had free

access of food and water during experiments. The mice were killed

24 weeks after the induction of diabetes. Blood was withdrawn from

the retro-orbital plexus of each mouse and plasma was separated. The

blood glucose was measured before sacrifice of each mouse using glu-

cose strips. The urine was collected using metabolic cages. After the

sacrifice of each mouse, we excised the kidneys from each mouse.

Kidneys were cut into pieces and put at −80�C for gene expression

and protein level analysis. However, immediately, we put one halves

of kidney into optimal cutting temperature compound for frozen sec-

tions and the other halves into the 4% paraformaldehyde for the Mas-

son's trichrome-stained sections and for the paraffin-embedded

kidney sections. The BP of each mouse was monitored using the tail-

cuff method with a BP-98A instrument (Softron Co. Beijing, China)

within the week prior to euthanasia.

2.3 | Metabolic reprogramming in the kidney

For analysis of metabolic reprogramming in the kidneys, we studied

expression level of the critical regulators (SIRT3, HIF1α and PGC1α)
and key enzymes of central metabolism (hexokinase 2 [HK2], PKM2

and PDK4), glucose transporter 1 (GLUT1) and CPT1a, an enzyme

that is critical in fatty acid oxidation into the mitochondria. We

analysed the expression analysis through immunohistochemical,

immunofluorescence methods in the kidney sections and western blot

analysis in the kidney homogenate. For the mesenchymal and

fibrogenic analysis, we analysed α-smooth muscle actin (αSMA),

fibronectin and fibroblast specific protein 1 (FSP-1). To evaluate, the

specific contribution of metabolic defects with the mesenchymal

inductions, we evaluated co-labelling of key enzyme and regulators

with αSMA. For our study, we characterized metabolic reprogramming

by analysis of key regulators and enzymes of glucose metabolism and

fatty acid metabolism.

2.4 | In vivo silencing studies by using SIRT3 siRNA

For the SIRT3 in vivo knockdown study, we utilized diabetic CD-1

mice which had experienced 8 weeks of diabetes. They were divided

into two groups: scramble group and SIRT3 siRNA group. A chemically

modified HPLC purified SIRT3 siRNA duplex (sense strand

50GUCUGAAGCAGUACAGAAAtt and antisense strand

50UUUCUGUACUGCUUCAGACaa) and scramble siRNA duplex were

purchased from Invitrogen in vivo ready siRNAs. All of the oligos were

dissolved in buffer (Atelo gene, Koken Co., Ltd., Japan) and injected

into the tail vein (100 μl) twice weekly for 3 weeks at the dose of

5 mg�kg−1 body weight. We selected the way of administration and

dose selection of SIRT3 siRNA and control siRNA from our previous

published results (Srivastava et al., 2018).

2.5 | AcSDKP measurements

Blood of each mouse was harvested into a heparinized tube con-

taining captopril (final concentration of 10 μmol�L−1) and centrifuged

at 3,000× g for 15 min at 4�C. We obtained estimated plasma and

urine AcSDKP concentrations using a competitive enzyme immunoas-

say kit (SPI-BIO, Massy, France) according to the manufacturer's

instruction. Urine AcSDKP was normalized at the urine creatinine

level.

2.6 | ACE and prolyl oligopeptidase enzyme activity
assay

ACE and POP activity were measured using commercially available

kits from BioVision, CA, USA, and BPS Biosciences, CA, USA.

2.7 | Morphological evaluation

For the fibrosis measurements, Masson's trichrome-stained sections

were evaluated by ImageJ (RRID:SCR_003070) software and the

fibrotic areas were estimated. For the Sirius red staining,

deparaffinized sections were incubated with picrosirius red solution

for 1 h at room temperature. The slides were washed twice with

acetic acid solution for 30 s per wash. Then the slides were

dehydrated in absolute alcohol three times. The slides were cleared in

xylene and mounted with a synthetic resin. Sirius red staining was

imaged and analysed using the ImageJ software, and the fibrotic areas

were quantified. For each mouse, images of six different fields of view

were evaluated at 40× magnification.

2.8 | Immunohistochemistry

The Immuno-related procedures used comply with the recommenda-

tions made by the British Journal of Pharmacology (Alexander

et al., 2018). Paraffin-embedded kidney sections (5 μm thick) were

deparaffinized and rehydrated (2 min in xylene, four times; 1 min in

100% ethanol, twice; 1 min in 95% ethanol; 45 s in 70% ethanol; and

1 min in distilled water), and the antigen was retrieved in a 10-mM cit-

rate buffer pH 6 at 98�C for 60 min. To block the endogenous peroxi-

dase, all sections were incubated in 0.3% hydrogen peroxide for

10 min. The immunohistochemistry was performed using a Vectastain
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ABC Kit (Vector Laboratories, Burlingame, CA, USA). Rabbit polyclonal

PKM2 (Cell Signaling Technology Cat# 4053, RRID:AB_1904096;

1:100), PDK4 (Abcam Cat# ab71240, RRID:AB_1269709; 1:100),

PGC1α (Cell Signaling Technology Cat# 2178, RRID:AB_823600;

1:100) and CPT1a (Cell Signaling Technology Cat# 12252, RRID:

AB_2797857; 1:100) antibodies were purchased from Cell Signaling

Technology. Goat polyclonal anti-SIRT3 antibody (Santa Cruz Biotech-

nology Cat# sc-365175, RRID:AB_10710522; 1:200) and anti-Ki67

(Santa Cruz Biotechnology Cat# sc-15402, RRID:AB_2250495; 1:100)

were purchased from Santa Cruz Biotechnology. A goat polyclonal

anti-Snail antibody (Abcam Cat# ab53519, RRID:AB_881666; 1:100)

and a rabbit polyclonal anti-GLUT1 (Abcam Cat# ab15309, RRID:

AB_301844; 1:100) antibody were purchased from Abcam

(Cambridge, MA, USA). In the negative controls, the primary antibody

was omitted and replaced with the blocking solution.

2.9 | Immunofluorescence

Frozen kidney sections (5 μm) were used for immunofluorescence;

double positive labelling with SIRT3/αSMA, HK2/αSMA, PKM2/

αSMA, PDK4/αSMA, Ki67/αSMA and HIF1α/αSMA was measured.

Briefly, frozen sections were dried and placed in acetone for

10 min at −30�C. Once the sections were dried, they were washed

twice in PBS for 5 min and then blocked in 2% BSA/PBS for

30 min at room temperature. Thereafter, the sections were incu-

bated in primary antibody of SIRT3 (Santa Cruz Biotechnology

Cat# sc-365175, RRID:AB_10710522; 1:100), HK-2 (Cell Signaling

Technology Cat# 2867, RRID:AB_2232946; 1:100), HIF1α (Cat#

ab51608, RRID:AB_880418; 1:100) and PKM2 (Cell Signaling Tech-

nology Cat# 4053, RRID:AB_1904096; 1:100) for 1 h and washed

in PBS (5 min) three times. Next, the sections were incubated with

the secondary antibodies for 30 min, washed with PBS three times

(5 min each) and mounted with mounting medium with DAPI

(Vector Laboratories). The immune-labelled sections were analysed

by fluorescence microscopy (Axio Vert.A1, Carl Zeiss Microscopy

GmbH, Jena, Germany). For each mouse, original magnification of

400× pictures was obtained from six different areas, and quantifi-

cation was performed.

2.10 | In vitro experiment in renal tubular epithelial
cells

Human renal tubular epithelial (HK-2, ATCC Cat# CRL-22190, RRID:

CVCL_0302) cells were cultured in DMEM and Keratinocyte-SFM

(1×) medium (Life Technologies, Green Island, NY, USA), respectively.

When the cells on the adhesion reagent reached 70% confluence,

25 ng�ml−1 recombinant human TGFβ1 for 48 h was placed in the

serum diluted medium with or without ACEi (100 nM), AcSDKP

(100 nM) and ARB (100 nM). AcSDKP, ACEi and ARB were pre-

incubated 2 h before TGFβ1 stimulation. Protein samples were

harvested using RIPA buffer.

2.11 | Extracellular acidification rate (ECAR)
measurements by Seahorse Technology

High-glucose (30 mM)-pretreated renal tubular epithelial HK-2 cells

were plated in XF 96 plates (Agilent Technologies, Santa Clara, CA,

USA) until confluent. AcSDKP was stimulated before 2 h in the

TGFβ1-treated and -untreated cells. Basal extracellular acidification

rate measurement for 2 h at 37�C incubator without CO2 supplemen-

tation was performed as per the manufacturer's instructions. The data

of basal extracellular acidification rate were normalized by μg protein

in each well.

2.12 | Transfection

The human renal tubular HK-2 cells were used for the transfection

studies. The HK-2 cells were pretreated with glucose (30 mM) for

48 h and transfected with 100 nM of specifically designed siRNA for

Tβ4 and ACE using Lipofectamine 2000 transfection reagent

(Invitrogen, Carlsbad, CA, USA), according to the manufacturer's

instructions. Cells were harvested for qPCR and for western blot

analysis.

2.13 | Western blotting

Protein lysates were denatured in an SDS sample buffer at 100�C

for 5 min. After centrifugation (17,000× g for 10 min at 4�C), super-

natants were separated on SDS-PAGE and blotted onto PVDF mem-

branes (Pall Corporation, Pensacola, FL, USA) using the semidry

method. PKM2 (Cell Signaling Technology Cat# 4053, RRID:

AB_1904096; 1:1,000), PDK4 (Abcam Cat# ab71240, RRID:

AB_1269709; 1:1,000), PGC1α (Cell Signaling Technology Cat#

2178, RRID:AB_823600; 1:1,000) and CPT1a (Cell Signaling Technol-

ogy Cat# 12252, RRID:AB_2797857; 1:1,000), anti-SIRT3 antibody

(Santa Cruz Biotechnology Cat# sc-365175, RRID:AB_10710522;

1:250) and GLUT1 (Abcam Cat# ab15309, RRID:AB_301844; 1:500)

were used. The immunoreactive bands were developed using an

enhanced chemiluminescence detection system (Pierce Biotechnol-

ogy, Rockford, IL, USA) and detected using an ImageQuant LAS

400 digital biomolecular imaging system (GE Healthcare Life Sciences,

Uppsala, Sweden).

2.14 | RNA isolation and qPCR

Frozen kidney tissues were first placed on the RNAlater®-I (Life

Technologies) for 16 h at −20�C before the subsequent homogeni-

zation process. Total RNA was isolated using the RNeasy mini kit

(Qiagen) following the manufacturer's instructions and was quanti-

fied with a NanoDrop spectrophotometer (ND-1000, NanoDrop

Technologies, DE, USA). cDNA was generated by RT kit (Takara

Bio Inc.) using the concentration of 500 ng�μl−1 mRNA. mRNA
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gene expression was quantified by using SYBR green PCR kit

(Takara Bio Inc.). qPCRs were performed in a 7900HT Fast Real-

Time PCR System (Life Technologies) and quantified using the

δ–δ-cycle threshold (Ct) method (ΔΔCt). All experiments were per-

formed in triplicate, and 18S was utilized as an internal control.

The mature sequences of specific primers were designed by

Hokkaido System Science Co. (Hokkaido, Japan). The sequence of

forward primer for TGFβ1 is 50-AAAACCAAAGACATCTCACAC

and reverse primer 50-GAATCGAAAGCCCTGTATTCC; for Snail1

forward primer 50-CCGGAAGCCCAACTATAGCGA and reverse

primer 50-TTCAGAGCGCCCAGGCTGAGGTACT; for Twist1

forward primer 50-GCAAGATCATCCCCACGCTG and reverse

primer 50-GCAGGACCTGGTAGAGGAAG; for αSMA forward

primer 50-CTGACAGAGGCACCACTGAA and reverse primer 50-GAA

ATAGCCAAGCTCAG; for FSP-1 forward primer 50-TTCCAGAAGGT

GATGAG and reverse primer 50-TCATGGCAATGCAGGACAGGAAGA;

whereas for 18S forward primer 50-CGAAAGCATTTGCCAAGAAT and

reverse primer 50-AGTCGGCATCGTTTATGGTC.

2.15 | Statistical analysis

The data and statistical analysis comply with the recommendations

of the British Journal of Pharmacology on experimental design and

analysis in pharmacology (Curtis et al., 2018). All values are

expressed as means ± SEM and analysed using the statistical pack-

age for the GraphPad Prism 7 (GraphPad Software, Inc., La Jolla,

CA, USA, RRID:SCR_002798). No data points were excluded from

the analysis in any experiment. The one-way ANOVA, followed by

Tukey's test, was employed to analyse the significance when com-

paring multiple independent groups. The post hoc tests were run

only if F achieved P < 0.05 and there was no significant variance

inhomogeneity. Previous published studies and power analysis

suggested that when using ANOVA, the sample sizes used would

yield sufficient power to reliably detect differences in the mean

among the group with sufficient power (i.e. >90%). The declared

group size is the number of independent value, and the statistical

analysis was performed using these independent values. In each

experiment, N represents the number of separate experiments

(in vitro) and the number of mice (in vivo). Technical replicates

were used to ensure the reliability of single values. Data analyses

were blinded. The data were considered statistically significant at

P < 0.05.

2.16 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to

corresponding entries in http://www.guidetopharmacology.org, the

common portal for data from the IUPHAR/BPS Guide to PHARMA-

COLOGY (Harding et al., 2018) and are permanently archived in the

Concise Guide to PHARMACOLOGY 2019/20 (Alexander

et al., 2019).

3 | RESULTS

3.1 | AcSDKP is the key peptide for antifibrotic
actions of ACE inhibition and protects against diabetic
kidney disease

STZ-induced diabetic CD-1 mice is the established mouse model for

the study of diabetic kidney disease (Srivastava et al., 2018). Here, we

analysed the comparative effect of ACE inhibition, AT1 antagonism

and AcSDKP on renal protection in the diabetic CD-1 mice. During

analysis of Sirius red staining, we found that the kidneys of vehicle-

treated diabetic CD-1 mice showed profound fibrosis. ACE inhibition

(ACEi) alone with imidapril and AcSDKP administration alone signifi-

cantly suppressed the renal fibrosis, while AT1 antagonism with TA-

606 alone did not (Figure 1a). ACE inhibition in combination with

AcSDKP displayed an additive effect in preventing kidney fibrosis,

when compared to either ACE inhibition or AcSDKP alone. However,

AT1 antagonism in combination with AcSDKP did not change the abil-

ity of AcSDKP to suppress kidney fibrosis (Figure 1a). AcSDKP also

showed a dose-dependent effect on renal fibrosis (Figure S1). Immu-

nofluorescence analysis revealed higher deposition of collagen-I and

fibronectin in the kidneys of diabetic CD-1 mice. ACE inhibition and

AcSDKP caused significant suppression in the collagen-I and fibronec-

tin deposition, however AT1 antagonism did not (Figure 1b). ACE inhi-

bition in combination with AcSDKP caused additive effect in

suppressing collagen-I and fibronectin level when compared to either

ACE inhibition or AcSDKP. Again, AT1 antagonism in combination with

AcSDKP did not affect AcSDKP ability to suppress kidney fibrosis

(Figure 1b). The kidneys of diabetic mice showed up-regulated gene

expression level of mesenchymal marker (αSMA) and FSP-1. ACE inhi-

bition alone and AcSDKP alone down-regulated the expression level

of αSMA and FSP-1, whereas AT1 antagonism did not (Figure 1c).

ACE inhibition in combination with AcSDKP was more effective in

down-regulating αSMA and FSP-1 expression level. Again, AT1 antag-

onism in combination with AcSDKP did not affect AcSDKP ability

down-regulated αSMA and FSP-1 expression level (Figure 1c). Plasma

and urine AcSDKP level was found lower in the diabetic group. ACE

inhibition caused significant elevation in the AcSDKP level, while AT1

antagonism had little effect (Figure 1d). ACE inhibition in combination

with AcSDKP was more effective in elevating AcSDKP level. Again,

AT1 antagonism in combination with AcSDKP did not affect the

AcSDKP level when compared to AcSDKP alone (Figure 1d). More-

over, ACE inhibition caused significant suppression of ACE activity,

while AT1 antagonism suppressed the level of AT1 receptor protein

expression (Figures 1e and S2A). However, ACE inhibition and AT1

antagonism did not cause any rovert difference in the level of prolyl

oligopeptidase (POP) enzyme activity in the kidneys of diabetic mice

(Figure 1f). The kidneys of diabetic mice showed higher deposition of

angiotensin II. ACE inhibition and AcSDKP diminished protein expres-

sion level of angiotensin II, whereas AT1 antagonism did not suppress

(Figure S2B). ACE inhibition in combination with AcSDKP showed

additive effect in reducing angiotensin II protein expression. However,

AT1 antagonism in combination with AcSDKP did not affect AcSDKP
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ability to reduce angiotensin II protein expression (Figure S2B). More-

over, angiotensin II stimulation enhanced gene expression level of

αSMA and FSP-1 high-glucose-treated renal tubular HK-2 epithelial

cells (Figure S2C).

3.2 | AcSDKP disrupts the metabolic reprogramming
in diabetic kidney disease

To test the contribution of ACE inhibition and AT1 antagonism on

central metabolism, we performed western blot analysis in the lysates

from kidneys of diabetic CD-1 mice subjected to ACE inhibition alone

or with AcSDKP (combination treatment) or AT1 antagonism alone

treatment. Our results showed significant suppression in the protein

levels of SIRT3, CPT1a and PGC1α and significant induction of the

protein levels of GLUT1, PKM2 and PDK4 in the kidneys of diabetic

mice when compared to kidneys of control CD-1 mice (Figure 2a).

ACE inhibition and combination treatments (ACE inhibition + AcSDKP)

restored the protein levels of SIRT3, CPT1a and PGC1α and

suppressed the levels of GLUT1, PKM2 and PDK4 in these diabetic

kidneys. However, these effects were more prominent with combina-

tion treatment when compared to ACE inhibition treatment alone

F IGURE 1 AcSDKP is key molecule for antifibrotic actions of ACE inhibitors (ACEIs) in the kidneys of diabetic mice. (a) Sirius red staining in
the kidneys of non-diabetic control, diabetic (DM) and imidapril (ACE inhibition; ACEi), TA-606 (AT1 receptor blockade; ARB), AcSDKP,
ACEi + AcSDKP and ARB + AcSDKP-treated diabetic CD-1 mice. Representative pictures are shown. Relative fibrosis is calculated by ImageJ
program. Scale bar: 50 μm. Six mice were evaluated in each group. (b) Immunofluorescence analysis of collagen-I/DAPI and fibronectin/DAPI in
the kidney of control, DM, ACEi, ARB, AcSDKP, ACEi + AcSDKP and ARB + AcSDKP-treated diabetic CD-1 mice. The representative pictures are
shown. Scale bar: 50 μm. Collagen-I and fibronectin rhodamine labelled and DAPI blue. Six mice were evaluated in each group. (c) Gene
expression analysis of αSMA and FSP-1 by qPCR in the kidneys of control, DM, ACEi, ARB, AcSDKP, ACEi + AcSDKP and ARB + AcSDKP-treated
diabetic CD-1 mice. 18S was used as internal control to normalize the expression level. Six mice were analysed in each group. (d) Plasma and
urine concentration of AcSDKP in the indicated group of mice. The plasma of six mice in the non-diabetic control and seven mice in the diabetic
and ACEi, ARB, AcSDKP, ACEi + AcSDKP and ARB + AcSDKP-treated diabetic group were analysed. However, urine of six mice were analysed in
each group. Urine AcSDKP concentration was normalized by urine creatinine level and is shown in the graph. (e) ACE and (f) POP enzyme activity
analysis by fluorimeter in kidney homogenates of indicated groups. Six mice were analysed in each group. Data in the graph are presented as
mean ± SEM. Statistical significance: *P < 0.05. DM represents diabetic group
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(Figure 2a). AT1 antagonist treatment with TA-606 in diabetic mice

could neither restore the protein levels of SIRT3, CPT1a and PGC1α

nor suppress the levels of GLUT1, PKM2 and PDK4 in the kidneys

(Figure 2a). Furthermore, AcSDKP treatment alone in the diabetic

mice caused significant elevation in the protein level of SIRT3, CPT1a

and PGC1α and significant reduction in the induced levels of GLUT1,

F IGURE 2 AcSDKP restores central metabolism in diabetic kidney disease. (a) Western blot analysis of SIRT3, PGC1α, CPT1a, GLUT1, PKM2
and PDK4 in the kidney of control, diabetic, ACE inhibited with imidapril (ACEi), combination (ACEi + AcSDKP) and TA-606 (AT1 receptor
blockade; ARB)-treated diabetic mice. Representative pictures from five blots are shown. Densitometry quantification of SIRT3, PGC1α, CPT1a,
GLUT1, PKM2 and PDK4 was performed on ImageJ. The data were normalized to β-actin. The kidneys of five mice were analysed. (b) Western
blot analysis of SIRT3, PGC1α, CPT1a, GLUT1, PKM2 and PDK4 in the kidneys of the control, diabetic and AcSDKP-treated diabetic mice.
Representative pictures from five blots are shown. Densitometry quantification of SIRT3, PGC1α, CPT1a, GLUT1, PKM2 and PDK4 was
performed on ImageJ. The data were normalized to β-actin. The kidneys of five mice were analysed. The data are expressed as the means ± SEM
and are included in the graph. (c) Immunohistochemistry analysis of SIRT3, PKM2, PDK4, PGC1α and GLUT1 in the kidneys of the control,
diabetic and ACEi, ARB, AcSDKP, ACEi + AcSDKP and ARB + AcSDKP-treated diabetic CD-1 mice. Five mice were analysed in each group.
Representative pictures in each panel are shown. Scale bar: 50 μm. Data in the graph are presented as mean ± SEM. Statistical significance:
*P < 0.05. DM represents diabetic group
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PKM2 and PDK4 in the kidneys when compared to the kidneys of

vehicle-treated diabetic CD-1 mice (Figure 2b). To localize these met-

abolic changes, we performed immunohistochemistry for key regula-

tors which play a crucial role in central metabolism, they are SIRT3,

PKM2, PDK4, PGC1α, GLUT1 and CPT1a in the kidneys (Figures 2c

and S3). We found remarkable suppression of the protein level of

SIRT3, PGC1α and CPT1a in the tubulo-interstitial compartment in

kidneys of diabetic mice when compared to non-diabetic control. ACE

inhibition alone and AcSDKP alone or ACE inhibition in combination

with AcSDKP significantly restored SIRT3, PGC1α and CPT1a,

whereas AT1 antagonism failed to restore these markers (Figures 2c

and S3). The kidneys of the diabetic mice had significantly higher pro-

tein expression of PKM2, PDK4 and GLUT1 in the damaged tubular

area when compared to the tubular area in the kidneys of non-diabetic

F IGURE 3 AcSDKP disrupts the metabolic reprogramming of myofibroblasts in diabetic kidneys. (a) Immunohistochemistry analysis of Snail1
in the kidney of non-diabetic control, diabetic (DM) and imidapril (ACE inhibition; ACEi), TA-606 (AT1 receptor blockade; ARB), AcSDKP,
ACEi + AcSDKP and ARB + AcSDKP-treated diabetic CD-1 mice. Representative pictures are shown. Scale bar: 50 μm. Five mice were analysed in
each group. (b) Gene expression analysis of Snail1, Twist1 and TGFβ1 by qPCR in the kidneys of indicated groups. The kidneys of six mice were

analysed in each group. (c) Co-immunofluorescence analysis of SIRT3/αSMA/DAPI, HK2/αSMA/DAPI and HIF1α/αSMA/DAPI in the kidneys of
indicated groups. Representative pictures are shown. Scale bar: 50 μm. In the first set of experiments, SIRT3 FITC labelled green, αSMA
rhodamine labelled and DAPI blue; in the second set of experiments, HK2 FITC (green) labelled, αSMA rhodamine labelled and DAPI blue. In the
third set of experiments, HIF1α FITC labelled green, αSMA rhodamine labelled and DAPI blue. The kidneys of five mice were analysed in each
group. (d) Co-immunofluorescence analysis of SIRT3/collagen-I, SIRT3/fibronectin and proliferation marker ki67 with αSMA was analysed. The
kidneys of five mice were analysed in each group. Scale bar: 50 μm. Representative pictures in each panel are shown. Data in the graph are
presented as mean ± SEM. Statistical significance: *P < 0.05. DM represents diabetic group
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control. ACE inhibition alone and AcSDKP alone or ACE inhibition in

combination with AcSDKP significantly diminished the induced level

of PKM2, PDK4 and GLUT1, whereas AT1 antagonism did not sup-

press (Figures 2c and S3). ACE inhibition + AcSDKP was more effec-

tive in elevating SIRT3, PGC1α and CPT1a and in suppressing PKM2,

PDK4 and GLUT1 level, whereas AT1 antagonism + AcSDKP did not

show any additive effects (Figures 2c and S3).

3.3 | AcSDKP is a critical endogenous anti-
mesenchymal peptide and inhibits defective central
metabolism of myofibroblasts

To study the effects of ACE inhibition, AT1 antagonism, AcSDKP,

ACE inhibition + AcSDKP and AT1 antagonism + AcSDKP on the

mesenchymal transcriptional induction in the kidneys, we analysed

the immunohistochemical analysis of Snail1 protein expression

(Figure 3a). The data revealed the induction of Snail1 protein

expression in the kidney of diabetic mice when compared to control

(Figure 3a). The kidneys from imidapril (ACE inhibitor), AcSDKP and

imidapril+ AcSDKP-treated diabetic mice exhibited significant sup-

pression in the Snail1 protein expression in the tubular area when

compared to the kidneys of vehicle-treated diabetic mice. However,

the kidneys of TA-6006 (AT1 receptor antagonist)-treated diabetic

mice did not show any remarkable changes (Figure 3a). The kidneys

of ACE inhibited + AcSDKP showed additive effect in suppressing

Snail1 protein expression, whereas AT1 antagonist + AcSDKP did

not (Figure 3a). Moreover, the kidney of diabetic mice showed up-

regulated gene expression level of Snail1, Twist1 and TGFβ1 when

compared to control. ACE inhibition alone, AcSDKP alone and ACE

inhibition + AcSDKP caused significant down-regulation, but AT1

antagonism did not alter the expression level (Figure 3b). To test

the contribution of HIF1α-associated abnormal glucose metabolism

in the induction of α-SMA, we performed co-immunolabelling of the

SIRT3 with αSMA, HK2 with αSMA and HIF1α with αSMA

(Figure 3c). We observed that the kidneys of diabetic CD-1 mice

displayed higher levels of αSMA deposition with significantly

reduced levels of SIRT3 protein expression and higher levels of HK2

and HIF1α when compared to kidneys of control CD-1 mice. The

kidneys of imidapril (ACEI) alone, AcSDKP alone and imidapril

+ AcSDKP-treated diabetic mice restored SIRT3 and suppressed

HK2 and HIF1α protein level, whereas TA-606 (AT1 antagonist) did

not (Figure 3c).

During co-immunofluorescence analysis of SIRT3/collagen-I and

SIRT3/fibronectin in the kidneys of AcSDKP-treated diabetic mice,

we observed significant increase in the SIRT3 protein expression

(Figure 3d). However there was a remarkable reduction in the

collagen-I and fibronectin expression in the kidneys of AcSDKP-

treated diabetic mice when compared to kidneys of vehicle-treated

diabetic mice (Figure 3d). The kidneys of AcSDKP-treated diabetic

mice showed significant suppression in the expression level of

Ki67/αSMA when compared to the kidneys of diabetic mice

(Figure 3d).

3.4 | Blockade of AcSDKP synthesis by inhibiting
prolyl oligopeptidase enzyme causes diabetic kidney
disease

To understand further the contribution of AcSDKP in the regulation

of renal fibrosis, we used the competitive inhibitor (S17092; POPi) of

POP enzyme and thus partly blocked AcSDKP synthesis. Initially we

carried out our experiment in the partial fibrotic C57Bl6 mouse strain

(Figure 4a). The kidney from diabetic C57Bl6 mouse showed minimal

fibrotic alteration when compared to the kidney from diabetic CD-1

mouse (Srivastava et al., 2016; Srivastava et al., 2018). We treated

with imidapril, TA-606 or AcSDKP in the POPi (S17092)-injected dia-

betic C57Bl6 mice (Figure 4a). At the time of sacrifice, the POPi-

treated diabetic mice and vehicle-treated diabetic mice had similar

blood glucose, body weight and BP. However, POPi-injected diabetic

mice had higher kidney weight and albumin-to-creatinine ratio when

compared to vehicle-treated diabetic mice (Figure 4b). Imidapril treat-

ment (ACE inhibition) did not cause any remarkable changes in body

weight and blood glucose, only a slight lowering in kidney weight and

BP, although there was a remarkable suppression in albumin-to-

creatinine ratio when compared to POPi-injected diabetic mice

(Figure 4b). TA-606 treatment (AT1 antagonism) did not alter body

weight, blood glucose or kidney weight in the POPi-injected diabetic

mice (Figure S4). AcSDKP treatment also did not alter body weight

and blood glucose but there was a remarkably lowering of kidney in

the POPi-injected diabetic mice (Figure S5). POPi significantly

suppressed both plasma and urine AcSDKP level. ACE inhibition and

AcSDKP elevated the level of plasma and urine AcSDKP, whereas AT1

antagonism did not elevate in the POPi-injected diabetic mice

(Figures 4c, S4 and S5). POPi did not cause remarkable alteration in

angiotensin converting enzyme (ACE) activity in the kidneys. How-

ever, ACE inhibition treatment in POPi-injected mice caused signifi-

cant lowering in ACE activity (Figure 4d). The kidneys of POPi-

injected diabetic mice had reduced POP enzyme activity. ACE inhibi-

tion, AT1 antagonism and AcSDKP did not alter the POP enzyme

activity (Figures 4e, S4 and S5).

During histological analysis, we found that the kidneys of POPi-

injected diabetic mice had higher deposition of extracellular matrix,

higher area fibrosis and collagen deposition when compared to kidney

of vehicle-treated diabetic mice (Figure 4f–h). ACE inhibition partly,

whereas AcSDKP completely restored the kidney structure,

suppressed the renal fibrosis and collagen deposition in the POPi-

injected diabetic mice, whereas AT1 antagonism did not suppress the

renal fibrogenic phenotype (Figures 4f–h, S4 and S5).

3.5 | Prolyl oligopeptidase inhibition disrupts the
kidney homeostasis and metabolism

POPi elevated Snail1 protein/mRNA expression in the kidney of dia-

betic mice when compared to vehicle-treated diabetic mice

(Figure 5a,b). Imidapril (ACEI) treatment and AcSDKP treatment in

POPi-injected diabetic mice exhibited suppression in the Snail1
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protein/mRNA expression. However, TA-606 (AT1 antagonist) treat-

ment in POPi-injected diabetic mice did not show remarkable changes

in the Snail1 protein expression (Figures 5a,b and S6A,B). Moreover,

to test the contribution of POPi in the central metabolism, we

analysed SIRT3/αSMA, PKM2/αSMA and HIF1α/αSMA co-staining in

the kidneys of POPi-treated diabetic mice and compared with the kid-

neys of vehicle-treated diabetic mice (Figure 5c). We found that the

kidneys of POPi-injected diabetic mice displayed higher αSMA posi-

tive cells, with significant suppression in the SIRT3 protein expression

and induced protein expression of PKM2 and HIF1α when compared

to the kidneys of vehicle-treated diabetic mice (Figure 5c). The

kidneys from the POPi-injected diabetic mice that had received

imidapril had partly restored SIRT3 protein expression and showed

suppressed αSMA level, whereas blockage of AT1 receptors had no

effect on these changes. ACE inhibition diminished the level of

PKM2/αSMA and HIF1α/αSMA, whereas AT1 antagonism was inef-

fective (Figure 5c). AcSDKP completely restored the SIRT3 protein

expression and showed diminished αSMA level in the kidneys from

POPi-injected diabetic mice. AcSDKP treatment also reduced the level

of PKM2/αSMA and HIF1α/αSMA in the kidneys from POPi-injected

diabetic mice (Figure S6C). Immunohistochemical analysis in these kid-

neys from POPi-injected diabetic mice revealed the suppression of

F IGURE 4 Blockade of AcSDKP synthesis by inhibiting prolyl oligopeptidase (POP) enzyme exacerbates renal fibrosis in mouse model of
diabetic kidney disease. (a) The schematic charts depicting the treatment protocol of POP inhibitor (Pi) S17092 in the reduced fibrotic diabetic
C57Bl6 mice. Imidapril (ACE inhibition, ACEi) and TA-606 (AT1 receptor antagonist, ARB) were given for 8 weeks in the POP inhibitor (POPi)-
treated diabetic C57Bl6 mice. (b) Physiological characteristics (body weight, blood glucose, kidney weight, albumin-to-creatinine ratio and BP) of
diabetic control, Pi and ACEi treatment in POPi-injected diabetic C57Bl6 mice. After 24 weeks, six mice were analysed in each group. (c) The level
of AcSDKP in the plasma and in urine was analysed by ELISA. Urine AcSDKP levels were normalized by the urine creatinine level. Six mice were
analysed in each group. (d) ACE activity analysis by fluorimeter in kidney homogenates of indicated groups. Six mice were analysed in each group.
(e) POP enzyme activity analysis by fluorimeter in kidney homogenate of indicated groups. The kidneys of six mice were analysed in each group.
(f) Masson's trichrome staining (MTS) in the kidneys of indicated groups and the quantification of the relative area fibrosis (RAF) by ImageJ. Scale
bar: 50 μM. The kidneys of six mice were analysed in each group. (g) Sirius red staining in the kidneys of indicated groups and quantification by
ImageJ. Scale bar: 50 μM. The kidneys of six mice were analysed in each group. (h) Immunofluorescence analysis of collagen-I/DAPI in the kidneys
of indicated groups. Relative collagen deposition (RCD) quantification by ImageJ. Representative pictures are shown. Scale bar: 50 μM in each
panel. Merged pictures are shown. The kidneys of six mice were analysed in each group. (i) Gene expression analysis of αSMA and FSP-1 by qPCR
analysis in the kidneys of indicated groups. 18S was used as internal control to normalize the expression level. The kidneys of six mice were
analysed in each group. Data are expressed as the mean ± SEM and are shown in the graph. Statistical significance: *P < 0.05. DC represents
diabetic control; Pi represents POP inhibitor treatment group
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the protein expression level of SIRT3, PGC1α and CPT1a and induc-

tion in the level PKM2, GLUT1 and PDK4 in the tubular area when

compared to that kidneys of vehicle-treated diabetic mice (Figure 5d).

ACE inhibition partly restored the SIRT3, PGC1α and CPT1a protein

expression and partly suppressed the level of PDK4, PKM2 and

GLUT1 in the kidneys from POPi-injected diabetic mice, whereas AT1

antagonism did not show such effect (Figure 5d). AcSDKP treatment

restored the SIRT3, PGC1α and CPT1a protein expression and

reduced the level of PDK4 and PKM2 in the kidneys from POPi-

injected diabetic mice (Figure S6D).

3.6 | AcSDKP treatment inhibits TGFβ1-associated
defective central metabolism in vitro

To define the changes in the central metabolism pathways specific to

TGFβ1, we examined protein expression analysis of regulatory

F IGURE 5 Blockade of AcSDKP synthesis disrupts the metabolic homeostasis in kidney. (a) Immunohistochemistry analysis of Snail1 in the
kidney of diabetic (vehicle treated), S17092 treated (prolyl oligopeptidase inhibited; POPi) and imidapril (ACE inhibited; ACEi) and TA-606 (AT1
receptor blockade; ARB) intervention in POPi-treated diabetic C57Bl6 mice. Representative pictures are shown. Scale bar: 50 μm. Five mice were
analysed in each group. (b) Gene expression analysis of Snail1 and TGFβ1 by qPCR in the kidneys of indicated groups. The kidneys of five mice
were analysed in each group. Gene expression data were normalized by 18S. (c) Co-immunofluorescence analysis of SIRT3, PKM2 and HIF1α,
with α-SMA, was analysed by using fluorescence microscope. The kidneys of five mice were analysed in each group. Representative pictures in
each panel are shown. (d) Immunohistochemistry analysis of SIRT3, PKM2, PDK4, CPT1a, PGC1α and GLUT1, in the kidneys of the vehicle-
treated diabetic, POPi and ACEi and ARB intervened POPi-treated diabetic mice. Five mice were analysed in each group. Representative pictures
in each panel are shown. Scale bar: 50 μm. Data in the graph are presented as mean ± SEM. Statistical significance: *P < 0.05. Vehicle represents
diabetic group
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enzymes in the human proximal tubular epithelial cells (HK-2). We

found that TGFβ1 stimulation caused significant suppression in the

protein levels of SIRT3, PGC1α and CPT1a and concomitant induction

in the protein levels of HK2, PKM2 and PDK4 in high-glucose-treated

HK-2 cells (Figure 6a). Both ACE inhibition and AcSDKP restore the

protein levels of SIRT3, PGC1α and CPT1a, while significantly reduc-

ing the elevated protein level of HK2, PKM2 and PDK4 in the

TGFβ1-stimulated high-glucose-treated HK-2 cells. AT1 antagonism

could neither restore the TGFβ1-stimulated suppressed protein levels

of SIRT3, PGC1α and CPT1A nor suppress the TGFβ1-stimulated

F IGURE 6 ACE inhibition and AcSDKP stimulation cancel theTGFβ1-driven abnormal metabolism in vitro. (a) Western blot analysis of SIRT3,

CPT1a, PGC1α, HK2, PKM2 and PDK4 in the imidapril (ACE inhibition; ACEi) and AcSDKP-treated tubular epithelial cells (HK-2 cells) in the
presence and absence of TGFβ1 (25 ng�ml−1) in high glucose condition. Representative blots are shown. Quantification of SIRT3, CPT1a, PGC1α,
HK2, PKM2 and PDK4, respectively, by densitometry. The data were normalized to β-actin. Five independent sets of experiments were analysed.
(b) Western blot analysis of SIRT3, CPT1a, PGC1α, HK2, PKM2 and PDK4 in the ARB-treated HK-2 cells in the presence and absence of TGFβ1
in high glucose condition. Representative blots are shown. Quantification of SIRT3, CPT1a, PGC1α, HK2, PKM2 and PDK4, respectively, by
densitometry. The data were normalized by β-actin. Five independent sets of experiments were analysed. Data in the graph are presented as
mean ± SEM. Statistical significance: *P < 0.05

SRIVASTAVA ET AL. 3703



elevation of HK2, PKM2 and PDK4 (Figure 6a,b). While analysing the

extracellular acidification rate by seahorse flux analyser, we found that

TGFβ1 stimulation reduced the extracellular acidification rate level in

HK-2 cells treated with basal glucose (5 mM), whereas cells treated

with high glucose (25 mM) had higher extracellular acidification rate

level (Figure 7a). The HK-2 cells treated with high glucose had higher

lactate release and suppressed intracellular ATP (Figure 7b,c). AcSDKP

intervention significantly suppressed the higher level of basal extracel-

lular acidification rate and lactate release and induced the intracellular

ATP level in the high-glucose-treated HK-2 cells (Figure 7a–c).

To further analyse the effects of AcSDKP in the metabolic

homeostasis, we knockdown the Tβ4 and angiotensin converting

enzyme (ACE) by using specific siRNAs in high-glucose-treated HK-2

cells. Tβ4 and ACE silencing resulted into significant suppression in

the mRNA and protein level of Tβ4 and ACE (Figure 8a,b). Tβ4 knock-

down caused up-regulation in gene expression level of FSP-1, PKM2

and PDK4 and down-regulation in PPARα and PGC1α expression

levels, whereas ACE knockdown caused down-regulation in gene

expression level of FSP-1, PKM2 and PDK4 and up-regulation in

PPARα and PGC1α expression levels (Figure 8a). In addition, Tβ4

knockdown caused elevation in the fibronectin, PKM2 and PDK4 and

reduction in CPT1a protein levels, whereas ACE knockdown caused

reduction in FSP-1, PKM2 and PDK4 and induction in CPT1a protein

levels (Figure 8c). Tβ4 silencing suppressed whereas ACE silencing ele-

vated the AcSDKP level in the cell medium (Figure 8d).

3.7 | Glycolysis inhibition suppresses renal fibrosis
via elevating AcSDKP level

Furthermore, we analysed the comparative effects of glycolysis inhibi-

tors on collagen deposition in diabetic kidney (Figure 9a). Immunoflu-

orescence data revealed that dichloroacetate (DCA) and

2-deoxyglucose (2-DG) significantly suppressed collagen-I in the kid-

neys of diabetic mice (Figure 9b). DCA and 2-DG restored the level of

plasma and urine AcSDKP (Figure 9c,d). SIRT3 silencing in the mice

caused remarkable reduction in the plasma and urine AcSDKP level

(Figure 9e,f). SIRT3 knockdown in diabetic mice showed down-

regulated gene expression level of SIRT3 and CPT1a whereas up-

regulated the gene expression level of HIF1α and FSP-1 in the kidneys

(Figure S7A). SIRT3 knockdown did not cause any alteration in the

expression and activity level of POP and ACE in the kidneys of dia-

betic mice (Figure S7A,B). DCA and 2-DG treatment in the diabetic

mice did not alter the POP activity, however showed suppressed

trends of ACE activity in the kidneys (Figure S7C).

4 | DISCUSSION

Activation of matrix-associated fibroblasts plays a major role during

fibrosis (LeBleu et al., 2013; Lovisa et al., 2015; Zeisberg et al., 2008).

In the present study, we proposed that AcSDKP is one of the essential

antifibrotic peptides that regulates central metabolism and mesenchy-

mal transformations in the kidney. From the results, it is clear that

ACE inhibition mediated renal protection is due to its ability to acti-

vate the AcSDKP-associated renal protections. This study also

established the differential effects of ACE inhibitors and AT1 antago-

nists (RAAS inhibitors) on the defective metabolism in the diabetic

kidney. AT1 antagonists alone or combination with ACE inhibitors are

used to reduce the risk of end-stage renal disease (Jacobsen, Ander-

sen, Jensen, & Parving, 2003; Kalender et al., 2002; Palmer

et al., 2015; Scheen, 2004; Wang et al., 2012). However, the safe use

and the renal protection action of these RAAS inhibitors are still a

matter of ongoing research. AT1 antagonists alone or in combination

with ACE inhibitors have been shown to have a surprising variety of

effects (Mauer et al., 2009; Mauer & Fioretto, 2005). ACE inhibition

F IGURE 7 AcSDKP stimulation cancel theTGFβ1-driven extracellular acidification in high glucose condition. (a) Measurement of basal
extracellular acidification rate (ECAR) in the AcSDKP-intervened TGFβ1-treated HK-2 cells with basal glucose (5 mM) and high glucose (25 mM)
was measured with an XF96 Extracellular Flux Analyser (Seahorse Bioscience). Seven wells in each group were analysed. Results were normalized
by μg protein in each well. (b) Lactate release. (c) Intracellular ATP level in the AcSDKP-intervened TGFβ1-treated HK-2 cells with high glucose
(25 mM) was measured using commercial kit. Seven wells in each group were analysed. Data in the graph are presented as mean ± SEM.
Statistical significance: *P < 0.05
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causes suppression of angiotensin II formation, resulting in the less

angiotensin II binding to the AT1 receptor as well as AT2 receptor

(Wolf & Ritz, 2005). However, when AT1 antagonist is used receptor

signalling is reduced/blocked increasing the availability angiotensin II

to act on other pathways, such as increasing AT2 receptor activation

(Naito et al., 2010). The biological consequence of increased AT2

receptor activation in such condition could be beneficial (Carey,

Wang, & Siragy, 2000; Danyel, Schmerler, Paulis, Unger, &

Steckelings, 2013; Matavelli, Huang, & Siragy, 2011; Padia &

Carey, 2013; Naito et al., 2010), but some others have reported a det-

rimental effect on organ protection (Waseda et al., 2008; Mifune

et al., 2000; Tejera et al., 2004; Cao et al., 2002). In our analysis, in

any case, such increased activation AT2 receptors would likely not

have any major beneficial role. However, the role of increased AT2

receptor activation in organ protection needs further investigation.

There is not sufficient data from clinical trials that clearly demon-

strate any significant differences between ACE inhibitors and AT1

antagonists in renal outcome in diabetes. However even with this limi-

tation, Mauer et al. (2009) analysed over 5 years the effect of the AT1

antagonist losartan and the ACEI enalapril (compared to placebo)

used in normotensive type I diabetic patient without albuminuria.

They found that losartan was associated with significant increase in

F IGURE 8 Thymosin β4 knockdown disrupts whereas ACE knockdown improves the central metabolism. (a) Gene expression analysis of Tβ4,
ACE, FSP-1, PKM2, PDK4, PPARα and PGC1α by qPCR in theTβ4 siRNA, and ACE siRNA transfected high glucose (30 mM 48 h pretreated)-
treated HK-2 cells. Five independent sets of experiments were analysed. Gene expression data were normalized by 18S. (b) Western blot analysis

of Tβ4 and ACE in theTβ4 siRNA and ACE siRNA transfected high-glucose-treated HK-2 cells. Five independent sets of experiments were
analysed. Densitometry calculations were normalized to β-actin. Representative blots are shown. (c) Western blot analysis of fibronectin, αSMA,
PKM2, PDK4 and CPT1a in theTβ4 siRNA and ACE siRNA transfected HK-2 cells. Five independent sets of experiments were analysed.
Densitometry calculations were normalized to β-actin. Representative blots are shown. (d) AcSDKP levels were measured in the cell medium of
Tβ4 siRNA and ACE siRNA transfected HK-2 cells. Five independent sets of experiments were analysed. Data in the graph are presented as
mean ± SEM. Statistical significance: *P < 0.05
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the onset of microalbuminuria when compared to placebo, while enal-

april was associated with an insignificant suppression in the onset of

microalbuminuria when compared to placebo. Furthermore, Mauer

et al. (2009) performed renal biopsies before and after the drug inter-

vention and found that only the losartan group tended to have an

increase in glomerular mesangial matrix fractions in post-intervention

biopsy samples but not in the pre-intervention samples (n = 50 in each

group, P = 0.07). Although this not as expected it may suggest an

important difference between AT1 antagonists (ARBs) and ACEI supe-

riority suggested by meta-analysis (Wu et al., 2013). However, some

studies have shown that combination therapies may not be renal-pro-

tective, despite a remarkable reduction in the albuminuria (Kunz, Frie-

drich, Wolbers, & Mann, 2008; Mann et al., 2008; Mogensen

et al., 2000). The data from the previous studies in diabetic and non-

diabetic subjects have shown differential effects in terms of renal

function and protection (Hsu et al., 2017; Laverman, Remuzzi, &

Ruggenenti, 2004; Wu et al., 2017). However, some studies have

shown better effects for ACE inhibition over AT1 antagonism on renal

protections in diabetic patients who have features of chronic kidney

disease (Baltatzi, Savopoulos, & Hatzitolios, 2011; Hsu et al., 2017;

Laverman et al., 2004; Mavridis, Palmer, & Strippoli, 2016; Wu

et al., 2017). In some studies, AT1 antagonist treatment is not protec-

tive for glomerular health (Fernandez-Fernandez et al., 2012; Nagai

et al., 2020; Nakanishi et al., 2011). The discrepancies between these

trials could be due to differences in experimental design and medicine

used. In the present study, the combination treatment (ACEI + AT1

antagonist) was not the focus of the study, however we analysed the

differential renal protection abilities of ACE inhibition and AT1 recep-

tor block. From the data, it is clear that the renal protection ability of

ACE inhibition is associated with an elevated level of AcSDKP, while

F IGURE 9 Glycolysis inhibitions cancel renal fibrosis by elevating the AcSDKP level. (a) Schematic charts depicting the treatment protocol of
glycolysis inhibitors, dichloroacetate (DCA) and 2-deoxyglucose (2-DG) in the fibrotic diabetic CD-1 mice. (b) Immunofluorescence analysis of
collagen-I/DAPI in the kidneys of control, DM and DM mice treated with either DCA or 2-DG. Representative pictures are shown. Scale bar:
50 μM in each panel. Merged pictures are shown. The kidneys of six mice were analysed in each group. (c) The level of AcSDKP in the plasma of
control, DM and DM mice treated with either DCA or 2-DG was analysed by ELISA . The plasma of six mice were analysed in control group,
seven mice in DM and DCA-treated diabetic mice and five mice in 2-DG-treated diabetic mice (d) Urine AcSDKP levels were measured by ELISA
in the control, DM and DM mice treated with either DCA or 2-DG group. Urine AcSDKP levels were normalized to the urine creatinine level. The
urine of six mice were analysed in control group, seven mice in DM and DCA-treated diabetic mice and five mice in 2-DG-treated diabetic mice.
(e)The level of AcSDKP in the plasma of tail vein-injected scramble and SIRT3 siRNA in diabetic mice. The plasma of five mice were analysed in
each group. (f) Urine AcSDKP levels were measured by ELISA in the tail vein-injected scramble and SIRT3 siRNA in diabetic mice, and urine
AcSDKP was normalized by the urine creatinine level. The urine of five mice were analysed in each group. The data are expressed as the
means ± SEM and are included in the graph. Statistical significance: *P < 0.05. DM represents diabetic group, Si C represents scramble siRNA
injected, while Si Sirt3 represents SIRT3 siRNA injected group
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the AT1 antagonist TA-606 did not show such protective effects. ACE

inhibition in combination with AcSDKP is more effective in reducing

the renal fibrogenic phenotypes, suggesting that antifibrotic mecha-

nisms of AcSDKP are partly involved for renal protection ability of

ACEIs. AcSDKP is an alternative substrate for the ACE (Kanasaki

et al., 2011). One study that shows that ACE inhibition elevates the

AcSDKP level by fourfold to fivefold (Kanasaki et al., 2011) which

confirms our results. From the results of POP inhibition with S17092

in the reduced fibrotic diabetic mice model, which was found to par-

tially block AcSDKP synthesis and accelerates the renal fibrosis, it is

imperative to understand the mechanism behind the clear antifibrotic

action of AcSDKP. AcSDKP clearly abolished whereas ACE inhibition

only partly abolished the renal fibrogenic processes in the POPi-

injected mice, which have a lower level of AcSDKP. AT1 antagonism

did not show any renal protective effects, suggesting that AcSDKP is

one of the many antifibrotic molecules by which ACE inhibitors medi-

ate their antifibrotic actions.

To investigate further the antifibrotic mechanism of AcSDKP, we

analysed the keys enzymes of central metabolism in the kidneys. In

the diabetic kidneys, the disruption in central metabolism can acceler-

ate the epithelial-to-mesenchymal transition and endothelial-to-

mesenchymal transition derived-fibroblasts formation and prolifera-

tion. However, disruption in central metabolism can also lead to the

development of intermediated cell types which accelerate in the

F IGURE 10 Working hypothesis depicts the critical role of AcSDKP in the kidney metabolism. Suppressed level of AcSDKP in diabetes is
linked with SIRT3-deficiency associated disruption in central metabolism and hence, fibrosis in kidney. POP inhibitor (S17092), partially blocks the
AcSDKP level and hence further enhanced the severity of defective metabolism-associated kidney fibrosis. ACE inhibition elevates the AcSDKP
level, improve the renal metabolic health whereas, ARB does not alter the AcSDKP level , and hence, unable to improve the renal metabolic health
in diabetic kidney, suggests that AcSDKP is essential peptide for renal metabolic health and protects from fibrosis
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fibrogenic phenotypes in diabetic kidneys (Kang et al., 2015;

Srivastava et al., 2018,2019). Defective fatty acid oxidation and con-

comitant induction in the abnormal glucose metabolism contributes in

the activation of mesenchymal mechanisms in the kidney (Kang

et al., 2015; Srivastava et al., 2018). Altered metabolic shifts, which

produce the required primary metabolic precursors for survival of the

matrix associated fibroblasts, are a key mechanism for myofibroblast

formation in the diabetic kidneys (Srivastava et al., 2018). We

observed that SIRT3 regulates the metabolic shift in the kidney and

its deficiency causes metabolic insults in diabetic kidney (Srivastava

et al., 2018). SIRT3 is key intermediate molecule to regulate glucose

metabolism in cytosol and fatty acid oxidation in mitochondria in dia-

betic kidneys (Srivastava et al., 2018). It is evident from our data that

the protective nature of ACE inhibition is due to its ability to restore

SIRT3 protein level, restore normal mitochondrial metabolism, fatty

acid oxidation and suppress the HIF1α-inducible proteins (GLUT1,

HK2, PKM2 and PDK4)-linked defective glucose metabolism. AT1

receptor blockade failed to restore the SIRT3 protein level and,

hence, was unable to restore the normal kidney metabolism in diabe-

tes. Similarly, our results from cultured-epithelial cells demonstrated

that Tβ4 silencing suppressed AcSDKP level in the cell medium was

associated with disruption of central metabolism and gain of

fibrogenic features. Whereas, ACE silencing elevated the AcSDKP

level and improved the metabolic homeostasis, further validating that

AcSDKP is an important protein required for epithelial cell homeosta-

sis. But how do ACE inhibition and AcSDKP restore the normal glu-

cose and fatty acid metabolism? To understand the association

between AcSDKP and SIRT3, we analysed the AcSDKP level in the

plasma and urine of SIRT3 silenced diabetic mice and the data sug-

gest that SIRT3 suppression is associated with a lower AcSDKP level

and did not affect ACE and POP enzyme activities in diabetic kidneys.

It is evident from these results that lower level of AcSDKP in the

SIRT3 silenced mice could be due to a secondary effect, not a direct

effect. It is possible that lower level of AcSDKP could be due to

severe fibrosis and inflammation by the systemic loss of SIRT3. Inter-

estingly, glycolysis inhibitors have shown to cause elevated levels of

AcSDKP in the kidney and plasma. However, glycolysis inhibitors

have shown tendency to lower ACE activity. Figure 10 depicts sche-

matic diagrams showing the regulation of AcSDKP in central metabo-

lism. AcSDKP is produced by Tβ4 by catalysis of POP enzyme. ACE

degrades AcSDKP into the inactive form. POPi partly blocks the

AcSDKP synthesis and thus shows reduced level of AcSDKP and

hence fibrosis in the diabetic kidneys. Reduction ACE activity by

ACEIs therefore elevates the level of AcSDKP, whereas AT1 antago-

nists does not alter the AcSDKP level. The kidney protective mecha-

nism of ACE inhibition is partly due to its ability to elevate the

AcSDKP level, which is associated with SIRT3-mediated restoration

of fatty acid oxidation and reduction in abnormal glucose metabolism,

and hence, AcSDKP is the key endogenous peptide for energy

homeostasis in kidney cells.

In conclusion, AcSDKP is a vital peptide which is associated with

normal kidney metabolism. Administration of AcSDKP leads to disrup-

tion of defective cell metabolism in diabetic kidneys. The present

study adds to the understanding of the antifibrotic mechanisms of

ACE inhibition and the biology of AcSDKP.
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