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Abstract

Local and systemic factors that influence renal structure and function in aging are not well
understood. The secretory protein C1g/TNF-related protein 1 (CTRP1) regulates systemic
metabolism and cardiovascular function. We provide evidence here that CTRP1 also modulates
renal physiology in an age- and sex-dependent manner. In mice lacking CTRP1, we observed
significantly increased kidney weight and glomerular hypertrophy in aged male but not female or
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young mice. Although glomerular filtration rate, plasma renin and aldosterone levels, and renal
response to water restriction did not differ between genotypes, CTRP1-deficient male mice had
elevated blood pressure. Echocardiogram and pulse wave velocity measurements indicated normal
heart function and vascular stiffness in CTRP1-deficient animals, and increased blood pressure
was not due to greater salt retention. Paradoxically, CTRP1-deficient mice had elevated urinary
sodium and potassium excretion, partially resulting from reduced expression of genes involved in
renal sodium and potassium reabsorption. Despite renal hypertrophy, markers of inflammation,
fibrosis, and oxidative stress were reduced in CTRP1-deficient mice. RNA sequencing revealed
alterations and enrichments of genes in metabolic processes in CTRP1-deficient animals. These
results highlight novel contributions of CTRP1 to aging-associated changes in renal physiology.
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aging-associated renal physiology; C1g/TNF-related protein 1; kidney function

1| INTRODUCTION

Aging is a complex process that impacts multi-organ systems, including cardiovascular and
renal functions.1=3 Given the integrative nature of physiological processes, changes in one
organ and tissue during aging are likely to affect others. For instance, aging promotes
vascular stiffness, which elevates systolic blood pressure® and, in turn, triggers a renal
response to restore vascular homeostasis.®> Due to the complex nature of tissue crosstalk,
aging-associated changes in organ function or dysfunction are multifactorial and not well
understood.

Inter-organ communications are largely mediated by secreted factors that circulate in
plasma. Secreted proteins can exert local effects via autocrine or paracrine action, or
systemic effects via endocrine mechanisms. Our efforts to identify novel regulators of
metabolism have led to the identification and characterization of C1g/TNF-related proteins
(CTRP1-15), secreted proteins of the C1q family conserved from fish to human.®-8 In vivo
animal studies highlight important metabolic,®2° cardiovascular,26-36 and
inflammatory12:13.37-40 fynctions for multiple family members.

In humans and mice, CTRP1 (encoded by the gene CIQT7NFI) is robustly expressed in
adipose tissue and heart, with lower expression in other tissues.’ In vivo studies using
recombinant protein infusion or genetic gain- and loss-of-function mouse models have
established CTRP1’s role in regulating systemic glucose and lipid metabolism.14.19.24
Correlative human studies also support a role for CTRP1 as an adipokine with cardio-
metabolic function. Elevated plasma levels of CTRP1 are found in patients with type 2
diabetes and metabolic syndrome,*1-45 non-alcoholic fatty liver disease,*® coronary artery
and heart disease,3347-51 and hypertension.>2-53 The direct causal or compensatory role of
CTRP1 in human pathophysiology, however, is often unclear. Furthermore, the impact of
CTRP1 deletion on cardiovascular function appears to be context-dependent. Whereas loss
of CTRP1 exacerbates cardiac ischemia/reperfusion injury in mice,3? it attenuates
atherosclerosis in apolipoprotein E-deficient animals.33
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Whether CTRP1 has a role in organ systems beside adipose tissue, liver, skeletal muscle, and
heart is unknown. In characterizing this protein more fully, we noted novel roles for CTRP1
in renal function in a CtrpZ knockout (KO) mouse model.

2| MATERIALS AND METHODS

2.1| Animals

The Ctrp1/C1gtnfl KO (-/-) mice generated for this study were previously described.1®
Both wild-type (WT) and knockout (KO) mice are on C57BL6/J genetic background. All
Ctrp1-KO (=/-) and WT (+/+) littermate controls were generated by intercrossing Ctrp1
heterozygous (+/-) mice. Male CtrpZ KO mice and WT littermate controls were housed in
polycarbonate cages on a 12-hour light-dark photocycle with ad libitum access to water and
food. Mice were fed a control low-fat diet (LFD; 10% kcal derived from fat; D12450B,
Research Diets, New Brunswick, NJ, USA) comparable to standard chow beginning at 6
weeks of age. For sodium-loading studies, WT C57BL/6J mice were maintained on a
standard laboratory chow diet (0.29% sodium and 0.49% chloride; Purina Conventional
Mouse Diet, LabDiet JL Rat/Mouse and Auto 6F No. 5K67), and then transitioned to a low-
salt diet (LSD; 0.49% NaCl; TD.96208, Envigo Teklad Diets, East Millstone, NJ, USA) or
high-salt diet (HSD; 4% NaCl; TD.92034, Envigo Teklad Diets) for 2 weeks. Additional
salt-loading studies performed on LFD-fed CtrpZ-KO mice and WT littermates were
conducted in a similar manner by transitioning to a LSD or HSD during the indicated time
periods. For the angiotensin I (Angll)-induced high blood pressure model,>*5% C57BL/6J
male and female mice were implanted with subcutaneous osmotic minipumps (Alzet 1004,
Alzet, Cupertino, CA, USA) that delivered Angll (400 ng/kg/min) or vehicle control for 28
days. All animal protocols were approved by the Institutional Animal Care and Use
Committee of The Johns Hopkins University School of Medicine (Protocol # MO16M431).

2.2 | Tissue collection

Whole LSD and HSD kidney samples were immediately harvested from euthanized mice at
22 weeks of age and flash-frozen in liquid nitrogen. Homogenized tissue lysates were
prepared in pre-chilled RIPA lysis buffer (50 mM Tris—=HCI pH 7.4, 150 mM NaCl, 1 mM
EDTA, 1% Triton x 100, and 0.25% deoxycholate) containing protease inhibitors (Complete
Mini, Roche, Basel, Switzerland) and phosphatase inhibitors (PhosSTOP, Roche). Tissue
lysates were centrifuged at 13 000 rpm for 20 minutes at 4°C. Supernatants were collected
and protein content was quantified using the Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific, Waltham, MA, USA). CTRP1 protein concentration in the kidney was measured
with a CTRP1 enzyme-linked immunosorbent assay (ELISA) (BioVendor R&D, Brno,
Czech Republic). Kidney supernatants were diluted 1:20, according to the manufacturer’s
instructions, and normalized to protein content. The same method was applied to assay
CTRP1 concentration in Angll-treated Kidney lysates.

2.3 | Histology

For LacZ staining, excised WT and CtrpI-KO mouse anatomical right kidneys were fixed in
pre-chilled whole mount fixing media (0.2% glutaraldehyde, 5 mM EDTA, 5 mM MgCl, in
PBS) and incubated at 4°C for 1 hour. Kidneys were washed with pre-chilled PBS and then

FASEB J. Author manuscript; available in PMC 2020 December 16.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Rodriguez et al.

Page 4

allowed to sink in 30% sucrose in PBS supplemented with 2 mM MgCl, at 4°C. Kidneys
were embedded in Tissue Plus OCT (Thermo Fisher Scientific). Kidney sections (8-um
thick) were mounted on positively charged glass microscope slides and allowed to dry
overnight at room temperature. Sections were fixed in 4% paraformaldehyde/PBS for 10
minutes at 4°C. Slides were rinsed twice in PBS supplemented with 2 mM MgCl, at 4°C.
Slides were stained in Xgal reaction buffer (5 mM potassium ferricyanate, 5 mM potassium
ferrocyanate, 1 mg/mL X-gal [reconstituted in DMF]) diluted in detergent wash buffer (2
mM MgCls,, 0.01% sodium deoxycholate, 0.01% NP-40, PBS pH 7.4) for 6 hours at 37°C.
Sections were rinsed in PBS five times, covered with a cover slip, and imaged immediately
using an EVOS FI Auto Imaging System (Thermo Fisher Scientific).

2.4 | Quantification of glomeruli and podocyte parameters

Glomeruli were quantified in a separate cohort of LFD-fed 46-week-old WT and Ctrp1-KO
mice. Mice were subjected to a 2-hour food removal before anatomical right kidneys were
excised and cut mid-coronally. Tissues were fixed overnight in 10% formalin at 4°C,
followed by embedding in paraffin and sectioning at the Histology Reference Laboratory at
The Johns Hopkins University School of Medicine. To detect podocyte nuclei, rabbit
monoclonal anti-p57/Kip2 (Abcam, Cambridge, MA) was used to stain formalin-fixed
paraffin-embedded tissue sections on an automated stainer (Lab Vision Autostainer 360
Grand Island, NY) followed by Periodic acid Schiff (PAS) counterstaining. Whole slide
images were generated on a Hamamatsu Nanozoomer S60 and evaluated using NDPI.view?2
(Hammamatsu). In all, 50 glomeruli were randomly selected in each cortical profile and
p57-positive podocytes were enumerated. Using the PAS stain as the delimiter of the
glomerular area, glomerular area was measured and the podocyte number was indexed to the
glomerular area (um?2). Glomerular density was determined by calculating the number of
glomeruli that were not globally sclerotic per total renal cortical area.

2.5| Quantitative real-time PCR analysis

Total RNA was isolated from whole kidney tissue, reverse transcribed, and subjected to
quantitative real-time PCR analyses using SYBR green method as previously described.1®
Real-time PCR primers for fibrotic genes (Collal, Col3al, and Col6a1),%8 inflammatory
genes (//-1B, II-6, and Tgr-F),%" and other genes used in this study are listed in Table S1.
Data were normalized to 18S rRNA and expressed as relative mRNA levels using the AACt
method.%8

2.6| RNA-seq and bioinformatics analysis

RNA-seq and bioinformatics analyses of age-matched (49-week old) WT littermates (n = 4)
and CtrpZ-KO (n = 4) male kidneys were performed by Novogen (New South Wales,
Australia). In brief, data analysis was performed using a combination of programs, including
STAR, HTseq, Cufflink, and our wrapped scripts. Alignments were parsed using TopHat
program, and differential expressions were determined through DESeq2/edgeR. Gene
ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment were
implemented by ClusterProfiler. High-throughput sequencing data from this study have been
submitted to the NCBI Sequence Read Archive under accession number GSE127332.
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2.7| Pathway analysis

For pathway analysis, we focused on NCBI-annotated genes with >2 standard deviation
(SD) difference between CtrpZ KO and WT kidneys. These transcripts were considered to
have significant differential expression. This SD corresponded to a linear fold-change of
approximately +1.16 for KO versus WT, which resolved to 530 upregulated and 539
downregulated transcripts between the two genotypes. These probeset transcripts were
uploaded to the Ingenuity Pathway Analysis platform (www.ingenuity.com; Qiagen, Hilden,
Germany) to evaluate their functional relevance in canonical pathways. Analysis was last
performed on December 11, 2018. Pvalues for pathway selection were calculated using
Fisher’s exact test, and the top 20 pathways were analyzed for each two-way comparison.
All listed pathways had P < .01 (right-tailed).

2.8| Serum and blood chemistry analysis

Blood chemistry of 33-week-old male WT and Ctrp-KO mice was analyzed using an
iSTAT Chem8+cartridge with handheld iSTAT system (Abbott Point of Care, Princeton, NJ,
USA). For iSTAT analyses, blood samples were obtained from the superficial temporal vein.
Mouse serum was harvested by retro-orbital bleeds at the time of euthanasia from 49-week-
old WT and CtrpI-KO mice. ELISA kits were used to measure serum aldosterone (Abcam,
Cambridge, UK), CTRP1 (BioVendor R&D), and serum renin (EMRENZ1, Thermo Fisher
Scientific). Serum corticosterone was measured using an enzyme immunoassay kit (K014-
H1, Arbor Assays, Ann Arbor, MI, USA). Assays were carried out according to the
manufacturer’s instructions.

2.9 | Water restriction

Water restriction experiments were conducted on 36-week-old (for control LFD) and 40-
week-old (for HSD) WT and Cirp1-KO mice. For day 1, baseline bodyweights were
measured before water was removed at 3 hours before the start of the dark cycle (3 pm),
when mice were active and feeding. On day 2, bodyweights were measured at the same time,
before mice were given access to water again. On day 3, bodyweights were measured again
at the same time to assess the ability to recover from water depravation. Mice had ad libitum
access to food during the experiment.

2.10| Urine analysis

For urine collection, 40-week-old WT and CtrpZ-KO mice (on control LFD) were housed in
diuresis cages with ad libitum access to water and food. Levels of urinary sodium,
potassium, and chloride were measured using an EasyLyte electrolyte analyzer (Medica
Corporation, Bedford, MA, USA) at the University of Maryland School of Medicine. Urine
osmolality measurements were performed on an Advanced Instruments 3320 single-sample
micro-osmometer (Advanced Instruments, Norwood, MA). Urinalysis of pH, creatine, urea
nitrogen, calcium, total protein, glucose, and albumin were measured at the Molecular and
Comparative Pathobiology Core at The Johns Hopkins University School of Medicine.
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2.11| Glomerular filtration rate (GFR)

GFR was measured in conscious, unrestrained 38-week-old WT and CtrpI-KO mice (on
control LFD) using a fluorescence-based transcutaneous monitoring device (MediBeacon
GmbH, Mannheim Germany).>° Briefly, FITC-labeled sinistrin (Fresenius Kabi, Austria), a
more stable analogue of inulin, was injected into the retro-orbital sinus at a dose of 15
mg/100 g body weight. A miniature device was mounted to the backs of depilated mice to
measure transcutaneous fluorescence and decay of FITC. Because sinistrin is only cleared
from the plasma by Kkidney filtration (it is neither re-absorbed nor secreted), its clearance
from plasma is directly proportional to GFR and can thus be extrapolated from the FITC
decay curve.>®

2.12| Blood pressure

Tail vein blood pressure measurements were obtained using a BP-2000 blood pressure
analysis system (Visitech Systems, Apex, NC, USA) on conscious mice starting at 46 weeks
of age. Mice received a 5-day training period to acclimate to restraint and tail cuff inflation
prior to collecting experimental data. During training and testing weeks, mice were placed
onto individual rodent restrainers on a preheated platform at 38°C. The animal was
restrained using a magnetic rectangular box designed to calm the animal. The tail was held
in place by a piece of surgical tape. Pressure recording began after a 5-minute calming
period, an automated procedure during which the cuff was repeatedly inflated and deflated.
Mice were monitored continuously during the procedure. Blood pressure values were
recorded 20 consecutive times, and results were averaged. Only successful reads were
accepted for analysis. Mice were tested daily during 3-5 pwm, for 5 days during each diet
challenge.

2.13| Transthoracic echocardiography

Transthoracic echocardiography was performed without sedating mice and using a Vevo
2100 system (VisualSonics Inc, Toronto, Canada), equipped with a 40 MHz linear
transducer. M-mode echocardiogram was acquired from the parasternal short axis view of
the left ventricle (LV) at the mid-papillary muscle level and at sweep speed of 200 mm/sec.
From this view, we measured (a) inter-ventricular septal thickness at end of diastole (I\VSD),
(b) LV chamber diameter at end of diastole (LVEDD), (c) posterior wall thickness at end of
diastole (PWTED), and (d) LV chamber diameter at end of systole (LVESD).809-61 These
cardiac parameters were used to calculate percent fractional shortening (FS), relative wall
thickness (RWT), and LV mass to estimate cardiac contractility and LV hypertrophy. These
indices were derived from the following equations®0.62:

FS(%) = [( LVEDD-LVESD )/LVEDD] X 100

EF(%) = ((LVEDD2 - LVESDz)/LVEDDZ) x 100
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LV mass(mg) = 1.055|(IVSD+LVEDD + PWTED)? — (LVEDD)?|,
where 1.055 is specific gravity of the myocardium

RWT = (PWTED/LVEDD) x 2

End-diastolic ventricular volume (EDV), end-systolic ventricular volume (ESV), stroke
volume (SV), and percent ejection fraction (EF) were estimated using Simpson’s method
and the two-chamber view of the heart in the two-chamber long axis.52:63

2.14| Pulse wave velocity (PWV)

PWV was measured noninvasively in CtrpI-KO and WT mice with a high-frequency, high-
resolution Doppler spectrum analyzer (DSPW, Indus Instruments, Houston, TX, USA), as
previously described.4 In brief, mice were anesthetized with 1.5% isoflurane and placed in
a supine position on a temperature-controlled platform equipped with electrocardiogram
(EKG). Mouse core temperature was maintained at 37°C, and heart rate was allowed to
stabilize to a physiological range. A 20 MHz probe was used to measure flow velocities in
the descending aorta and abdominal aorta. A real-time signal acquisition and spectrum
analyzer system were used to calculate time between the R wave of EKG to the start of pulse
wave form for each measurement location.

2.15| Multiplex quantification of serum cytokines

Serum levels of 59 mouse cytokines were quantified using a Luminex bead-based multiplex
system according to the manufacturer’s protocol (MilliporeSigma, Burlington, MA, USA).
This method is sensitive and reproducible®®:66 and has been validated in multiple studies.
67.68 MCYTOMAG-70K, MECY2MAG-73K, and MSCRMAG-42K assay kits were used
(MilliporeSigma). The ectodomain of many cytokine receptors also circulate in plasma as a
soluble form, generated from proteolytic cleavage or alternative splicing.5® Thus, secreted
sCD30, sIL-1RI, sIL-1RII, sIL-2Ra, sIL-4R, sIL-6R, STNFRI, STNFRII, sVEGFR1,
SVEGFR2, sVEGFRS3, sgp130, and SRAGE were also measured. We performed assays as
previously described.’0.71 Briefly, standard curves were generated for each mouse cytokine.
Serum was diluted according to the manufacturer’s instructions. All samples and standards
were analyzed using a Luminex 200 instrument (Luminex, Austin, TX, USA) and XPonent
3.1 software (MilliporeSigma). Concentrations were determined for each of the 59 mouse
cytokines relative to an appropriate 6-point regression standard curve in which the mean
fluorescence for each cytokine standard was transformed into known concentrations (pg/mL
or ng/mL). All samples that were used for direct comparison or normalization were run on
the same plate. For a given analyte, not all samples were successfully detected in the
multiplex analysis. Data for a given analyte were analyzed when analyte levels were
detected in at least 6 out of 10-12 samples. To enable unpaired t test analysis (where N = 6),
serum analyte levels had to be detected in both WT and CtrpZ-KO mice. All data are
reported as mean =+ standard error of the mean (SEM). Data were analyzed using Graph Pad
Prism 7 software.
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2.16| Statistical analysis

Comparisons between two groups of data were performed using two-tailed Student’s t tests
with 95% confidence intervals, and ANOVA tests were used to make comparisons involving
more than two groups. Values were considered statistically significant at £< .05. For all
data, *P< .05, **P< .01, ***P< .,001; ****P< ,0001. All data are presented as mean +
SEM.

3| RESULTS

3.1| Late-onsetrenal hypertrophy in aged CTRP1-deficient male mice

We observed an unexpected increase in kidney size and weight in aged (~1-year old) male
CtrpI-KO mice. In male mice fed a control LFD comparable to standard chow, there was no
difference in body weight between genotypes (Figure 1A). However, both absolute and
relative (normalized to bodyweight or tibia length) kidney weights were significantly
increased in CtrpI-KO mice relative to WT littermates (Figure 1B-D). The phenotype was
robust and reproducible, as increased kidney weight in aged male mice was consistently
observed in three additional independent cohorts of CtrpZ-KO mice and littermate controls
fed a LFD. In contrast to male mice, no increase in kidney weight was observed in aged (~1-
year old) female mice fed a LFD (Figure 1E-H). Given the sex differences in this renal
phenotype, we focused our studies on male mice fed a LFD.

3.2 | Increased glomeruli size in aged CTRP1-deficient male mice

Increased kidney weight could be due to renal hyperplasia or hypertrophy. We therefore
determined whether increased glomeruli size and/or number was responsible for the
increased kidney weight in aged CtrpZ-KO male mice. Quantification of histological
sections (Figure 2A) revealed that cortical area was significantly increased in CtrpZ-KO
mice relative to WT controls (Figure 2B), but the number of glomeruli, as well as the
number of glomeruli per cortical area were not significantly different between genotypes
(Figure 2C-D). The mean glomeruli area was also significantly increased in CTRP1-
deficient animals relative to WT littermates (Figure 2E). While podocyte number was not
different between genotypes (Figure 2F), the average number of podocyte per glomerular
area was significantly reduced in CtrpZ-KO mice (Figure 2G). No significant
histomorphological changes were observed in other compartments of the kidney including
the tubulointerstitium and vasculature. Quantification of expression of the cell proliferation
marker Ki-67 by real-time PCR showed ~50% reduced Ki-67expression in Ctrp1-KO
relative to WT kidneys (Figure 2H). Expression of kidney injury marker 1 (Kim-1) was also
significantly reduced in aged CtrpZ-KO male mice relative to age-matched WT littermates
(Figure 2I). We also assessed whether glomeruli enlargement affected expression of
podocyte-specific genes.”2 We observed significantly reduced expression of podocin
(Nphs2) and podoplanin (PapnI) but not nephrin (AphsI), the major slit diaphragm
component of podocytes, in the kidneys of CtrpZ-KO mice (Figure 2J).
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Absence of renal hypertrophy in young CTRP1-deficient male mice

To address whether the renal phenotype we observed was age-dependent, we also examined
kidney weight in young WT and CitrpZ-KO male mice. At 12 weeks of age, bodyweights
were similar between genotypes (Figure S1A). Neither absolute nor relative (normalized to
bodyweight) kidney weights differed between WT and Cirp1-KO animals (Figure S1B,C),
indicating that late-onset renal hypertrophy in CTRP1-deficient male mice was age-
dependent.

CTRP1 is expressed in glomeruli and podocytes

In CtrpI1-KO mice, Ctrpl exon 4 encoding for the globular C1q domain was replaced with a
lacZ cassette (Figure 3A). Consequently, no relative CtrpZ mRNA was detected in CtrpI (-/
-) kidneys (Figure 3B). Presence of the lacZ cassette within the CtrpI locus allows us to
visualize endogenous cells that express CtrpI transcript by p-gal staining. In kidney sections
from either Cirp2 homozygous (—/-) or heterozygous (+/-) mice, we observed pB-gal staining
only in glomeruli (Figure 3C). The glomerulus is composed of several cell types, including
endothelial cells, podocytes, and mesangial cells. In the published RNA-seq dataset from
FACS-sorted mouse podocytes (GEO database #GSE64063),73 expression of CTRP1
transcript (C1gtnfI) has a mean fragments per kilobase million (FPKM) of 488 and is
ranked 102 for the most highly expressed mRNAs from 8922 transcripts with FPKM > 3. In
more recent single-cell transcriptomics of healthy mouse kidney,”? the podocyte is also a
major cell type within the kidney that expresses Ctrp1/ C1ginfl (GEO database
#GSE107585; data can be accessed at: 18.217.22.69/sc). Consistent with transcriptomics
data, previous immunohistochemical analysis using an anti-CTRP1 antibody also suggested
podocyte as a possible cell type within the kidney that expresses CTRP1.74 Thus, based on
MRNA and protein data, podocytes are the principal cell type expressing CTRP1 in the
glomerulus.

Effects of HSD and Angll infusion on local and systemic CTRP1

Kidneys play a major role in maintaining normal salt level and blood pressure. To test
whether circulating levels of CTRP1 were responsive to a HSD, chow-fed WT male mice
were first transitioned to a LSD for 1 week, followed by a HSD for 1 week. ELISA
quantification of serum CTRP1 levels revealed a modest but significant reduction in
circulating CTRP1 in response to a HSD relative to mice fed a control LSD or standard
chow (Figure 3D). Local concentration of CTRP1 in the kidney, however, was not
significantly different between mice fed a low-salt or a high-salt diet (Figure 3E). To test
whether CTRP1 was responsive to changes in blood pressure, we quantified local (kidney)
and systemic (serum) CTRP1 levels in mice implanted with a mini-pump delivering vehicle
control or Angll for 28 days. Although Angll infusion was shown to significantly elevate
blood pressure,>*5.75 we measured no significant differences in systemic circulating or
local CTRP1 levels within the kidneys of male or female animals infused with Angll or
vehicle control (Figure 3F,G).
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3.6| CTRP1 deficiency does not affect renal response to dehydration

Given that male mice lacking CTRP1 have renal hypertrophy, we determined whether loss of
CTRP1 impaired renal function. One of the critical functions of the kidney is to maintain
blood volume and pressure, partially by regulating water and salt reabsorption and retention.
76 Because water constitutes a significant portion of body mass, a 24-hour water restriction
should significantly and robustly reduce body mass, and mice should quickly regain their
body mass during a recovery phase when water is available again. As expected, when WT
mice were subjected to 24-hour water restriction, they lost body mass, and regained it in the
recovery phase (Figure S2A). Consistent with previously published report,>2 circulating
CTRP1 protein level was significantly increased in response to water restriction (Figure
S2B). Next, we performed water restriction of CtrpZ-KO mice and WT littermates. When
subjected to a 24-hour water restriction followed by water replenishment, the magnitude of
body mass reduction and rebound did not significantly differ between aged CtrpZ-KO and
WT mice, regardless of whether these animals were fed a control LFD or HSD (Figure
S2C,D). Quantification of cortical area, glomeruli number, number of glomeruli per cortical
area, mean glomerular area, average podocyte number, and average podocyte number per
glomerular area revealed comparable changes in WT and KO male mice as they were
transitioned from a low-salt diet to a high-salt diet (Figure S3). Together, these results
suggest that CTRP1 is not required for renal response to dehydration.

3.7| CTRP1 deficiency elevates blood pressure in aged male mice

Loss of CTRP1 did not elevate general stress levels, as serum corticosterone levels of Cirpl-
KO mice did not significantly differ from WT littermates (Figure 4A). Furthermore, GFR
did not significantly differ between genotypes (Figure 4B). WT and CtrpI-KO aged male
mice also had comparable serum aldosterone and renin levels (Figure 4C,D). However,
Ctrp1-KO male mice had elevated systolic blood pressure relative to WT littermates (Figure
4E). Diastolic blood pressure did not differ (data not shown). When challenged with a HSD
for 2 weeks, the differences in systolic blood pressure became less apparent between WT
and Ctrp1-KO aged male mice (Figure 4F).

3.8| CTRP1 deficiency does not affect heart function and vascular stiffness

A deficit in cardiovascular function can affect blood pressure. Therefore, we performed
echocardiogram analysis to determine whether aged male mice lacking CTRP1 had any
deficit in heart function. As shown in Table 1, no parameters associated with heart function
and contractility differed between LFD-fed WT and CtrpI-KO animals. Although vascular
stiffness can affect contractility and blood pressure regulation, pulse wave velocity analysis
showed no difference in vascular stiffness between aged CtrpI-KO and WT littermates
(Figure 4G). Thus, cardiovascular function was preserved in aged CTRP1-deficient male
mice relative to WT littermates.

3.9| CTRP1 deficiency increases urinary sodium and potassium excretion

Given the observed increase in systolic pressure, we next determined whether loss of CTRP1
affected renal function in handling salt and other ions. In CtrpZ-KO mice, urine output as
well as urinary creatinine, urea, albumin, protein content, CaZ*, CI~, pH, and osmolality did
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not significantly differ from WT littermates (Figure 5A,B,D,F-K). However, urinary Na*
and K* excretion were significantly elevated in aged CtrpZ-KO male mice (Figure 5C,E). In
contrast to urine, no differences were measured in blood concentrations of Na*, K*, CI~,
iCa2*, creatinine, hemoglobin, hematocrit, glucose, blood urea nitrogen, carbon dioxide, and
anion gap between WT and CtrpI-KO animals (Table S2).

3.10| HSD elevates urinary potassium and protein excretion in CTRP1-deficient mice

Next, we examined the impact of CTRP1 deficiency on renal handling of salt loading. When
challenged with a HSD for 2 weeks, urine output as well as urinary creatinine, CI~, urea,
Ca?*, and pH of Ctrp1-KO male mice did not significantly differ from WT littermates
(Figure 6A,B,D,F,G,J). Urinary levels of Na* (P =.07) and albumin (P = .07) tended to be
higher, although not significantly, in aged CtrpZ-KO male mice (Figure 6C,H). We again
observed significantly higher urinary K* levels (P=.03) in aged Ctrp1-KO male mice
relative to WT littermates (Figure 6E). Total protein content in the urine was also
significantly elevated in CtrpZ-KO mice (Figure 6l1), indicating impaired kidney barrier
function. In contrast to urine, blood concentrations of Na*, K*, CI~, iCaZ*, carbon dioxide,
creatinine, hemoglobin, hematocrit, glucose, and anion gap did not significantly differ
between WT and CtrpI-KO animals fed a HSD, except for blood urea nitrogen (Table S3).

3.11| CTRP1 deficiency reduces renal expression of genes involved in sodium and
potassium reabsorption

We next determined whether CTRP1-deficient aged mice had altered expression of renal
genes involved in sodium and potassium reabsorption. Real-time PCR revealed significantly
reduced expression of genes encoding epithelial sodium channels (Scnni-a, Scnni-g, and
Scnnl-y), sodium chloride cotransporter (Ncc), Nat-K*—2CI~ cotransporters (Nkccl and
Nkec2), sodium glucose cotransporter (S/c5a2), and sodium hydrogen exchanger (MVAe3) in
Ctrp1-KO relative to WT mice (Figure 7A). During aging, renal function can be altered or
compromised by fibrosis, oxidative stress, hypoxia, and inflammation.12: For this reason,
we also looked at markers for these processes. Interestingly, we also observed significantly
reduced expression of genes involved in inflammation, fibrosis, oxidative stress, hypoxia,
lipid metabolism, fat oxidation, and bile acid elimination in CtrpZ-KO relative to WT mice
(Figure 7B—H). In contrast to aged mice, young (12-week old) CtrpZ-KO male mice with no
renal hypertrophy (Figure S1) did not have significantly different expression of genes
involved in sodium and potassium reabsorption, fibrosis, and oxidative stress from WT
littermates (Figure S4).

3.12| RNA sequencing reveals alterations in metabolic processes in the kidney of
CTRP1-deficient mice

To better determine the global impact on the transcriptome due to CTRP1 deficiency, we
also performed RNA-seq on whole kidneys isolated from aged WT and CérpZ-KO male
mice. Of the 352 differentially expressed genes, 156 genes were upregulated and 196 genes
were downregulated in CtrpZ-KO male kidneys relative to WT controls (Figure 8A and
Tables S4 and S5). GO and KEGG analyses indicated enrichment for genes involved in
metabolic processes and pathways in the kidney of CTRP1-deficient mice (Figure 8B and
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Table 2). These combined changes in aging mice likely contributed to the renal phenotypes
we observed in CtrpZ-KO animals.

3.13| Impact of CTRP1 deficiency on circulating cytokines

Many cytokines have pleiotropic effects on different organ systems, including the kidney.’’
Thus, changes in systemic circulating cytokines in the context of CTRP1 deficiency and
aging could potentially contribute, albeit indirectly, to the renal phenotype we observed. To
address this possibility, we examined serum levels of 59 mouse cytokines, chemokines, and
soluble cytokine receptors in aged (40-week old) WT and Ctrp1-KO male mice (Table 3). Of
the profiled cytokines, only serum levels of LIX/CXCLS5, INF-B1, and STNFRII were
significantly reduced in aged CtrpZ-KO male mice relative to WT littermates. Given that
renal hypertrophy only manifested in aged CirpZ-KO mice and that only three cytokines
were reduced in CirpZ-KO animals, the kidney phenotypes we observed were likely not due
to changes in circulating levels of these 59 cytokines, chemokines, and secreted cytokine
receptors.

4| DISCUSSION

In the course of characterizing the metabolic phenotypes of CtrpZ-KO mice, we made
several unexpected observations concerning the novel contributions of CTRP1 to renal
structure and function during aging. We noted that as Ctrp-KO mice aged (~1-year-old),
their absolute and relative kidney weight (normalized to bodyweight) increased significantly.
Interestingly, renal enlargement manifests in an age- and sex-dependent manner. Only aging
male Cirp1-KO mice developed renal hypertrophy—neither aged female nor younger male
mice had enlarged kidneys. However, human males are much more susceptible to develop
chronic kidney disease during aging than females.”® Our observations in Ctrp1-KO male
mice reinforce sex as an important biological variable that can contribute to differential
changes in structure and function of aging kidneys.

Increased kidney weight in CtrpZ-KO mice was not due to the presence of cysts; none were
observed in renal histology. Ki-67 expression, a robust marker of cell proliferation,’® was
reduced in the kidney of Ctrp-KO mice, thus ruling out cell hyperplasia as the cause of
increased kidney weight. Instead, kidney enlargement in CtrpZ-KO animals was attributed to
glomeruli hypertrophy. It must be noted that renal hypertrophy is generally seen in
pathophysiological contexts (eg, compensatory nephromegaly, hyperfiltration in early
diabetes and nodular glomerulopathy in advanced diabetes) and is frequently associated with
renal fibrosis, oxidative stress, hypoxia, and/or inflammation.8%:81 To our surprise,
expression of multiple genes involved in inflammation, fibrosis, oxidative stress, and
hypoxia was either unchanged or significantly reduced in the kidneys of CTRP1-deficient
mice relative to WT littermates. Consistently, GFR, urine output, most urine electrolytes
(except Na* and K*), pH, and osmolality were not affected in CTRP1-deficient mice with
enlarged kidneys. These data indicate that late-onset renal hypertrophy in CtrpZ-KO mice
fed a control LFD is associated with aging and not overt renal injury (eg, diabetic
nephropathy, renal fibrosis, and inflammation). We previously showed that CtrpZ-KO mice
fed an LFD also develop fatty liver.1% Although the link between liver steatosis and
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glomerular hypertrophy is unclear, we cannot rule out the possibility that kidney
enlargement in aged CTRP1-deficient animals is indirectly due to metabolic dysfunction in
the liver.

It is worth noting that our data were obtained from ~1-year-old mice. Aging-associated
functional decline in renal structure and function occurs progressively across life.1:25
Because laboratory mice can live up to 2 years, future studies may be warranted to
determine whether the kidneys of Cfrp1-KO animals will become progressively more hyper-
trophied and fibrotic and eventually manifest overt functional deficits (eg, reduced GFR and
impaired barrier function and reabsorption) as mice approach ~2 years old.

While adipose tissue is a major source of circulating CTRP1 in the blood, other tissues also
express Cirpl transcripts, including the kidney, albeit at lower levels.” In the kidney, only
glomeruli appear to express CtrpI transcripts. Although there are multiple different cell
types that comprise the glomerulus, single-cell RNA-seq’273 as well as
immunohistochemical localization of CTRP174 indicate podocytes as the major cell source
of CTRP1 transcript and protein. Local production of CTRP1 raises the question of whether
its expression in the kidney is regulated in pathophysiological states. Indeed, in the salt-
induced hypertension model, circulating serum levels of CTRP1 were significantly reduced
in normal WT mice consuming a HSD. However, in the Angll-induced hypertension model,
no differences were observed in CTRP1 levels in the kidney or in circulation. These data
suggest that circulating CTRP1 levels in blood may be modulated by salt content of the diet
rather than changes in blood pressure per se. This is in contrast to recent reports indicating
that serum CTRP1 levels are significantly elevated in spontaneous hypertensive rats as well
as in hypertensive patients.52:53 Since hypertension is a complex disorder that can be caused
by different mechanisms, additional studies will help determine whether hypertension per se
or other environment factors (eg, greater salt intake) could trigger increased plasma CTRP1
levels in humans.

Another study suggests that CTRP1 is required to maintain normal blood pressure in the
context of dehydration-induced hypotension.>2 A 24-hour water restriction significantly
reduced blood pressure due to water loss and a concomitant increase in serum CTRP1 levels
in mice. This hypotensive-induced increase in circulating CTRP1 appears to be derived from
skeletal muscle.52 In the context of dehydration, CTRP1 is required to prevent hypotension
by indirectly promoting peripheral vascular constriction. Although volume control by the
kidney also plays an important role in blood pressure regulation, it is unclear whether
CTRP1 is required for water retention in response to dehydration. Given that we observed
structural changes (ie, glomerulus hypertrophy) in the aging kidney of Cirp1-KO mice, we
examined whether this would affect renal response to dehydration. However, the renal
response to water restriction followed by water replenishment did not differ between
genotypes, indicating that CTRP1 is not required for homeostatic response to dehydration.

Intriguingly, Han and colleagues®2 showed that in the whole-body CTRP1 overexpression
mouse model, older mice (~1 year old) also have enlarged kidneys as well as diminished
cardiac contractility. It is unclear whether cell hyperplasia or hypertrophy is responsible for
the increased kidney size in aged CTRP1 transgenic mice since these parameters were not
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measured. The authors suggest structural changes in heart and kidney are secondary to
chronic increases in blood pressure in aged CTRP1 transgenic mice. Interestingly, we also
observed that mice lacking CTRP1 have elevated blood pressure and renal enlargement due
to glomeruli hypertrophy. Elevated blood pressure in CTRP1-deficient mice, however, was
not due to any structural or functional deficit in the heart, changes in vascular stiffness,
general increase in stress (as measured by serum corticosterone level), or altered serum renin
and aldosterone levels. Although previous in vitro studies using immortalized human cell
lines show that recombinant CTRP1 can enhance aldosterone secretion,> serum aldosterone
levels did not change in CTRP1-overexpression®2 or CTRP1-deficient mice. While puzzling,
it appears that complete absence of CTRP1 or its overproduction results in overlapping
phenotypes, thus suggesting the importance of maintaining plasma CTRP1 levels within a
normal physiological range.

We initially hypothesized that enhanced renal salt reabsorption could be a possible cause for
increased blood pressure in aged CTRP1-deficient mice. To our surprise and contrary to
expectation, CTRP1-deficient mice had elevated urinary Na* and K* excretion. Consistent
and correlated with this phenotype is significantly reduced expression of genes encoding
epithelial sodium channels (Scrn), sodium chloride cotransporter (Aec), Na*-K*-2Cl~
cotransporters (Nkcc), and sodium hydrogen exchanger (NVhe3). All of these transporters,
channels, and exchangers are located in the apical membrane along different segments of the
nephron and are responsible for reabsorption of Na* and K* from the kidney filtrate.82:83 We
postulate that reduced expression of these genes partially accounts for greater urinary
excretion of Na* and K* in aged CTRP1-deficient mice.

Given the unusual combinations of kidney phenotypes, we examined the renal transcriptome
of CTRP1-deficient mice. One major finding—based on gene ontology and pathway
analysis—is enrichment for genes involved in metabolic processes and pathways in the
kidney of CTRP1-deficient mice. In support of pathway analysis based on RNA-seq data,
real-time PCR quantification of select metabolic genes involved in lipid metabolism, fat
oxidation, and bile acids elimination also revealed significant changes in the kidney of
CTRP1-deficient mice. The metabolic role of CTRP1 in kidney is reminiscent of its known
metabolic function in other tissues, such as skeletal muscle and liver.14:19:24 We speculate
that chronic alterations of renal carbohydrate and fat metabolism promote glomeruli
hypertrophy, and these structural changes, in combination with changes in renal gene
expression, result in altered Na*/K™* reabsorption. In support of this idea, dysregulated lipid
metabolism in the kidney can cause mild or significant renal pathology.84:85 Collectively,
our data highlight novel contributions of CTRP1 to renal structural integrity and function
during aging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations:

Angll angiotensin 11
EDV end-diastolic ventricular volume
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ESV end-systolic ventricular volume
FS fractional shortening
GO gene ontology
HSD high-salt diet
IVSD inter-ventricular septal thickness at end of diastole
KEGG Kyoto Encyclopedia of Genes and Genomes
KO knockout
LFD low-fat diet
LSD low-salt diet
LV left ventricle
LVEDD LV chamber diameter at end of diastole
LVESD LV chamber diameter at end of systole
PWTED posterior wall thickness at end of diastole
PWV pulse wave velocity
RWT relative wall thickness
SV stroke volume
WT wild-type
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Aging-associated renal hypertrophy in CtrpZ-KO male mice fed a control LFD. A,
Bodyweight of WT (n = 11) and KO (n = 8) aged male mice (39-week old). B, Kidney
weight of WT (n = 11) and KO (n = 8) male mice (39-week old) fed a control LFD. C,
Kidney weight to bodyweight ratio of LFD-fed aged male mice. D, Kidney weight to tibia
length ratio of LFD-fed aged male mice. E, Body weight of WT (n = 16) and KO (n = 8)
female mice (44 weeks old). F, Kidney weight of WT (n = 16) and KO (n = 8) female mice
(44 weeks old) fed a control LFD. G, Kidney weight to bodyweight ratio of LFD-fed aged
female mice. H, Kidney weight to tibia length ratio of LFD-fed aged female mice. Data are
expressed as mean = SEM. *P< .05; **P< .01
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Increased glomeruli size in aged Ctrp1-KO male mice. A, Representative kidney histology
(40x magnification) of CtrpZ-KO male mice and WT littermates (46-week old) fed a control

LFD. The tissue sections were stained for the podocyte marker p57/Kip2, followed by

Periodic acid Schiff (PAS) counterstaining. B-G, Quantification of cortical area (B), number
of glomeruli (C), number of glomeruli per cortical area (D), mean glomerular area (pm?2)

(E), average podocyte number (F), and average podocyte number per glomerular area (G) in
WT and Ctrp1-KO male mice; n = 9 mice per genotype. H-J, Quantitative real-time PCR
analysis of cell proliferation marker Ki67 (H), kidney injury marker Kim-1 (1), and podocyte
genes Nphs1 (nephrin 1), Ajphs2 (nephrin 2), and Papn (podoplanin) (J). Data are expressed
as mean = SEM. *P< .05; **P< .01; ***P< .001
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FIGURE 3.
CTRPL1 is expressed in kidney glomeruli and its circulating levels are reduced by high-salt

diet. A, Schematic showing the strategy for generating CtrpZ-KO mice by targeted deletion
of exon 4 of mouse CtrpI and replacement with a lacZ reporter and neomycin resistance
cassette. The lacZ reporter is driven by the endogenous CirpI promoter, allowing
visualization of cells that express CtrpI with B-gal staining. B, Quantitative real-time PCR
analysis of CtrpZI mRNA in the kidney of CérpZ-KO male mice (n = 8) and WT littermates (n
= 8). C, Representative images of B-gal staining of frozen kidney tissue sections of WT
(+/+), heterozygous (+/-), and homozygous KO (=/-) mice. LacZ expression is localized to
kidney glomeruli. D, ELISA results showing serum CTRP1 levels of WT C57BL/6J male
mice (n = 20) consuming standard chow, transitioned to a LSD (n = 20) for 1 week, and
switched to a HSD (n = 20) for 1 week. E, CTRP1 levels in kidney lysates of wild-type
C57BL/6J male mice fed a LSD (n = 8) or HSD (n = 8). F, Serum CTRP1 levels of WT
C57BL/6J male (n = 3) and female mice (n = 3) infused with vehicle control or Angll. G,
CTRP1 levels in kidney lysates of wild-type C57BL/6J male (n = 6) and female mice (n = 6)
infused with vehicle control or Angll. Data are expressed as mean + SEM. **P < .01; ***p
<.001; ****P< 0001
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FIGURE 4.

Elevated blood pressure in aged CtrpZ-KO male mice. A, Serum corticosterone levels of WT
(n =12) and CtrpI-KO (n = 8) male mice at 39 weeks of age. B, Glomerular filtration rate
(GFR) of WT (n =7) and CtrpI-KO (n = 7) male mice at 38 weeks of age. C, Serum
aldosterone levels of WT (n = 14) and Ci#rp-KO (n = 12) male mice at 49 weeks of age. D,
Serum renin levels of WT (n = 12) and CtrpI-KO (n = 8) male mice at 49 weeks of age. E,F,
Systolic blood pressure measured via tail-vein cuff of WT (n =5) and Crp1-KO (n = 6)
mice on control LFD (E) and after 1 week of HSD (F). G, Pulse wave velocity
measurements of vascular stiffness of WT (n = 5) and CtrpZ-KO (n = 4) male mice at 24
weeks of age. Data are expressed as mean + SEM. *P< .05
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FIGURE 5.

Elevated urinary sodium and potassium excretion in aged CtrpI-KO male mice. A,B, 24-
hour urine output (A) and urinary creatinine level (B) in WT (n = 8) and KO (n = 8) male
mice at 40 weeks of age. C-H, 24-hour urinary sodium (Na*) (C), chloride (CI7) (D),
potassium (K*) (E), urea nitrogen content (F), calcium (Ca2*) (G), albumin (H), and total
protein (1) normalized to creatinine level in WT (n = 8) and CtrpI-KO (n = 8) male mice at
40 weeks of age. (J-K) 24-hour urine pH (J) and osmolality (K) in WT (n = 8) and CtrpI-KO
(n = 8) male mice at 40 weeks of age. Data are expressed as mean + SEM. *P< .05, **P
<.01
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Elevated urinary potassium and protein excretion in aged CtrpZ-KO male mice challenged
with a HSD for 2 weeks. A,B, 24-hour urine output (A) and urinary creatinine level (B) in
WT (n =12) and CtrpI-KO (n = 10) male mice at 38 weeks of age. C-H, 24-hour urinary
sodium (Na*) (C), chloride (CI7) (D), potassium (K*) (E), urea nitrogen content (F), calcium
(Ca%*) (G), albumin (H), and total protein (1) normalized to creatinine level in WT (n = 12)
and CtrpZ-KO (n = 10) male mice at 38 weeks of age. J, 24-hour urine pH in WT (n = 12)
and CtrpZ-KO (n = 10) male mice at 38 weeks of age. Data are expressed as mean + SEM.
*P< .05, ***P<.001
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FIGURE 7.

Reduced renal expression of genes important for sodium and potassium reabsorption,
including genes involved in fibrosis, inflammation, lipid and bile acid metabolism, fat
oxidation, and oxidative stress, in aged CtrpZ-KO male mice. Expression of genes involved
in sodium and potassium reabsorption (A), inflammation (B), fibrosis (C), oxidative stress
(D), hypoxia (E), lipid metabolism (F), fat oxidation (G), and bile acids elimination (H) in
the kidney of WT (n = 8) and CtrpI-KO (n = 8) male mice (Acot, acyl-CoA thioesterase;
Acsl1, acyl-CoA synthetase long chain family member 1; Asbt, apical sodium-dependent
bile acid transporter; Angpt/4, angiopoietin-like 4; Col, collagen; Cox2, cyclooxygenase 2;
Cyp2b10, cytochrome P450, family 2, subfamily b, polypeptide 10; Fnz, fibronectin 1;
Mcad, medium-chain acyl-CoA dehydrogenase; Ncc, sodium chloride co-transporter
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(Slc12a3); Nhe3, sodium hydrogen exchanger 3; Nkcc, Na-K-Cl cotransporter; Nox4,
NADPH oxidase 4; Ngo1, NADPH-quinone oxidoreductase 1; Osta, organic solute
transporter alpha (S/c514); Ostb, organic solute transporter beta (S/c51b); Pdgfb, platelet-
derived growth factor b; Pgci-a, peroxisome proliferator-activated receptor gamma
coactivator 1-alpha; Ppar-a; peroxisome proliferator-activated receptor alpha; Pxr, pregnane
x receptor; Scnni, sodium channel epithelial 1; S/c5al, solute carrier family 5 (sodium/
glucose co-transporter) member 1; Sod, superoxide dismutase). Data are presented as Box
and whiskers plots. *P< .05, **P< .01, ***P < .001, ****P< 0001
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(B) Gene ontology
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FIGURE 8.
RNA-seq analysis of global gene expression in CtrpZ-KO and WT kidney. A, Heat map

showing unsupervised hierarchical clustering of all Entrez genes’ differential expression
between WT (n = 4) and Cirp1-KO (n = 4) kidneys. The mean-subtracted values represent
all genes that have FPKM values for all eight samples. B, Gene Ontology analysis showing
major processes affected by CTRP1 deficiency in aging kidney

FASEB J. Author manuscript; available in PMC 2020 December 16.

0.08

0.25

- 0.00

Count
. 10
® 5
® 2
@



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Rodriguez et al.

Echocardiogram analysis of aged WT and CirpZ-KO male mice fed a control low-fat diet

WT (n=14)
LVIDd (mm)  2.852 +0.05
LVIDs (mm)  1.217 +0.04
IVSd (mm) 1.049 +0.02
LVPWd (mm)  1.011 +0.02
HR (b/min)  668.2 £ 8.69

FS (%) 57.38£0.72
EF (%) 81.77 £0.63
LV mass 100.7 £ 2.45

KO (n = 11)
2.832+0.06
1.261 +0.04
1.067 +0.02
1.027 £0.02
672.7+13.13
5551+ 1.03
80.1+0.95
102.4 + 3.4

P
0.7912
0.4282
0.4613
0.604
0.7691
0.1388
0.1417
0.6782

TABLE 1

Page 29

Abbreviations: EF, percent ejection fractionation; FS, percent fractional shortening; HR, heart rate; IVSD, inter-ventricular septal thickness at end
of diastole; LV mass, left ventricle mass; LVIDd, left ventricular internal dimension at end diastole; LVIDs, left ventricular internal dimension at
end systole; LVPWA, left ventricular posterior wall thickness at end diastole.
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