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Abstract

Background

Patients with diabetes are at a high risk for developing cardiac dysfunction in the absence of
coronary artery disease or hypertension, a condition known as diabetic cardiomyopathy.
Contributing to heart failure is the presence of diabetic kidney disease. The Goto-Kakizaki
(GK) rat is a non-obese, non-hypertensive model of type 2 diabetes that, like humans,
shares a susceptibility locus on chromosome 10. Herein, we perform a detailed analysis of
cardio-renal remodeling and response to renin angiotensin system blockade in GK rats to
ascertain the validity of this model for further insights into disease pathogenesis.

Methods

Study 1: Male GK rats along with age matched Wistar control animals underwent longitudi-
nal assessment of cardiac and renal function for 32 weeks (total age 48 weeks). Animals
underwent regular echocardiography every 4 weeks and at sacrifice, early (~24 weeks) and
late (~48 weeks) timepoints, along with pressure volume loop analysis. Histological and
molecular characteristics were determined using standard techniques. Study 2: the effect of
renin angiotensin system (RAS) blockade upon cardiac and renal function was assessed in
GKrats. Finally, proteomic studies were conducted in vivo and in vitro to identify novel path-
ways involved in remodeling responses.

Results

GK rats developed hyperglycaemia by 12 weeks of age (p<0.01 c/w Wistar controls). Echo-
cardiographic assessment of cardiac function demonstrated preserved systolic function by
48 weeks of age. Invasive studies demonstrated left ventricular hypertrophy, pulmonary
congestion and impaired diastolic function. Renal function was preserved with evidence of
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hyperfiltration. Cardiac histological analysis demonstrated myocyte hypertrophy (p<0.05)
with evidence of significant interstitial fibrosis (p<0.05). RT gqPCR demonstrated activation
of the fetal gene program, consistent with cellular hypertrophy. RAS blockade resulted in a
reduction blood pressure(P<0.05) cardiac interstitial fibrosis (p<0.05) and activation of fetal
gene program. No significant change on either systolic or diastolic function was observed,
along with minimal impact upon renal structure or function. Proteomic studies demonstrated
significant changes in proteins involved in oxidative phosp4horylation, mitochondrial dys-
function, beta-oxidation, and PI3K/Akt signalling (all p<0.05). Further, similar changes were
observed in both LV samples from GK rats and H9C2 cells incubated in high glucose media.

Conclusion

By 48 weeks of age, the diabetic GK rat demonstrates evidence of preserved systolic func-
tion and impaired relaxation, along with cardiac hypertrophy, in the presence of hyperfiltra-
tion and elevated protein excretion. These findings suggest the GK rat demonstrates some,
but not all features of diabetes induced “cardiorenal” syndrome. This has implications for the
use of this model to assess preclinical strategies to treat cardiorenal disease.

Introduction

Diabetes mellitus (DM) is a chronic heterogeneous metabolic disorder, characterised by hyper-
glycemia, which is estimated to effect 439 million adults worldwide by the year 2030 [1]. Type
2 DM (T2DM) is now disproportionately outweighing the number of type I diabetic patients
(accounting for >90% of all cases), with unambiguous evidence from epidemiological and
clinical data that, despite excellent glycemic control, T2DM patients have higher morbidity
and mortality when compared to their non-diabetic counterparts in a range of complications
such as heart failure, renal failure and death [2-4].

In particular, T2DM is associated with simultaneous impairment of both cardiac and renal
function, referred to collectively as ‘cardiorenal syndrome’ [5]. T2DM induced changes such
as impaired insulin signaling, hyperglycemia/glucotoxicity and lipotoxicity, are thought to
contribute, along with hemodynamic changes, activation of the renin-angiotensin-aldosterone
system (RAAS), endothelial dysfunction, inflammation and oxidative stress [6-9]. Indeed,
approximately 20-40% of patients with T2D develop diabetic kidney disease, the most com-
mon cause of end stage renal failure [10].

Diabetic kidney disease is characterized by progressive glomerulosclerosis and interstitial
fibrosis, in part due to over-activity of prosclerotic cytokines, such as the transforming growth
factor B (TGF-B). In addition to effects on the kidneys, persons with T2DM are significant
more likely to develop heart failure [11]. Despite being different organ systems, diabetic
patients with worsening kidney function, as evident by reduced glomerular filtration rate and
proteinuria, have a two-to-tenfold more rapid progression of cardiac related diseases, such as
coronary artery disease and atherosclerosis, highlighting the interconnected nature of the car-
diorenal system.

Unfortunately, despite the seminal discovery of insulin by Banting and Best in 1921, tar-
geted treatment to prevent cardiorenal disease in T2DM individuals remain extremely limited.
Until recently ACE inhibitor treatment has been the most effective treatment that improves
morbidity and mortality but, the introduction of Sodium Glucose Co-Transporter 2 inhibitors
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(SGLT-2i) has demonstrated benefit in cardiovascular outcomes and all-cause mortality in
T2DM patients [12-14]. Further, the Canagliflozin and Renal Events in Diabetes with Estab-
lished Nephropathy Clinical Evaluation (CREDENCE) trial and the Dapagliflozin and Preven-
tion of Adverse Outcomes in Chronic Kidney Disease (DAPA-CKD) trial has recently
demonstrated effectiveness to prevent kidney failure and mortality in DM patients with
nephropathy [15, 16].

The major obstacle to treating T2DM in an attempt prevent cardio-renal morbidity and
mortality is the lack of detailed understanding of the mechanism(s), which has significantly
hindered drug development. SGLT2 inhibitors are an example of such deficits in the under-
standing of the mechanisms of cardiovascular complications in T2DM patients. While there
has been such a significant amount of study into its action within the heart and kidney, there is
still no unified hypothesis to account for the protective effects of SGLT?2 inhibitors [14, 15, 17].

In order to gain a better understanding of the mechanisms via which diabetic drugs elicit
their effects, a robust pre-clinical model that expresses similar cardiorenal complications as
seen in T2DM patients is imperative. The Goto-Kakizaki (GK) rat is a non-obese, non-hyper-
tensive rodent model of T2DM, which by 4-5 weeks develop glucose intolerance and later
peripheral insulin resistance. Further, GK rats have demonstrated vascular smooth cell dys-
function a hallmark of T2DM [18]. The GK rat genetically recapitulates human diabetes, in
that it is a polygenic model of disease and shares a susceptibility locus corresponding to a
region on human chromosome 10 [19-21]. However, the detailed cardiorenal characterization
of the GK rat has been poorly documented. Thus, in this study, we performed functional,
structural and molecular characterization of the GK rat at early and late time points, in order
to determine whether the GK rat is an appropriate model of cardiorenal diabetic complica-
tions. In addition, in order to evaluate the effectiveness of this model for the study of human
therapeutics, we examined the therapeutic effect of perindopril, an Angiotensin Converting
Enzyme inhibitor (ACE;i). Finally, as multiple studies use cell culture assays to help explore
and determine mechanisms, we looked to identify whether changes in the LV proteome of GK
rats would be recapitulated in high glucose (HG) treated H9¢2 cardiomyoblasts.

Our data demonstrates that the GK rodent model shows some similar characteristics to
human T2DM, which was subsequently improved following treatment with an ACEi, albeit
demonstrating a mild disease phenotype and response. However, a major concern for this
model is the time it takes the GK animals to develop significant cardiac and renal dysfunction.
As such, the applicability of using the GK rat as a model of T2DM remains limited and high-
lights the need for the development of alternate pre-clinical models.

Methods

Study 1: Characterization of the Goto Kakizaki rat at early and late
timepoints
Age-matched, male Wistar and GK rats were studied across time and assessed at an early and
late time point. Animals sacrificed at ~28 weeks of age were classified as the ‘early’, whereas
animals sacrificed at ~48 weeks of age were classified as the ‘late’ time point. Animals were
housed at constant room temperature (21 £ 1°C) with a 12-hour light/dark cycle and were fed
standard rat chow, formulated rodent diet designed to support growth, and water ad libitum.
All animal studies were approved by the animal ethics committee at St Michael’s Hospital,
Toronto, Ontario Canada in accordance with the Guide for the Care and Use of Laboratory
Animals (NIH Publication No. 85-23, revised 1996).

Diabetes was confirmed at 8 weeks of age in the GK rats. Each week, rats were weighed, and
blood glucose was determined using Accu-check Advantage (Roche, Mississauga, ON,
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Canada). At 28 weeks (Early) and 48 weeks (Late) of age, all animals also underwent metabolic
caging and glycated hemoglobin (HbAlc) assessment for determination/confirmation of dia-
betes status. HbAlc was measured using AlcNow+ (Bayer, Sunnyvale, CA). Additionally, fol-
lowing metabolic caging urine protein: creatine levels were measured by the Department of
Pathology, Toronto General Hospital, Toronto ON, Canada. Animals were then euthanized,
and their heart, lungs and kidneys were excised, for physiological, histopathological and
molecular analyses.

Echocardiography. Animals underwent echocardiography at 8 weeks of age, and subse-
quently every 4 weeks. All assessments were done using the Vevo™ 2100 system and a MS-250
probe (VisualSonics, Ontario, CA). In brief, all animals were placed on a heating pad to main-
tain a body temperature of 37 + 1°C and secured in the supine position. Two dimensional
long-axis images of the LV in parasternal long- and short-axis views at mid-papillary muscle
level were acquired as previously described [22].

Cardiac catheterization. Cardiac catheterization was performed, as previously described
[23]. In brief, animals were placed on a warming pad (42°C), intubated and ventilated using
positive pressure. Rats were secured in a recumbent position and the right jugular vein was can-
nulated. Pressure was calibrated after warming the catheter (Model SPR-838 Millar instru-
ments, Houston, TX, USA) in 0.9% NaCl at 37°C for 30 min. The right internal carotid was
then identified and ligated cranially. A 2F miniaturized combined conductance catheter-micro-
manometer was inserted into the carotid artery to obtain aortic blood pressure, then advanced
into the left ventricle until stable PV loops were obtained. Using the pressure conductance data,
a range of functional parameters were then calculated (Millar analysis software LabChart 8.1).

Heart histopathology. Paraffin embedded sections of heart, each 4 pm thick, were exam-
ined. The accumulation of matrix was quantified on picrosirius red stained heart sections
using computer-assisted image analysis (Halo, indica labs, Albuquerque, New Mexico, USA)
in a blinded fashion, as previously reported [24]. The extent of cardiac myocyte hypertrophy
was determined on haematoxylin and eosin stained sections, as adapted from the methods
described by Kai and colleagues [25], and as we previously described [26].

Analysis of cardiac gene expression. Genes associated with cardiac dysfunction were
assessed. In short, total RNA was isolated from homogenized cardiac tissue using trizol
reagent. Total RNA (2 pg) was converted to cDNA (for a 20 pL reaction) using the high-Capac-
ity cDNA Reverse Transcription Kit and stored at —20°C until further analysis. Measurement
of the cardiac genes was relative to either RPL13a (study 1) or RPL32 (study 2) using Micro-
Amp™ Optical 384-Well Reaction Plates with a ViiA™ 7 Real-Time polymerase chain reaction
system, as previously reported [27]. Experiments were performed in triplicates, and data analy-
sis was performed using Applied Biosystem’s Comparative Cr method.

Kidney histopathology and function. Paraffin embedded kidney section, each 4 um thick
were assessed to determine the extent of glomerulosclerosis from Periodic acid-Schiff (PAS)
stained sections, as previously reported [28].

Study 2: Impact of ACEi upon renal and cardiac structure and function

Age-matched, male Wistar and GK rats were studied. Animals were housed in the same condi-
tions as per study 1.

As in Study 1, diabetes was confirmed at 8 weeks of age in the GK rats and, at 28 weeks of
age once diabetes complications were established, animals were randomized to receive vehicle
or perindopril erbumine (0.2mg/kg per day in drinking water) for 12 weeks. All animals also
underwent metabolic caging and glycated hemoglobin (HbA1c) assessment at 28 and 48
weeks.
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After 12 weeks of vehicle or perindopril erbumine (aged 48 weeks), animals underwent
functional analysis, echocardiography every 4 weeks and cardiac catheterisation as outlined in
study one. Following cardiac catheterization, animals were euthanized, and heart, lungs and
kidneys were excised, for histopathological (PSR, H & E and PAS) analyses, and QT-PCR as
described above.

Study 3: Proteomics comparison of in-vivo and in-vitro models

Rat cardiomyoblast H9c2 cells were cultured in 5.5 mM glucose (NG) or 25 mM glucose (HG).
After 48h, cells were harvested and separated into nuclear and cytoplasmic fractions. Left ven-
tricular tissue was excised from 40 weeks old age matched male Wistar and GK rats. Nuclear
and cytoplasmic fractions of tissue homogenates were obtained. Proteins from cell and tissue
extracts were precipitated and subjected to reduction and alkylation, followed by trypsin diges-
tion. Tryptic peptides were desalted and injected onto a nano-liquid chromatography system
connected online to an orbitrap mass spectrometer. Peptides were resolved using gradient
reverse phase liquid chromatography. To identify proteins, the mass spectrometry data was
searched against rat and human international protein index databases using MASCOT and
GPM algorithms. MASCOT identifications required at least X! Tandem identifications. Label-
free quantitation was performed using spectral counting tools embedded in scaffold (Scaffold
version 4.10.0, Proteome Software Inc., Portland, OR) software. Scaffold was used to validate
MS/MS based peptide and protein identifications. Peptide identifications were accepted if they
could be established at greater than 95.0% probability by the Peptide Prophet algorithm [29].
Protein identifications were accepted if they could be established at greater than 99.0% proba-
bility and contained at least 2 identified peptides. Protein probabilities were assigned by the
Protein Prophet algorithm [30]. Proteins that contained similar peptides and could not be dif-
ferentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsi-
mony. Proteins sharing significant peptide evidence were grouped into clusters.

The proteomic datasets for uniquely upregulated proteins in the HG H9c2 cell lysates, and
GK rats were uploaded to Ingenuity Pathway Analysis (IPA) for core analysis of protein func-
tional networks, interactions, and pathways (QIAGEN Inc., https://www.
qiagenbioinformatics.com/products/ingenuity-pathway-analysis) [31].

Statistical analysis. Data are expressed as means + SEM unless otherwise specified.
Between group differences were analyzed by t-test or two-way ANOVA with Holm-Sidak post
hoc test. All statistics were performed using GraphPad Prism 6 for Mac OS X (GraphPad Soft-
ware Inc., San Diego, CA). A Fisher’s exact test was conducted to determine the probability
that pathways, biological functions, and diseases were over-represented in the protein dataset.
A p value of <0.05 was regarded as statistically significant.

Results
Study 1: Characterisation of GK rats

Analysis of mean hemoglobin Alc (HbAlc, Table 1) demonstrated GK rats had a significantly
higher HbA1lc than Wistar rats at both time points and increased over time (p<0.0001). Body
Weight (Table 1) was significantly reduced in GK rats compared to Wistar rats at both the
early and late time points. There was a time dependent increase in body weight in both Wistar
and GK rats (p = 0.0003). Tibial length (TL, Table 1) was significantly smaller in GK rats com-
pared to Wistar rats at both time points. However, in keeping with growth the TL increased in
both Wistar and GK rats’ (p<0.0001) over time. Heart weight indexed to body weight (HW;
BW, Table 1) was significantly increased in GK rats (p<0.0001) at both time points compared
with Wistar rats, and there was a significant time dependent increase in the GK rats HW:BW
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Table 1. Morphometric data of the GK and Wistar rats at early and late timepoints.

Early Late

Wistarn=6 GKn=4 Wistarn=6 GKn=7
HbA1C (%) 4.77 +0.15 6.68 + 0.88*** 4.62 +0.34%% 9.36:+ (.73**** F## bdde
Body Weight (BW; g) 681.00 + 32.44 449.75+ 18.64**+* 951.83+ 104.68"***,*¢¢¢ 392,57+ 12.18"+** ###*
Tibia Length (mm) 42.17 £0.75 38.13 + 0.85"*** 45.67+ 0,527+ $ooe 40.64+ 0.63"+*,*be #457
Heart weight (HW): BW (mg/g) 2.20 £0.13 2.70 £0.15* 1.91 £ 0.22%,%¢¢ 2.94 £0.16",%*
Lung weight (LW): BW (mg/g) 3.11%0.33 3.18 £0.18 2.38 £0.36*,%¢ 3.40 +0.21%
Left Kidney weight (KW): BW (mg/g) 2.41+0.23 3.12 031 2.26 +0.52%° 5.10+ 0.35%* %+ Pobe #5

HbAIC (%) Hemoglobin A1C, Body Beight (BW/g), Tibal length (TL/mm), heart weight/body weight ratio (mg/g), lung weight/body weight ratio (mg/g), LKW/BW left
kidney weight/body weight (mg/g) ratio. Where early = 28 weeks Late = 48 weeks GK = Goto Kakizaki rats, Wistar = Wistar rats.

* = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.0001 when compared to early Wistar;

* = p<0.05, " = p<0.01, ¥ = p<0.001 and " = p<0.0001 when compared to late Wistar;

¢ = p<0.05, ** = p<0.01, **® = p<0.001 and **** = p<0.0001 when compared to early GK;

A Two-Way ANOVA with multiple comparisons Holm-Sidak test was used to compare groups across different time points. Data is expressed as mean+SEM N = 4-8

per group.
https://doi.org/10.1371/journal.pone.0252711.t001

(p = 0.0012). Lung weight indexed to body weight (LW:BW, Table 1) was significantly
increased in GK rats compared to Wistar rats at the late time point (p<0.01) and significantly
increased over time in GK rats (p = 0.0308). Kidney Weight indexed to body weight (KW:BW,
Table 1) significantly increased in GK rats at both early (p<0.05) and late (p<0.001) time
points compared to Wistar rats and there was a time dependent increase in both Wistar and
GK rats (p<0.0001).

Echocardiography. Echocardiographic analysis of cardiac function demonstrated a small
reduction in cardiac function in the GK rats at each time point relative to Wistar rats, which
progressed with age (all p<0.005). Left ventricular diameter in diastole was significantly
reduced in GK rats compared to Wistar rats (P = 0.0332), which did not change over time. Left
ventricular systolic diameter significantly increased over time (P = 0.0004) but was not signifi-
cantly different between GK and Wistar rats (Fig 1).

Cardiac catheterization. Cardiac catheterization with a high-fidelity LV pressure
manometer demonstrated that GK rats had higher systolic blood pressure compared to Wistar
rats (P = 0.0495). dP/dt max was increased in GK rats compared to Wistar rats at the early
time point (P<0.0001); an effect that was not observed at the late time point. Further, dP/dt
min was significantly increased with age (P = 0.0001) and this effect was seen to be most pro-
nounced in GK rats (P = 0.0326). Diastolic function assessment demonstrated that Tau signifi-
cantly increased over time (P = 0.0002), this increase was seen to be most significant in aged
GK rats (P =0.0118, Fig 1).

Heart histopathology. Myocyte hypertrophy was significantly increased in GK rats
(p =0.025) compared to that of Wistar rats, but no effect was seen over time. Picrosirius red
staining demonstrated that collagen content as measured by the portion of red stained pixels
was increased in GK rats compared to that of Wistar rats (GK rats, p = 0.0144) but there was
no significant effect over time (all Fig 2).

Cardiac gene expression. Expression of genes known to be important in cardiac remodel-
ling were assessed in both Wistar and GK rats. Atrial natriuretic peptide (ANP) mRNA was
significantly increased in GK rats (p = 0.009) compared to Wistar rats and was significantly
increased over time (p = 0.028). Beta myosin heavy chain (B-MHC) expression was signifi-
cantly increased in GK rats (P = 0.0064) compared to Wistar rats but this effect was seen to be
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Fig 1. Echocardiograph and cardiac catheterization parameters of Wistar and GK rats over time. A-D represents echocardiographic analysis taken
from short axis M-mode view demonstrating (A) cardiac output, (B) ejection fraction, (C) diameter in systole and (D) diameter in diastole. E-I represent
analysis of cardiac catherization (E) systolic pressure, (F) end diastolic pressure, (G) Dp/dt max, (H) Dp/dt min, and (I) Tau. Where early = 28 weeks,
Late = 48 weeks GK = Goto Kakizaki rats, Wistar = Wistar rats. * = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.0001 when comparing groups. A
Two-Way ANOVA with multiple comparisons Holm-Sidak test was used to compare groups across different time points. Yellow = Wistar and

Blue = GK. Data is expressed as mean+SEM N = 4-8 per group.

https://doi.org/10.1371/journal.pone.0252711.g001

most prominent in the aged GK rats (p<0.0001). Alpha myosin heavy chain (a-MHC) expres-
sion was significantly increased in GK rats (p = 0.014) compared to Wistar rats and, a-MHC
expression significantly increased with age (p<0.0001, Fig 3).

Kidney histopathology and function. The glomerulus score index (GSI) of 40 weeks old
rats was significantly increased in GK rats compared to Wistar rats (1.57+0.29 vs 0.35+0.12,
p<0.001, Fig 4C). Moreover, the protein:creatinine ratio was significantly increased in GK rats
compared to Wistar rats (0.4+0.22 vs 0.076+0.054, p<0.05) measured at 40 weeks of age. Fur-
ther, Immunohistochemical staining of Collagen IV demonstrated Collagen IV content was
significantly increased in GK rats compared to Wistar rats (P<0.05) at 48 weeks (S1 Fig).

Study 2: The effect of RAS blockade in the Goto-Kakizaki rat

Morphology. When GK rats were compared to aged matched GK rats treated with the
ACEi perindopril, there was no significant impact upon HbA1C, body weight (BW), tibial
length, heart or kidney weight (Table 2). However, the HW:BW ratio was reduced in GK rats
treated with perindopril (P<0.001) compared to vehicle treated GK rats (Table 2).

Echocardiography. Following treatment with perindopril, echocardiography demon-
strated a significant increase in cardiac output in GK rats treated with perindopril ¢/w vehicle
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comparisons Holm-Sidak test used to compare groups. Yellow = Wistar and Blue = GK Data is expressed as mean+SEM N = 4-8 per group. Scale bars
(A-D) 50pm and (F-I) 200 pum.

https://doi.org/10.1371/journal.pone.0252711.9002
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https://doi.org/10.1371/journal.pone.0252711.g003
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Fig 4. Kidney structure and function in Wistar and GK at the late time point. Representative PAS images of Wistar (A) and GK (B) kidneys at 48
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https://doi.org/10.1371/journal.pone.0252711.9g004

treated animals (p<0.01). Further, ejection fraction was significantly increased by perindopril
treatment (p<0.05). Chamber size as assessed by internal diameter in systole or diastole was
not altered by perindopril treatment (Fig 5).

Cardiac catheterization. Cardiac catheterization demonstrated that end systolic pressure
was significantly decreased by perindopril (p<0.0001) treatment versus control GK rats.
Finally, end diastolic pressure (EDP), dP/dt max, dP/dt min and Tau did not significantly
change following perindopril treatment (p = N.S, Fig 5).

Heart histopathology. Perindopril treatment did not result in any differences in myocyte
hypertrophy. Fibrosis as measured from positive PSR staining was significantly decreased fol-
lowing treatment with perindopril when compared to control GK rats (p<0.05, Fig 6).
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Table 2. Morphometric data of GK and GK rats following treatment with Angiotensin Converting enzyme inhibi-
tor perindopril.

GK control (n =4) GK + Perindopril (n = 5)
HbAIC (%) 6.03 £ 1.51 6.72 £2.43
Body Weight (BW; g) 490.25 + 7.27 472.40 + 22.40
Tibia Length (mm) 41.00 + 0.00 41.00 + 0.00
Heart weight (HW): BW (mg/g) 2.79 £ 0.10 2.50 £ 0.03***
Lung weight (LW): BW (mg/g) 3.14%0.13 2.99 £0.25
Left Kidney weight (KW): BW (mg/g) 2.90 £0.23 2.98 +£0.26

HbAI1C (%); Hemoglobin A1C, Body weight;(BW;g), Tibal length;(TL/mm), HW/BW; heart weight/body weight
ratio, LW/BW; lung weight/body weight ratio, LKW/BW; left kidney weight/body weight ratio (mg/g) Where *** =
<0.001 and when compared to GK rats (student’s t-test was used to compare groups). Data is expressed as

mean + SEM N = 4-5 per group

https://doi.org/10.1371/journal.pone.0252711.t1002

Cardiac gene expression. Following treatment with perindopril mRNA expression of
ANF (p<0.05), B-MHC (p<0.001), a-MHC(p<0.001) was significantly reduced compared to
control GK rats (p<0.05, Fig 7).

Kidney histopathology and function. 12 weeks of perindopril treatment had no impact
upon GSI and protein; creatinine when compared to control GK rats (all p = N.S, Fig 8).

Study 3: Proteomics comparison of in-vivo and in-vitro models

A total of 1191 common proteins were identified in both HIC2 cell lysates incubated in nor-
mal and high glucose media. Of these proteins, 896 were common to both HG and NG H9C2
cells. However, 128 proteins where uniquely overexpressed in HG cultures compared to that of
the NG Cultures (p<0.05, Fig 9A).

Analysis of proteins from Wistar and GK rats at both the early and late time points identi-
fied 1071 common proteins. However, 253 of these identified proteins where significantly
overexpressed in the GK rats compared to Wistar rats (p<0.05) (Fig 9B).

To further investigate the molecular interactions of the identified proteins, we submitted
our proteomic datasets for the unique H9¢2-HG and GK rat proteins for an IPA-based protein
network analysis. The top-enriched networks based on a high percentage of focus proteins in
our datasets included pathways linked to cardiovascular disease. cardiac hypertrophy, cancer,
cell death and survival with upregulation of proteins such as MYH7, MYL2, APOA1 and phos-
pholamban (Fig 9, Table of Top enriched networks from core analysis of both H9¢2 and GK
overexpressed proteins S1 Table). Commonly upregulated proteins in both H9¢2 cell lysates
and GK hearts were involved pathways that regulated oxidative phosphorylation, Kreb’s cycle,
mitochondrial dysfunction, beta-oxidation, and PI3K/Akt signalling (all p<0.05).

Discussion

Given that cardiac and renal dysfunction remain the most common presentation of diabetes
induced complications [19, 32], the structural, functional and molecular underpinnings of
such derangements require elucidation. Herein we describe the time course of development of
cardiovascular complications in a rodent model of spontaneous, non-obese type 2 DM, the
Goto Kakizaki (GK) rat. We show that GK rats develop hyperglycaemia by 12 weeks of age,
then progressive mild hypertension leading to left ventricular hypertrophy over 40 weeks, with
evidence of impaired diastolic function, interstitial fibrosis and gene derangements over a
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Fig 5. Echocardiographic and cardiac catheterization parameters of GK rats and GK rat treated with Angiotensin Converting enzyme inhibitor
perindopril. A-D represents echocardiographic analysis taken from short axis M-mode view demonstrating (A) cardiac output, (B) ejection fraction, (C)
diameter in systole and (D) diameter in diastole. E-I represent analysis of cardiac catherization (E) systolic pressure, (F) end diastolic pressure (G) Dp/dt
max, (H) Dp/dt min and (I) Tau. All parameters were measured in Goto Kakizaki rats either treated with saline (GK) or ACE inhibitor perindopril (GK
+ perindopril). Where * = p<0.05, ** = p<0.01, *** = p<0.001 and **** = p<0.0001 when compared to GK rats; (student’s t-test was used to compare
groups). Data is expressed as mean+SEM N = 4-5 per group.

https://doi.org/10.1371/journal.pone.0252711.9005

28-week time period, along with the development of proteinuria. Furthermore, the GK rats
demonstrate progressive and significant changes in cardiac protein expression, when com-
pared to Wistar control rats, broadly involving alterations in contractile proteins, metabolism,
hypertrophy and fibrosis.

The GK strain was developed by the successive inbreeding of Wistar rats [19, 32]. Impor-
tantly, this is a model of spontaneous, non-obese diabetes, therefore removing the confound-
ing effects of excess adiposity upon the development of diabetes complications. Furthermore,
this model shares a susceptibility locus on chromosome 10 [19] with T2 DM in humans, thus
providing a genetic basis for the development of diabetes. Of note, the development of rela-
tively mild complications is analogous to the development of complications in humans with
T2DM, as this model takes 40 weeks before the development of diastolic dysfunction, and ele-
vated urinary protein [17]. Although, it should be noted that this model is not age representa-
tive of the development of cardiorenal syndrome. In other words, it cannot be directly age
matched.
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Fig 6. Cardiac structure in control GK rats and GK rats treated perindopril. Representative hematoxylin and eosin-stained sections and PicroSirius red
stained sections. Hearts of Goto Kakizaki (A,D) rats and Goto Kakizaki rats treated with Angiotensin Converting enzyme inhibitor perindopril (B,E) had
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https://doi.org/10.1371/journal.pone.0252711.9006

Cardiac dysfunction

Despite evidence for early left ventricular hypertrophy, systolic function was preserved, albeit
at a lower number, along with evidence for abnormalities of early, active energy dependent
relaxation. In order to assess systolic and diastolic function, we utilized echocardiographic
parameters along with the assessment of invasive measurements of pressure. Between the early
and late time points, there was a small, but significant reduction in systolic function,
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Fig 7. RT-qPCR analysis of cardiac genes in control GK and GK rats treated with perindopril. (A) Atrial natriuretic Factor, (B) beta-Myosin Heavy
Chain (B-MHC), (C) alpha-myosin heavy chain (a-MHC). Where hearts tissue of Goto Kakizaki rats either treated with saline (GK) or ACE inhibitor
perindopril (GK + perindopril) were analysed. Where * = p<0.05, when compared to GK (students t-test was used to assess statistical significance).

https://doi.org/10.1371/journal.pone.0252711.g007
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per group. Scale bars 50 um.

https://doi.org/10.1371/journal.pone.0252711.9g008

ventricular volumes and LVH increased and GK rats developed an increase in lung weight.
The increase in lung weight coincided with a small increase in end diastolic pressure, suggest-
ing “pulmonary” congestion. Left ventricular hypertrophy remains a powerful predictor of
adverse CV outcomes [33], with studies consistently showing regression with the use of ACEi
and SGLT?2i associate with improved outcomes [17, 34]. Furthermore, the findings of pulmo-
nary congestion, subtly reduced systolic function, elevated filling pressures and LVH suggest
this model, at the late stage, has features consistent with the syndrome of heart failure with pre-
served ejection fraction (HFpEF) [7, 35-37]. This is particularly important given the lack of
evidence-based therapies to treat HFpEF.
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Importantly, these functional findings were mirrored by the development of myocyte
hypertrophy and interstitial fibrosis. Furthermore, a proteomic analysis demonstrated broad
reprogramming which occurred in a time dependent fashion. Key reprogramming was seen in
proteins involved in cardiac muscle contraction, glycolysis, oxidation phosphorylation, cell
matrix adhesion and protein folding/sorting. This is consistent with human biopsy studies
[38] whereby changes in myocyte stiffness and extracellular matrix appear responsible for
some, but not all changes in cardiac function parameters. Indeed, the presence of LVH, inter-
stitial fibrosis and altered metabolism is a prominent feature of so called diabetes induced car-
diac dysfunction [39]. Of note, rodents remain resistant to the development of coronary artery
disease (CAD) [34, 40] hence these findings represent the direct impact on ventricular struc-
ture and function independent on CAD.

Importantly, these findings fulfill the criteria as set out by the AMDCC [41], recapitulating
many of the features of humans with T2DM, thus providing relevance. Furthermore, our find-
ings are consistent with the reported literature. Al Kury et al provide a detailed review of car-
diac function, along with identified molecular derangements in the GK rats across multiple
time points [42]. The results demonstrated that at 6 months of age, GK rats had significantly
lower CO and EF compared to controls. This corresponds with our evidence that GK rats had
reduced cardiac function when compared to control Wistar rats. However, the GK rats in our
study exhibited milder cardiac dysfunction than in the study by Al Kury et al. [42].

Diabetic kidney disease

We demonstrated glomerulosclerosis and fibrosis accompanied by the development of mild
proteinuria. Elevated urinary protein is a key diagnostic feature of the development of diabetic
kidney disease, and a powerful marker for adverse CV outcome [43]. Of note, the changes
were relatively mild by this late time point. The elevated urinary protein was accompanied by
the typical change of diabetic nephropathy, as evidence by elevated glomerulosclerotic index.
This index assesses the presence of excess extracellular matrix and mesangial expansion.
Importantly, these findings occurred in the absence of significant hypertension, confirming a
direct impact of hyperglycemia upon renal structure and function. Our current observation is
in line with other observation within the literature which, suggest the GK rat has relatively
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mild phenotype of diabetic kidney disease (DKD) [44, 45]. The development of the T2DN rat a
sub-strain of the GK rat has shown much promise as it exhibits many of the hallmarks of clini-
cal human DKD. However, the GK rat may be of use to understand the early changes which
result in DKD and potentially contribute to cardio-renal syndrome.

Impact of ACEi

Blockade of the renin angiotensin system has been a key therapeutic strategy in the treatment
of human cardiac and renal disease, and is widely utilized [46, 47]. We therefore assessed the
impact of a perindopril, an ACEi upon cardiac and renal outcomes. Importantly, we com-
menced RAS blockade at 28 weeks, once disease was progressive, and followed until the late
time point. RAS blockade reduced BP and LVH as well as ANF, BMHC and aMHC expression
with no significant impact upon cardiac systolic or diastolic function. These findings are in
keeping with the response in humans [48]. Intriguingly, we saw little response in diabetic glo-
merulosclerosis at the late time point in perindopril treated GK rats, suggesting that the
increase in GSI was an effect of hyperglycemia, as opposed to blood pressure related
mechanisms.

Proteomic comparison

In-vitro studies using H9¢2 cells incubated in both normal and high concentrations is a model
that is widely used to investigate molecular mechanisms associated with diabetes and cardio-
vascular complications [49-51]. The H9¢2 cell line is an immortalized rat cardiomyoblast
which, has been demonstrated to mimic the responses of primary cardiomyocytes [52]. There-
fore, we employed proteomics to investigate if the H9c2 cell model would be an appropriate
in-vitro model to investigate molecular mechanisms that are involved in cardiovascular com-
plications in the GK rat. Our results demonstrate that pathways that modulate oxidative phos-
phorylation, Kreb’s cycle, mitochondrial dysfunction, beta-oxidation, and PI3K/Akt signalling
were similarly upregulated in cardiac tissue from GK rats and HG fed H9c2 cell. These results
would suggest that the high glucose fed H9¢2 cells are an appropriate in-vitro model to investi-
gate molecular mechanisms eluded from the GK rat. Importantly, we provide access to the
entire data set to encourage others to identify new mechanisms of diabetes-induced
complications.

Implications

Whilst the GK rat develops changes similar to patients who suffer from HFpEF, these remain
relatively mild. Importantly, the model responded well to a guideline indicated therapy for car-
diorenal disease, blockade of the renin-angiotensin system. These findings suggest that the GK
rat is a reasonable model for testing novel therapeutic strategies in diabetes induced HFpEF.
While these changes are mild, they are similar to that observed in patients with HFpEF [16,
45]. However, a number of limitations exist in this model. Firstly, the relatively long-time
course and mild changes remains costly to study and do not indicate the impact of therapeutic
strategies in more advanced disease. Secondly, the current study did not address hyperglyce-
mia. The HbA1c was significantly elevated at ~9%, hence the impact of improving glucose
control was not addressed in the current study. However, recent large clinical trials [53-55]
demonstrate that despite aggressive therapy to improve plasma glucose, HbAlc remain poorly
controlled around ~7.5-8% in the majority of patients, thus our findings remain generalizable.
Thirdly, we did not study older GK rats (i.e. ~60 weeks of age), hence whether they develop
significant LV dysfunction after 50 weeks was not determined. Finally, the Wistar controls
developed excess weight gain (almost double GK rats). Future studies using “pair wise” feeding
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may be necessary to regulate weight gain in the control animals and therefore provide a more
appropriate control.

Conclusions

By 48 weeks of age, the diabetic GK rat demonstrates evidence of preserved systolic function
and impaired relaxation, along with cardiac hypertrophy, in the presence of hyperfiltration
and elevated protein excretion. These findings suggest the GK rat demonstrates some, but not
all features of diabetes induced “cardiorenal syndrome”. This has implications for the use of
this model to assess preclinical strategies to treat cardiorenal disease and may provide a model
that best replicates the early complications of cardiorenal syndrome.

Supporting information

S1 Fig. Kidney fibrosis in Wistar and GK at the late time point. Representative Collagen IV
stained Wistar (A) and GK (B) kidneys at 48 weeks, respectively. Percent positivity staining
(C) * = p<0.05 when compared to Wistar rats; (students t-test was used to assess statistical sig-
nificance). Yellow = Wistar and Blue = GK. Data is expressed as mean+SEM N = 4-8 per
group. Scale bars 100 pum.

(TIFF)

S1 Table. Top five functional networks associated with overexpressed proteins identified
in GK nuclear and cytosol proteomes.
(DOCX)

$2 Table. David pathway analysis demonstrating unique pathways significantly different
in the GK rats Compare to Wistar rats.
(DOCX)

S1 Datasets. Proteomic datasets of GK v’s Wistar rats and normal glucose and high glucose
fed H9C2 cell line.
(Z1P)

Acknowledgments

We would like to thank Suzanne Advani for her help with the acquisition of representative
images of GSI images for study 2.

Author Contributions
Conceptualization: Howard Leong-Poi, Andrew Advani, Kim A. Connelly.

Data curation: Patrick Meagher, Robert Civitarese, Mark Gordon, Antoinette Bugyei-Twum,
Aylin Visram, Kim A. Connelly.

Formal analysis: Patrick Meagher, Robert Civitarese, Xavier Lee, Mark Gordon, Antoinette
Bugyei-Twum, Jean-Francois Desjardins, Aylin Visram, Kim A. Connelly.

Funding acquisition: Kim A. Connelly.

Investigation: Golam Kabir, Yanling Zhang, Hari Kosanam, Howard Leong-Poi, Kim A.
Connelly.

Methodology: Jean-Francois Desjardins, Golam Kabir, Yanling Zhang, Hari Kosanam,
Andrew Advani, Kim A. Connelly.

PLOS ONE | https://doi.org/10.1371/journal.pone.0252711  June 24, 2021 16/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252711.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252711.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252711.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0252711.s004
https://doi.org/10.1371/journal.pone.0252711

PLOS ONE

The Goto Kakizaki rat an aging model of diabetic cardio-renal complications

Project administration: Antoinette Bugyei-Twum, Kim A. Connelly.

Software: Jean-Francois Desjardins, Hari Kosanam.

Supervision: Patrick Meagher, Antoinette Bugyei-Twum, Kim A. Connelly.

Visualization: Patrick Meagher, Robert Civitarese.

Writing - original draft: Patrick Meagher, Robert Civitarese, Xavier Lee, Kim A. Connelly.

Writing - review & editing: Patrick Meagher, Jean-Francois Desjardins, Howard Leong-Poi,

Andrew Advani, Kim A. Connelly.

References

1.

10.

1.

12

13.

14.

15.

Chamnan P, Simmons RK, Forouhi NG, Luben RN, Khaw K-T, Wareham NJ, et al. Incidence of type 2
diabetes using proposed HbA1c diagnostic criteria in the european prospective investigation of cancer-
norfolk cohort: implications for preventive strategies. Diabetes Care. American Diabetes Association;
2011; 34: 950-956. https://doi.org/10.2337/dc09-2326 PMID: 20622160

Xu G, LiuB, SunY, DuY, Snetselaar LG, Hu FB, et al. Prevalence of diagnosed type 1 and type 2 dia-
betes among US adults in 2016 and 2017: population based study. BMJ. British Medical Journal Pub-
lishing Group; 2018; 362: k1497. https://doi.org/10.1136/bmj.k1497 PMID: 30181166

Bertoni AG, Krop JS, Anderson GF, Brancati FL. Diabetes-related morbidity and mortality in a national
sample of U.S. elders. Diabetes Care. American Diabetes Association; 2002; 25: 471-475. https://doi.
org/10.2337/diacare.25.3.471 PMID: 11874932

Fan W. Epidemiology in diabetes mellitus and cardiovascular disease. Cardiovasc Endocrinol. 2017; 6:
8-16. https://doi.org/10.1097/XCE.0000000000000116 PMID: 31646113

Ronco C, McCullough P, Anker SD, Anand |, Aspromonte N, Bagshaw SM, et al. Cardio-renal syn-
dromes: report from the consensus conference of the acute dialysis quality initiative. 2010. pp. 703—
711. https://doi.org/10.1093/eurheartj/ehp507 PMID: 20037146

Hadi HAR, Suwaidi JA. Endothelial dysfunction in diabetes mellitus. Vasc Health Risk Manag. Dove
Press; 2007; 3: 853-876. PMID: 18200806

Meagher P, Adam M, Civitarese R, Bugyei-Twum A, Connelly KA. Heart Failure With Preserved Ejec-
tion Fraction in Diabetes: Mechanisms and Management. Can J Cardiol. 2018; 34: 632—643. https://doi.
org/10.1016/j.cjca.2018.02.026 PMID: 29731023

Ruggenenti P, Cravedi P, Remuzzi G. The RAAS in the pathogenesis and treatment of diabetic
nephropathy. Nat Rev Nephrol. Nature Publishing Group; 2010; 6: 319-330. https://doi.org/10.1038/
nrneph.2010.58 PMID: 20440277

Mancini GBJ, Cheng AY, Connelly K, Fitchett D, Goldenberg R, Goodman SG, et al. Diabetes for Cardi-
ologists: Practical Issues in Diagnosis and Management. Can J Cardiol. 2017; 33: 366—377. https://doi.
org/10.1016/j.cjca.2016.07.512 PMID: 28340996

Roy A, Maiti A, Sinha A, Baidya A, Basu AK, Sarkar D, et al. Kidney Disease in Type 2 Diabetes Mellitus
and Benefits of Sodium-Glucose Cotransporter 2 Inhibitors: A Consensus Statement. Diabetes Ther.
Springer Healthcare; 2020; 11: 2791-2827. https://doi.org/10.1007/s13300-020-00921-y PMID:
33025397

Nichols GA, Gullion CM, Koro CE, Ephross SA, Brown JB. The incidence of congestive heart failure in
type 2 diabetes: an update. Diabetes Care. 2004; 27: 1879—1884. https://doi.org/10.2337/diacare.27.8.
1879 PMID: 15277411

Zinman B, Wanner C, Lachin JM, Fitchett D, Bluhmki E, Hantel S, et al. Empagliflozin, Cardiovascular
Outcomes, and Mortality in Type 2 Diabetes. N Engl J Med. Massachusetts Medical Society; 2015; 373:
2117-2128. https://doi.org/10.1056/NEJMoa1504720 PMID: 26378978

Al-Bazz DY, Wilding JP. Dapagliflozin and cardiovascular outcomes in patients with Type 2 diabetes.
Future Cardiol. Future Medicine Ltd London, UK; 2020; 16: 77-88. https://doi.org/10.2217/fca-2019-
0065 PMID: 31914812

Guthrie R. Canagliflozin and cardiovascular and renal events in type 2 diabetes. Postgrad Med. 2018;
130: 149-153. https://doi.org/10.1080/00325481.2018.1423852 PMID: 29297732

Perkovic V, Jardine MJ, Neal B, Bompoint S, Heerspink HJL, Charytan DM, et al. Canagliflozin and
Renal Outcomes in Type 2 Diabetes and Nephropathy. N Engl J Med. Massachusetts Medical Society;
2019; 380: 2295-2306. https://doi.org/10.1056/NEJMoa1811744 PMID: 30990260

PLOS ONE | https://doi.org/10.1371/journal.pone.0252711  June 24, 2021 17/20


https://doi.org/10.2337/dc09-2326
http://www.ncbi.nlm.nih.gov/pubmed/20622160
https://doi.org/10.1136/bmj.k1497
http://www.ncbi.nlm.nih.gov/pubmed/30181166
https://doi.org/10.2337/diacare.25.3.471
https://doi.org/10.2337/diacare.25.3.471
http://www.ncbi.nlm.nih.gov/pubmed/11874932
https://doi.org/10.1097/XCE.0000000000000116
http://www.ncbi.nlm.nih.gov/pubmed/31646113
https://doi.org/10.1093/eurheartj/ehp507
http://www.ncbi.nlm.nih.gov/pubmed/20037146
http://www.ncbi.nlm.nih.gov/pubmed/18200806
https://doi.org/10.1016/j.cjca.2018.02.026
https://doi.org/10.1016/j.cjca.2018.02.026
http://www.ncbi.nlm.nih.gov/pubmed/29731023
https://doi.org/10.1038/nrneph.2010.58
https://doi.org/10.1038/nrneph.2010.58
http://www.ncbi.nlm.nih.gov/pubmed/20440277
https://doi.org/10.1016/j.cjca.2016.07.512
https://doi.org/10.1016/j.cjca.2016.07.512
http://www.ncbi.nlm.nih.gov/pubmed/28340996
https://doi.org/10.1007/s13300-020-00921-y
http://www.ncbi.nlm.nih.gov/pubmed/33025397
https://doi.org/10.2337/diacare.27.8.1879
https://doi.org/10.2337/diacare.27.8.1879
http://www.ncbi.nlm.nih.gov/pubmed/15277411
https://doi.org/10.1056/NEJMoa1504720
http://www.ncbi.nlm.nih.gov/pubmed/26378978
https://doi.org/10.2217/fca-2019-0065
https://doi.org/10.2217/fca-2019-0065
http://www.ncbi.nlm.nih.gov/pubmed/31914812
https://doi.org/10.1080/00325481.2018.1423852
http://www.ncbi.nlm.nih.gov/pubmed/29297732
https://doi.org/10.1056/NEJMoa1811744
http://www.ncbi.nlm.nih.gov/pubmed/30990260
https://doi.org/10.1371/journal.pone.0252711

PLOS ONE

The Goto Kakizaki rat an aging model of diabetic cardio-renal complications

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

Wheeler DC, Stefansson BV, Batiushin M, Bilchenko O, Cherney DZI, Chertow GM, et al. The dapagli-
flozin and prevention of adverse outcomes in chronic kidney disease (DAPA-CKD) trial: baseline char-
acteristics. Nephrol Dial Transplant. 2020; 35: 1700-1711. https://doi.org/10.1093/ndt/gfaa234 PMID:

32862232

Verma S, Mazer CD, Yan AT, Mason T, Garg V, Teoh H, et al. Effect of Empagliflozin on Left Ventricular
Mass in Patients with Type 2 Diabetes and Coronary Artery Disease: The EMPA-HEART CardioLink-6
Randomized Clinical Trial. Circulation. American Heart Association Bethesda, MD; 2019; 373: 2117.
https://doi.org/10.1161/CIRCULATIONAHA.119.042375 PMID: 31434508

Sandu OA, Ragolia L, Begum N. Diabetes in the Goto-Kakizaki rat is accompanied by impaired insulin-
mediated myosin-bound phosphatase activation and vascular smooth muscle cell relaxation. Diabetes.
American Diabetes Association; 2000; 49: 2178—-2189. https://doi.org/10.2337/diabetes.49.12.2178
PMID: 11118023

Gribble FM. Alpha2A-adrenergic receptors and type 2 diabetes. N Engl J Med. 2010; 362: 361-362.
https://doi.org/10.1056/NEJMcibr0911499 PMID: 20107223

Kuliszewski M, Kabir G, Fuijii H, Advani SL, Thai K, Yuen DA, et al. 724 Characterisation of a novel
rodent model of diabetes induced heart failure with preserved ejection fraction—The Goto Kakizaki rat.
Canadian Journal of Cardiology. 2011; 27: S328.

Groénholm T, Cheng ZJ, Palojoki E, Eriksson A, Backlund T, Vuolteenaho O, et al. Vasopeptidase inhibi-
tion has beneficial cardiac effects in spontaneously diabetic Goto-Kakizaki rats. Eur J Pharmacol. 2005;
519: 267-276. https:/doi.org/10.1016/j.ejphar.2005.07.015 PMID: 16137672

Bugyei-Twum A, Ford C, Civitarese R, Seegobin J, Advani SL, Desjardins J-F, et al. Sirtuin 1 activation
attenuates cardiac fibrosis in a rodent pressure overload model by modifying Smad2/3 transactivation.
Cardiovasc Res. 2018; 114: 1629-1641. https://doi.org/10.1093/cvr/cvy131 PMID: 29800064

Connelly KA, Zhang Y, Desjardins J-F, Thai K, Gilbert RE. Dual inhibition of sodium-glucose linked
cotransporters 1 and 2 exacerbates cardiac dysfunction following experimental myocardial infarction.
Cardiovasc Diabetol. BioMed Central; 2018; 17: 99—13. https://doi.org/10.1186/s12933-018-0741-9
PMID: 29981571

Yuen DA, Connelly KA, Zhang Y, Advani SL, Thai K, Kabir G, et al. Early outgrowth cells release soluble
endocrine antifibrotic factors that reduce progressive organ fibrosis. Stem Cells. John Wiley & Sons,
Ltd; 2013; 31: 2408—-2419. https://doi.org/10.1002/stem.1502 PMID: 23922321

Kai H, Muraishi A, Sugiu Y, Nishi H, Seki Y, Kuwahara F, et al. Expression of proto-oncogenes and
gene mutation of sarcomeric proteins in patients with hypertrophic cardiomyopathy. Circ Res. Lippincott
Williams & Wilkins; 1998; 83: 594—601. https://doi.org/10.1161/01.res.83.6.594 PMID: 9742054

Connelly KA, Kelly DJ, Zhang Y, Prior DL, Advani A, Cox AJ, et al. Inhibition of protein kinase C-beta by
ruboxistaurin preserves cardiac function and reduces extracellular matrix production in diabetic cardio-
myopathy. Circ Heart Fail. Lippincott Williams & Wilkins; 2009; 2: 129-137. https://doi.org/10.1161/
CIRCHEARTFAILURE.108.765750 PMID: 19808328

Bugyei-Twum A, Abadeh A, Thai K, Zhang Y, Mitchell M, Kabir G, et al. Suppression of NLRP3 Inflam-
masome Activation Ameliorates Chronic Kidney Disease-Induced Cardiac Fibrosis and Diastolic Dys-
function. Sci Rep. Nature Publishing Group; 2016; 6: 39551—11. https://doi.org/10.1038/srep39551
PMID: 28000751

Siddiqi FS, Chen L-H, Advani SL, Thai K, Batchu SN, Alghamdi TA, et al. CXCR4 promotes renal tubu-
lar cell survival in male diabetic rats: implications for ligand inactivation in the human kidney. Endocrinol-
ogy. 2015; 156: 1121-1132. https://doi.org/10.1210/en.2014-1650 PMID: 25549045

Keller A, Nesvizhskii Al, Kolker E, Aebersold R. Empirical statistical model to estimate the accuracy of
peptide identifications made by MS/MS and database search. Anal Chem. 2002; 74: 5383-5392.
https://doi.org/10.1021/ac025747h PMID: 12403597

Nesvizhskii Al, Keller A, Kolker E, Aebersold R. A statistical model for identifying proteins by tandem
mass spectrometry. Anal Chem. 2003; 75: 4646—4658. https://doi.org/10.1021/ac0341261 PMID:
14632076

Kramer A, Green J, Pollard J, Tugendreich S. Causal analysis approaches in Ingenuity Pathway Analy-
sis. Bioinformatics. 2014; 30: 523-530. https://doi.org/10.1093/bioinformatics/btt703 PMID: 24336805

Guest PC. Characterization of the Goto-Kakizaki (GK) Rat Model of Type 2 Diabetes. Methods Mol Biol.
New York, NY: Springer New York; 2019; 1916: 203—211. https://doi.org/10.1007/978-1-4939-8994-2
19 PMID: 30535697

Lindholm LH, Ibsen H, Dahl6f B, Devereux RB, Beevers G, de Faire U, et al. Cardiovascular morbidity
and mortality in patients with diabetes in the Losartan Intervention For Endpoint reduction in hyperten-
sion study (LIFE): a randomised trial against atenolol. Lancet. 2002; 359: 1004—1010. https://doi.org/10.
1016/S0140-6736(02)08090-X PMID: 11937179

PLOS ONE | https://doi.org/10.1371/journal.pone.0252711  June 24, 2021 18/20


https://doi.org/10.1093/ndt/gfaa234
http://www.ncbi.nlm.nih.gov/pubmed/32862232
https://doi.org/10.1161/CIRCULATIONAHA.119.042375
http://www.ncbi.nlm.nih.gov/pubmed/31434508
https://doi.org/10.2337/diabetes.49.12.2178
http://www.ncbi.nlm.nih.gov/pubmed/11118023
https://doi.org/10.1056/NEJMcibr0911499
http://www.ncbi.nlm.nih.gov/pubmed/20107223
https://doi.org/10.1016/j.ejphar.2005.07.015
http://www.ncbi.nlm.nih.gov/pubmed/16137672
https://doi.org/10.1093/cvr/cvy131
http://www.ncbi.nlm.nih.gov/pubmed/29800064
https://doi.org/10.1186/s12933-018-0741-9
http://www.ncbi.nlm.nih.gov/pubmed/29981571
https://doi.org/10.1002/stem.1502
http://www.ncbi.nlm.nih.gov/pubmed/23922321
https://doi.org/10.1161/01.res.83.6.594
http://www.ncbi.nlm.nih.gov/pubmed/9742054
https://doi.org/10.1161/CIRCHEARTFAILURE.108.765750
https://doi.org/10.1161/CIRCHEARTFAILURE.108.765750
http://www.ncbi.nlm.nih.gov/pubmed/19808328
https://doi.org/10.1038/srep39551
http://www.ncbi.nlm.nih.gov/pubmed/28000751
https://doi.org/10.1210/en.2014-1650
http://www.ncbi.nlm.nih.gov/pubmed/25549045
https://doi.org/10.1021/ac025747h
http://www.ncbi.nlm.nih.gov/pubmed/12403597
https://doi.org/10.1021/ac0341261
http://www.ncbi.nlm.nih.gov/pubmed/14632076
https://doi.org/10.1093/bioinformatics/btt703
http://www.ncbi.nlm.nih.gov/pubmed/24336805
https://doi.org/10.1007/978-1-4939-8994-2%5F19
https://doi.org/10.1007/978-1-4939-8994-2%5F19
http://www.ncbi.nlm.nih.gov/pubmed/30535697
https://doi.org/10.1016/S0140-6736%2802%2908090-X
https://doi.org/10.1016/S0140-6736%2802%2908090-X
http://www.ncbi.nlm.nih.gov/pubmed/11937179
https://doi.org/10.1371/journal.pone.0252711

PLOS ONE

The Goto Kakizaki rat an aging model of diabetic cardio-renal complications

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

Ishibashi S, Goldstein JL, Brown MS, Herz J, Burns DK. Massive xanthomatosis and atherosclerosis in
cholesterol-fed low density lipoprotein receptor-negative mice. J Clin Invest. American Society for Clini-
cal Investigation; 1994; 93: 1885—1893. https://doi.org/10.1172/JCI117179 PMID: 8182121

Dunlay SM, Roger VL, Redfield MM. Epidemiology of heart failure with preserved ejection fraction. Nat
Rev Cardiol. Nature Publishing Group; 2017; 14: 591-602. https://doi.org/10.1038/nrcardio.2017.65
PMID: 28492288

Park JJ, Park CS, Mebazaa A, Oh I-Y, Park H-A, Cho H-J, et al. Characteristics and outcomes of
HFpEF with declining ejection fraction. Clin Res Cardiol. Springer Berlin Heidelberg; 2020; 109: 225—
234. https://doi.org/10.1007/s00392-019-01505-y PMID: 31267239

Lindman BR. The Diabetic Heart Failure With Preserved Ejection Fraction Phenotype: Is it Real and Is It
Worth Targeting Therapeutically? Circulation. 2017; 135: 736—740. https://doi.org/10.1161/
CIRCULATIONAHA.116.025957 PMID: 28052978

van Heerebeek L, Hamdani N, Handoko ML, Falcao-Pires |, Musters RJ, Kupreishvili K, et al. Diastolic
stiffness of the failing diabetic heart: importance of fibrosis, advanced glycation end products, and myo-
cyte resting tension. Circulation. Lippincott Williams & Wilkins; 2008; 117: 43-51. https://doi.org/10.
1161/CIRCULATIONAHA.107.728550 PMID: 18071071

Frustaci A, Kajstura J, Chimenti C, Jakoniuk I, Leri A, Maseri A, et al. Myocardial cell death in human
diabetes. Circ Res. Lippincott Williams & Wilkins; 2000; 87: 1123—-1132. https://doi.org/10.1161/01.res.
87.12.1123 PMID: 11110769

Holscher ME, Bode C, Bugger H. Diabetic Cardiomyopathy: Does the Type of Diabetes Matter? Int J
Mol Sci. Multidisciplinary Digital Publishing Institute; 2016; 17: 2136. https://doi.org/10.3390/
ijms17122136 PMID: 27999359

Hsueh W, Abel ED, Breslow JL, Maeda N, Davis RC, Fisher EA, et al. Recipes for creating animal mod-
els of diabetic cardiovascular disease. Circ Res. Lippincott Williams & Wilkins; 2007; 100: 1415—-1427.
https://doi.org/10.1161/01.RES.0000266449.37396.1f PMID: 17525381

Kury Al L, Smail M, Qureshi MA, Sydorenko V, Shmygol A, Oz M, et al. Calcium Signaling in the Ventric-
ular Myocardium of the Goto-Kakizaki Type 2 Diabetic Rat. J Diabetes Res. Hindawi; 2018; 2018:
2974304-15. https://doi.org/10.1155/2018/2974304 PMID: 29850600

Gerstein HC, Mann JF, Yi Q, Zinman B, Dinneen SF, Hoogwerf B, et al. Albuminuria and risk of cardio-
vascular events, death, and heart failure in diabetic and nondiabetic individuals. JAMA. American Medi-
cal Association; 2001; 286: 421-426. https://doi.org/10.1001/jama.286.4.421 PMID: 11466120

Palygin O, Spires D, Levchenko V, Bohovyk R, Fedoriuk M, Klemens CA, et al. Progression of diabetic
kidney disease in T2DN rats. Am J Physiol Renal Physiol. American Physiological Society Bethesda,
MD; 2019; 317: F1450-F1461. https://doi.org/10.1152/ajprenal.00246.2019 PMID: 31566426

Kojima N, Slaughter TN, Paige A, Kato S, Roman RJ, Williams JM. Comparison of the Development
Diabetic Induced Renal Disease in Strains of Goto-Kakizaki Rats. J Diabetes Metab. 2013; Suppl 9.
https://doi.org/10.4172/2155-6156.S9-005 PMID: 24319624

Effects of ramipril on cardiovascular and microvascular outcomes in people with diabetes mellitus:
results of the HOPE study and MICRO-HOPE substudy. Heart Outcomes Prevention Evaluation Study
Investigators. Lancet. 2000; 355: 253-259. PMID: 10675071

Woo V, Connelly K, Lin P, McFarlane P. The role of sodium glucose cotransporter-2 (SGLT-2) inhibitors
in heart failure and chronic kidney disease in type 2 diabetes. Curr Med Res Opin. Taylor & Francis;
2019; 35: 1283-1295. https://doi.org/10.1080/03007995.2019.1576479 PMID: 30767677

Ingelfinger JR, Rosen CJ. Cardiac and Renovascular Complications in Type 2 Diabetes—Is There
Hope? N Engl J Med. Massachusetts Medical Society; 2016; 375: 380—382. https://doi.org/10.1056/
NEJMe1607413 PMID: 27331286

Jiang S, Cai J, Wallace DC, Jones DP. Cytochrome c-mediated apoptosis in cells lacking mitochondrial
DNA. Signaling pathway involving release and caspase 3 activation is conserved. J Biol Chem. Ameri-
can Society for Biochemistry and Molecular Biology; 1999; 274: 29905-29911. https://doi.org/10.1074/
jbc.274.42.29905 PMID: 10514472

Chan YK, Sung HK, Jahng JWS, Kim GHE, Han M, Sweeney G. Lipocalin-2 inhibits autophagy and
induces insulin resistance in H9c2 cells. Mol Cell Endocrinol. 2016; 430: 68—76. https://doi.org/10.1016/
j.mce.2016.04.006 PMID: 27090568

Wang G-Y, Bi Y-G, Liu X-D, Zhao Y, Han J-F, Wei M, et al. Autophagy was involved in the protective
effect of metformin on hyperglycemia-induced cardiomyocyte apoptosis and Connexin43 downregula-
tion in H9c2 cells. Int J Med Sci. 2017; 14: 698-704. https://doi.org/10.7150/ijms.19800 PMID:
28824303

Watkins SJ, Borthwick GM, Arthur HM. The HIC2 cell line and primary neonatal cardiomyocyte cells
show similar hypertrophic responses in vitro. In Vitro Cell Dev Biol Anim. 2011; 47: 125—-131. https://doi.
org/10.1007/s11626-010-9368-1 PMID: 21082279

PLOS ONE | https://doi.org/10.1371/journal.pone.0252711  June 24, 2021 19/20


https://doi.org/10.1172/JCI117179
http://www.ncbi.nlm.nih.gov/pubmed/8182121
https://doi.org/10.1038/nrcardio.2017.65
http://www.ncbi.nlm.nih.gov/pubmed/28492288
https://doi.org/10.1007/s00392-019-01505-y
http://www.ncbi.nlm.nih.gov/pubmed/31267239
https://doi.org/10.1161/CIRCULATIONAHA.116.025957
https://doi.org/10.1161/CIRCULATIONAHA.116.025957
http://www.ncbi.nlm.nih.gov/pubmed/28052978
https://doi.org/10.1161/CIRCULATIONAHA.107.728550
https://doi.org/10.1161/CIRCULATIONAHA.107.728550
http://www.ncbi.nlm.nih.gov/pubmed/18071071
https://doi.org/10.1161/01.res.87.12.1123
https://doi.org/10.1161/01.res.87.12.1123
http://www.ncbi.nlm.nih.gov/pubmed/11110769
https://doi.org/10.3390/ijms17122136
https://doi.org/10.3390/ijms17122136
http://www.ncbi.nlm.nih.gov/pubmed/27999359
https://doi.org/10.1161/01.RES.0000266449.37396.1f
http://www.ncbi.nlm.nih.gov/pubmed/17525381
https://doi.org/10.1155/2018/2974304
http://www.ncbi.nlm.nih.gov/pubmed/29850600
https://doi.org/10.1001/jama.286.4.421
http://www.ncbi.nlm.nih.gov/pubmed/11466120
https://doi.org/10.1152/ajprenal.00246.2019
http://www.ncbi.nlm.nih.gov/pubmed/31566426
https://doi.org/10.4172/2155-6156.S9-005
http://www.ncbi.nlm.nih.gov/pubmed/24319624
http://www.ncbi.nlm.nih.gov/pubmed/10675071
https://doi.org/10.1080/03007995.2019.1576479
http://www.ncbi.nlm.nih.gov/pubmed/30767677
https://doi.org/10.1056/NEJMe1607413
https://doi.org/10.1056/NEJMe1607413
http://www.ncbi.nlm.nih.gov/pubmed/27331286
https://doi.org/10.1074/jbc.274.42.29905
https://doi.org/10.1074/jbc.274.42.29905
http://www.ncbi.nlm.nih.gov/pubmed/10514472
https://doi.org/10.1016/j.mce.2016.04.006
https://doi.org/10.1016/j.mce.2016.04.006
http://www.ncbi.nlm.nih.gov/pubmed/27090568
https://doi.org/10.7150/ijms.19800
http://www.ncbi.nlm.nih.gov/pubmed/28824303
https://doi.org/10.1007/s11626-010-9368-1
https://doi.org/10.1007/s11626-010-9368-1
http://www.ncbi.nlm.nih.gov/pubmed/21082279
https://doi.org/10.1371/journal.pone.0252711

PLOS ONE The Goto Kakizaki rat an aging model of diabetic cardio-renal complications

53. Marso SP, Daniels GH, Brown-Frandsen K, Kristensen P, Mann JFE, Nauck MA, et al. Liraglutide and
Cardiovascular Outcomes in Type 2 Diabetes. N Engl J Med. 2016; 375: 311-322. https://doi.org/10.
1056/NEJMoa1603827 PMID: 27295427

54. Marso SP, Bain SC, Consoli A, Eliaschewitz FG, Jédar E, Leiter LA, et al. Semaglutide and Cardiovas-
cular Outcomes in Patients with Type 2 Diabetes. N Engl J Med. 2016; 375: 1834—1844. https://doi.org/
10.1056/NEJMoa1607141 PMID: 27633186

55. Scirica BM, Bhatt DL, Braunwald E, Steg PG, Davidson J, Hirshberg B, et al. Saxagliptin and cardiovas-
cular outcomes in patients with type 2 diabetes mellitus. N Engl J Med. 2013; 369: 1317—1326. https://
doi.org/10.1056/NEJMoa1307684 PMID: 23992601

PLOS ONE | https://doi.org/10.1371/journal.pone.0252711  June 24, 2021 20/20


https://doi.org/10.1056/NEJMoa1603827
https://doi.org/10.1056/NEJMoa1603827
http://www.ncbi.nlm.nih.gov/pubmed/27295427
https://doi.org/10.1056/NEJMoa1607141
https://doi.org/10.1056/NEJMoa1607141
http://www.ncbi.nlm.nih.gov/pubmed/27633186
https://doi.org/10.1056/NEJMoa1307684
https://doi.org/10.1056/NEJMoa1307684
http://www.ncbi.nlm.nih.gov/pubmed/23992601
https://doi.org/10.1371/journal.pone.0252711

