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ABSTRACT

Background. Levels of fibroblast growth factor 23 (FGF23)
increase early in chronic kidney disease (CKD) and are inde-
pendently associated with left ventricular hypertrophy (LVH),
heart failure and death. Experimental models of CKD with ele-
vated FGF23 and LVH are needed. We hypothesized that slow
rates of CKD progression in the Col4a3 knockout (Col4a3*©)
mouse model of CKD would promote development of LVH by
prolonging exposure to elevated FGF23.

Methods. We studied congenic Col4a3*° and wild-type (WT)
mice with either 75% 129X1/Sv] (129Sv) or 94% C57BIl6/] (B6)
genomes.

Results. B6-Col4a3“® lived longer than 129Sv-Col4a3"° mice
(214£0.6 versus 11.4* 0.4weeks; P <0.05). 10-week-old
129Sv-Col4a3*° mice showed impaired renal function (blood
urea nitrogen 191 = 39 versus 34 * 4 mg/dL), hyperphosphate-
mia (14.1* 1.4 versus 6.8 = 0.3mg/dL) and 33-fold higher
serum FGF23 levels (P < 0.05 versus WT for each). Consistent
with their slower CKD progression, 10 week-old B6-Col4a3X©
mice showed milder impairment of renal function than 129Sv-
Col4a3"° mice and modest FGF23 elevation without other alter-
ations of mineral metabolism. At 20 weeks, further declines in
renal function in B6-Col4a3*“ mice was accompanied by hyper-
phosphatemia and 8-fold higher FGF23 levels (P < 0.05 versus
WT for each). Only the 20-week-old B6-Col4a3"° mice devel-
oped LVH (LV mass 125 = 3 versus 98 = 6 mg; P < 0.05 versus
WT) in association with significantly increased cardiac expres-
sion of FGF receptor 4 (FGFR4) messenger RNA and protein
and markers of LVH (Atrial natriuretic peptide (ANP), B-type
natriuretic peptide (BNP), beta-myosin heavy chain (3-MHC);
P < 0.05 versus WT for each).

Conclusions. In conclusion, B6-Col4a3° mice manifest slower
CKD progression and longer survival than 129Sv-Col4a3*®
mice and can serve as a novel model of cardiorenal disease.

Keywords: chronic kidney disease, Col4a3 null mouse, FGF23,
genetic background, left ventricular hypertrophy

INTRODUCTION

Fibroblast growth factor 23 (FGF23) is a bone-derived hormone
that regulates phosphate homeostasis. In chronic kidney disease
(CKD), disordered bone and mineral metabolism is a common
complication that begins early and worsens progressively as
kidney function declines. In CKD, an increased level of FGF23
is currently the earliest detectable sign of disordered mineral
metabolism and a powerful risk factor for left ventricular hyper-
trophy (LVH), heart failure and death [1-4]. FGF23 induces
LVH through direct activation of FGF receptor 4 (FGFR4) and
phospholipase C gamma signaling in cardiac myocytes [5, 6]
independent of its coreceptor oKlotho, which exerts
cardioprotective effects [7]. However, the exposure time and
concentration thresholds required for FGF23 to induce LVH
in vivo during CKD progression are unknown. Indeed, investi-
gation of cardiac effects of FGF23 in CKD has been limited by a
lack of experimental models that recapitulate the early eleva-
tions of FGF23 levels and development of LVH that character-
ize human CKD.

The most frequently used CKD models involve surgical
reductions of kidney function in rats and mice (i.e. 5/6 nephrec-
tomy, unilateral ureteral obstruction, ischemia reperfusion) or
administration of nephrotoxic diets (high phosphate, adenine).
Surgical models are limited by substantial risk of mortality, heter-
ogeneous effects on kidney function and the difficulty to dissoci-
ate the specific effects of kidney injury from the general effects of
invasive surgery on the downstream phenotype. Although 5/6
nephrectomy can induce alterations of mineral metabolism and
LVH, producing the full phenotype often necessitates dual
administration of high-phosphate diets, and the amplitude of the
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response does not reliably reproduce the temporal alterations in
mineral metabolism observed clinically in human CKD, in which
elevations of serum FGF23 occur prior to elevations of serum
phosphate [8-10]. Adenine-induced kidney injury, used more
often in rats than mice to study alterations in bone and mineral
metabolism [11, 12], induces nephrolithiasis with extensive tubu-
lar necrosis. While some alterations of bone and mineral metabo-
lism occur, the development of LVH has not been studied in
adenine-fed mice, and the severity of the phenotype is mitigated
on the C57Bl6 background [13], which is more resistant to
ectopic calcification [14].

Mutations of the alpha 3 chain of type IV collagen (Col4a3)
cause Alport syndrome in humans and an aggressive form of
progressive CKD in mice [15, 16]. Col4a3 knockout (Col4a3*®)
mice on the 129SvX1/] genetic background show normal kid-
ney function until about 4 weeks of age. After 4 weeks, renal
function declines rapidly in association with proteinuria and
exponential increases in FGF23 levels. Cardiac systolic dysfunc-
tion, end-stage renal disease and death usually occur by 9-10
weeks of age [17-20]. Hence 129SvX1/J Col4a3"° mice have
become an important model for studying alterations of FGF23
and mineral metabolism in CKD [18, 19, 21, 22]. Interestingly,
the genetic background affects the rate of CKD progression in
Col4a3"° mice [23]. Congenic Col4a3"° mice backcrossed to a
C57Bl6/] genetic background show delayed onset of CKD,
slower disease progression and, as a result, extended lifespan to
30 weeks. Alterations in mineral metabolism have been
described in Col4a3¥® mice, both on the 129SvX1/] and a
mixed genetic background; however, the impact of differential
rates of CKD progression and mineral metabolism alterations on
the cardiac phenotype has not been investigated. We hypothe-
sized that slower rates of CKD progression in Col4a3"° mice on
the C57Bl6/J background would increase the duration of expo-
sure to elevated FGF23 and promote the development of LVH
compared with Col4a3X° mice on the 129SvX1/J background.

MATERIALS AND METHODS
Animals

We purchased 129X1/Sv]-Col4a3"™'P*  mutant mice
(Col4a3¥®) from Jackson Laboratory (Bar Harbor, ME, USA).
We first outcrossed 129X1/Sv] heterozygotes with C57BL/6] wild-
type (WT) mice. We further backcrossed the F1 heterozygotes
with either strain to generate incipient congenic strains: first, for
one generation with 129X1/Sv] WT mice to obtain a mixed back-
ground strain (N2) that contained 75% 129X1/Sv] genome
(129Sv); second, for three generations to C57BL/6] WTs to obtain
B6.129-Col4a3"™'P* (N4) that contained 94% C57Bl6/] genome
(B6). We maintained both newly created strains separately for
more than five generations.

We recorded the age of death on 14 129Sv-Col4a3"° and 11
B6-Col4a3"° males. Based on the results of the survival analy-
sis, we harvested WT and Col4a3*® samples on male litter-
mates 1 week prior to the expected age of death of the Col4a3*®
mice, i.e. at 10 weeks in the 129Sv and 20 weeks in the B6 mice.
We included additional B6 WT and Col4a3*® groups at 10
weeks for age-matching comparisons with 129Sv 10-week-old
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mice. All studies were approved by the Institutional Animal
Care and Use Committee at Northwestern University.

Serum and urine biochemistry

We collected overnight urine samples from animals housed
in metabolic cages and serum samples by intracardiac exsangui-
nation. We used a murine intact FGF23 (iFGF23) enzyme-
linked immunosorbent assay (ELISA) to measure the active
iFGF23 protein and a C-terminal FGF23 (cFGF23) ELISA that
recognizes the full-length protein and its C-terminal cleavage
fragments:measure total FGF23 (both from Immutopics,
Carlsbad, CA, USA). We calculated the intact: to total FGF23
ratio as a surrogate marker of FGF23 cleavage [22, 24]. We
measured parathyroid hormone (PTH) using a mouse intact
ELISA (Immutopics), 1,25-dihydroxyvitamin D [1,25(OH), D]
by immunoassay (Immunodiagnostic Systems, Gaithersburg,
MD, USA) and calcium, phosphate, blood urea nitrogen
(BUN), albumin and creatinine using colorimetric assays
(Pointe Scientific, Canton, MI, USA).

Echocardiography and blood pressure

We performed echocardiography under isoflurane anesthe-
sia 1 week prior to sacrifice (at 9 and 19 weeks of age) using a
Vevo 770 High-Resolution Imaging System (VisualSonics,
Toronto, ON, Canada). We used the parasternal short- and
long-axis views to obtain 2-dimensional and M-mode images.
We acquired at least 10 independent cardiac cycles per each
experiment. We measured cardiac output, ejection fraction
(EF) and stroke volume across the long axis and calculated the
cardiac index using the following equation: cardiac index =
cardiac output/body weight.

We measured blood pressure (BP) in sentient mice using a
computerized mouse tail-cuff system (CODA, Kent Scientific,
Torrington, CT, USA). We performed acquisitions for 20
cycles, once a day during three consecutive days, to familiarize
each mouse with the system and to reduce environmental stress.
We analyzed the third-day data from habituated mice.

Heart and kidney histology

We harvested hearts and left kidneys at sacrifice and fixed
them in 100% ethanol. We recorded whole-heart weights
postdehydration and normalized to tibia length to account
for growth variability. We embedded hearts and kidneys in
paraffin. We collected 4- um-thick cross sections from the
midchamber of the heart and 5-pum-thick longitudinal kidney
sections using a rotary microtome. We stained the sections with
hematoxylin and eosin (H&E) to determine cardiac and renal
glomerular and tubular morphology, periodic acid-Schiff
(PAS) to assess glomerular basement membrane (GBM) altera-
tions, picrosirius red (PSR) to determine cardiac and renal fib-
rosis and Alexa Fluor 594 wheat germ agglutinin (WGA)
conjugate to determine cardiomyocyte cross-sectional area. For
cardiomyocyte cross-sectional area, we used red fluorescent
microscopy (Leica Microsystems, Buffalo Grove, IL, USA) on
five fields from four randomly selected heart sections (10x
magnification) and calculated the sarcolemmal surface area
using Leica Application Suite embedded software. For the total
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Table 1. Impaired renal function in Col4a.

Biochemical parameters of renal function 129Sv B6

10 weeks 10 weeks 20 weeks

WT WT WT
BUN (mg/dL) 34.1 = 44 190.8 =+ 38.6° 249 £ 1.2 412 £ 1.9° 24.0 = 2.6 85.2 + 16.9°
Serum creatinine (mg/dL) 0.27 = 0.01 1.59 * 0.40° 0.40 = 0.03 1.05 * 0.05° 0.50 = 0.02 1.29 £ 0.11°
eGFR (uL/min) 39.6 £ 39 7.0 + 1.5° 437 £ 1.7 272 £ 54° 452 * 75 185 = 1.5%
ACR (mg/mg) 15+ 02 74+ 17° 09 + 0.3 3.6+ 0.5° 0.7 +0.1 40 +12°
24-h urine albumin (ug) 149.1 = 314 678.4 = 175.7% 205.0 = 759 848.0 * 281.8% 222.1 * 32.6 1450.6 * 238.9°

Values are mean * standard error, n = 5 per group.
P < 0.05 versus “WT, "all groups.

percentage of cardiac fibrosis, we calculated the total percentage
of fibrotic area on six fields from two heart sections (20x mag-
nification), excluding all perivascular fibrosis areas, using Image
] software (National Institutes of Health, Bethesda, MD, USA).

Real-time quantitative polymerase chain reaction (PCR)

We isolated total RNA from hearts and kidneys harvested at
sacrifice using TRI reagent and synthesized first-strand cDNA
(iScript cDNA Synthesis Kit, Bio-Rad Laboratories, Hercules,
CA, USA). We used the iCycler iQ real-time PCR detection sys-
tem, iQ SYBR Green supermix (Bio-Rad Laboratories) and
adequate primer pairs (Supplementary data, Table S1) for real-
time quantitative PCR analysis. The threshold of detection of
each gene expression was set at optimal reaction efficiency. The
expression was plotted against a standard dilution curve of rela-
tive concentration, normalized to glyceraldehyde-3-phosphate
dehydrogenase expression in the same sample and expressed as
the fold change versus WT.

Immunohistochemistry

We dried, deparaffinized and rehydrated the heart sections.
After antigen retrieval by incubation in citric acid buffer (10 mM,
pH 3) for 60 min at 37°C, we blocked non-specific sites with 1X
animal-free blocker (Vector Labs, Burlingame, CA, USA); we
incubated sections with anti-FGFR4 primary antibody (sc-
136988, Santa Cruz Biotechnology, Dallas, TX, USA) for 1 h. We
used the immunohistological Vectastain ABC kit (Vector Labs)
and counterstained the slides with picric acid. We used liver sec-
tions as a positive control and secondary antibody in absence of
anti-FGFR4 primary antibody as a negative control. We used
bright-field microscopy (Leica Microsystems, Buffalo Grove, IL,
USA) to visualize FGFR4-specific black staining generated by the
Vector Black alkaline phosphatase substrate kit (Vector Labs).

Statistics

Data are presented as mean * SE. We performed Shapiro-
Wilk W tests of normality on each parameter. To test statistical
differences for parameters that followed a normal distribution,
we used parametric analysis of variance (ANOVA) followed by
post hoc t-tests. For all other parameters we performed
Kruskal-Wallis tests followed by Mann-Whitney nonparamet-
ric tests (Statistica software, Statsoft, Tulsa, OK, USA).

Cardiac hypertrophy in B6 CKD mice

Differences were considered statistically significant at P-values
<0.05.

RESULTS

Extended lifespan in B6-Col4a3¥° compared with
129Sv-Col4a3"°

Consistent with previous reports [17, 23], we confirm that
Col4a3"° mice die prematurely compared with WT mice and
that B6-Col4a3° mice have an extended lifespan compared
with 129Sv-Col4a3¥© (~21.4 + 0.6 versus ~11.4 * 0.4 weeks;
P < 0.05; Supplementary data, Figure S1).

Slower CKD progression in B6-Col4a3*® than in 129Sv-
Col4a3*°

We compared the effects of genetic background on CKD
severity by analyzing the kidney phenotype of WT and
Col4a3*® mice 1 week prior to the expected death of the
Col4a3*° mice: at 10 weeks in 129Sv and at 20 weeks in B6.
We also analyzed 10-week-old B6 mice for direct comparison
with the 10-week-old 129Sv mice. BUN, serum creatinine,
albumin:creatinine ratio (ACR) and 24-h urinary albumin
excretion were all significantly elevated and estimated glo-
merular filtration rate was significantly reduced in Col4a3*®
compared with WT mice, suggesting that deletion of Col4a3
induces impaired renal function and proteinuria on both
genetic backgrounds (Table 1). Consistently, renal histology
showed advanced glomerulosclerosis, tubular atrophy and
interstitial fibrosis in 10-week-old 129Sv-Col4a3*® com-
pared with WT mice, whereas age-matched 10-week-old B6-
Col4a3"° mice had a much milder phenotype Supplementary
data, Figure S2). The 20-week-old B6-Col4a3*® kidneys also
displayed extensive glomerular damage, tubular damage and
tubulointerstitial fibrosis, however, 10-week-old 129Sv-
Col4a3%® showed the most severe kidney disease (Table 1,
Supplementary data, Figure S2).

Increased FGF23 is the earliest detectable sign of
disordered mineral metabolism in CKD mice

As previously published [18, 19], 129Sv-Col4a3"° mice with
advanced CKD showed significant elevations of serum PTH
and reductions in 1,25(0OH), D together with increased serum
phosphate, serum calcium and fractional excretion of
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Table 2. Altered mineral metabolism in Col4a3%° mice

129Sv

Biochemical parameters of mineral metabolism

10 weeks

WT Col4a3®®

B6
10 weeks 20 weeks

WT WT

PTH (pg/mL) 281.5 + 358 2521.6 + 6753 640.8 = 2158 7702 * 1529 4155+ 62.2  3644.4 = 1201.8*
1,25(0H),D (pg/mL) 76.1 + 14.4 430 + 7.4 1647 = 18.1° 1704 + 247° 1972 +235°  203.1 = 16.7°
Pi (mg/dL) 6.8+ 0.3 14.1 * 1.4° 7.0 + 0.5 7.5+ 0.8 6.2+ 0.4 8.9 + 0.8°
Ca*" (mg/dL) 10.4 + 0.2 127 = 1.3° 10.5 + 0.8 121 0.5 7.6+ 0.2 9.9 + 0.5
FePi (%) 65+ 17 154 + 2.7° 95+ 23 17.3 = 2.5° 48 *07 127 = 1.9°
FeCa (%) 0.9 + 0.4 10.6 *+ 4.6 0.9 + 0.3 12*0.1 0.6 + 0.1 3.6+ 1.3°
Values are mean * standard error, n = 5 per group.
P < 0.05 versus “WT, "all groups and “all 129Sv.
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FIGURE 1: CKD induces an elevation in circulating FGF23 levels in Col4a3*“ mice.
Logarithmic representation of serum (A) total FGF23 (cFGF23), (B) intact FGF23 (iFGF23) and (C) calculated ratio of intact to total FGF23
(i/cFGF23) in 10-week-old 129Sv, 10-week-old B6 and 20-week-old B6 WT and Col4a3¥® mice. Values are mean *+ standard error,n = 5

per group. P < 0.05 versus *WT and **all groups.

phosphate (FePi) and calcium (FeCa) compared with WT
(Table 2). Also consistent with previous reports [21], they dem-
onstrated ~90% lower messenger RNA (mRNA) expression of
aKlotho in the kidney (Supplementary data, Figure S2).
Circulating total FGF23, measured by cFGF23 assay, and
iFGF23 were dramatically increased in 129Sv-Col4a3*® mice
compared with WT, and the ratio of intact to total FGF23
(i/cFGF23) was 2-fold higher in 129Sv-Col4a3*® mice, suggest-
ing that increased production and reduced cleavage of FGF23
each contributed to markedly elevated levels of biologically
active iFGF23 in the CKD mice (Figure 1).

In age-matched 10-week-old B6-Col4a3*® mice with early
CKD, serum levels of phosphate, calcium, 1,25(OH),D and
PTH remained unchanged (Table 2). Only levels of intact
FGF23, i/cFGF23 and FePi showed significant elevations com-
pared with B6-WT controls (Figure 1, Table 2), suggesting that
the early increase in iFGF23 was driven primarily by reduced
FGF23 cleavage (marked by increased i/cFGF23) rather than
increased FGF23 production (normal cFGF23).

Compared with 20-week WT controls, 20-week-old B6-
Col4a3*® mice with advanced CKD showed similar alterations
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of mineral metabolism as those observed in 10-week-old 129Sv-
Col4a3*® mice, including increased PTH, hyperphosphatemia,
hypercalcemia, increased FePi and increased FeCa (Table 2),
albeit lower absolute values, and 50% lower expression of
Klotho mRNA in the kidney (Supplementary data, Figure S2).
Intact FGF23 levels and i/cFGF23 were further increased in 20-
week- versus 10-week-old B6-Col4a3*® mice, and serum
cFGF23 levels increased significantly from Week 10 to 20, sug-
gesting progressive increases in FGF23 production and progres-
sive reductions in FGF23 cleavage as CKD advanced in B6-
Col4a3*® mice.

Rate of CKD progression influences cardiac phenotypes
in 129Sv and B6 mice

Systolic, diastolic and mean BP were elevated in all mice
with advanced CKD (129Sv at -10 weeks and B6 at -20 weeks)
compared with their respective age-matched WT controls
(Table 3). Despite similar BP profiles in the different CKD
strains, there was a striking influence of genetic background on
cardiac morphology and function. The 10-week-old 129Sv-
Col4a3*® mice had significantly lower cardiac output, EF and

S. Neuburg et al.
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Blood pressure parameters 129Sv

10 weeks

WT Col4a3¥®

Systolic BP (mmHg) 115+ 4 147 = 6°
Diastolic BP (mmHg) 84+ 4 108 * 8°*
Mean BP (mmHg) 94 + 4 120 = 7°

Table 3. Elevated BP in advanced Col4a3"° mice on both genetic backgrounds

B6

10 weeks 20 weeks

WT Col4a3®® WT Col4a3®®
134 =5 145 = 1 111 = 11 146 + 9°*
107 = 4 110 = 2 82 * 11 114 * 6°
115+ 4 121 £2 92 £ 11 124 + 7°

Values are mean * standard error, n = 5 per group.
Noninvasive systolic, diastolic and mean blood pressure (BP).
“P < 0.05 versus WT.

Table 4. Cardiac phenotype of Col4a3*° mice

Echocardiography parameters 129Sv

10 weeks

WT Col4a3®®
LV mass (mg) 99.0 + 8.7 875+ 72
LV ID, d (mm) 39*0.1 3.7 0.1
LV AW, d (mm) 0.97 = 0.04 0.88 = 0.05
LV PW, d (mm) 0.72 = 0.04 0.77 = 0.05
Cardiac output (mL/min) 13.3 £ 2.0 8.8 +0.8°
EF (%) 559 * 3.1 499 + 3.5%
Stroke volume (uL/beat) 31.6 = 4.1 20.5 = 2.2°
Cardiac index 0.59 * 0.07 0.52 = 0.05

B6
10 weeks
WT Col4a3¥® Col4a3®®
97.1 £ 9.0 89.1 £ 5.0 97.5* 5.6 125.1 = 3.1°
3.8+ 0.0 4.0 = 0.2 3.7%0.1 35+03
0.89 = 0.03 0.83 = 0.09 1.07 = 0.04 1.18 * 0.10°
0.84 = 0.10 0.72 = 0.04 0.89 = 0.07 1.20 * 0.09%
16.5 £ 1.0 11.6 = 1.5° 13.7 = 1.5 132 £2.7
513 * 32 46.8 = 8.6 55.6 £5.9 534 + 2.7
37.1 1.0 26.7 * 3.4% 309 = 2.7 28.7 £ 6.3
0.84 = 0.05° 0.62 = 0.09 0.52 = 0.07 0.60 = 0.14

Values are mean * standard error, n = 5 per group.

Echocardiography analysis of left ventricular (LV) mass, internal diameter (ID), anterior wall thickness (AW), posterior wall thickness (PW) measured at diastole (d), ejection fraction

(EF).
P < 0.05 versus “WT, all groups and “all 129Sv.

stroke volume compared with 129Sv-W'T mice, indicating car-
diac systolic dysfunction (Table 4). Interestingly, 10-week-old
129Sv-Col4a3"° mice did not show significant modifications in
cardiac morphology (Table 4, Figure 2); mRNA expression of
markers of hypertrophy were normal A- and B-natriuretic pep-
tides (ANP, BNP) or reduced [B-myosin heavy chain (MHC):
4-fold] (Figure 2). Consistent with the histologic findings of
increased cardiac fibrosis, mRNA expression of fibrosis markers
(Col1a2, Col3al, Col4al, Col4a2, Col6a2, Timpl) were all sig-
nificantly increased in 129Sv-Col4a3¥° mice (Figure 3). Of
note, expression of FGFR4, which mediates the hypertrophic
effects of FGF23 on cardiac myocytes [6], was significantly
reduced in 129Sv-Col4a3¥® mice compared with WT (Figure 4).

Like the 10-week 129Sv-Col4a3"° mice, cardiac output and
stroke volume were similarly reduced in 10-week-old B6-
Col4a3*° mice compared with B6-WT mice, although absolute
values were higher than in the 129Sv mice. In contrast, by 20
weeks, B6-Col4a3*® mice demonstrated significant LVH
marked by increases in LV mass, LV posterior wall thickness,
heart weight:tibia length ratio and cross-sectional area of indi-
vidual LV cardiac myocytes (Table 4, Figure 2). The 20-week-
old CKD mice no longer demonstrated any evidence of systolic
dysfunction compared with WT (Table 4). The LVH phenotype
in the 20-week-old B6-Col4a3"° mice was associated with sig-
nificantly increased cardiac expression of mRNA markers of
hypertrophy (BNP, B-MHC) and histological evidence of
intramyocardial fibrosis with an ~1.5-fold increase in Col4al

Cardiac hypertrophy in B6 CKD mice

and Timpl mRNA expression (Figure 3). In sharp contrast to
the 10-week-old 129Sv-Col4a3*° mice that demonstrated
decreased cardiac FGFR4 expression, 20-week-old B6-
Col4a3*® mice manifested 2-fold higher mRNA expression and
increased protein expression of FGFR4 in the heart (Figure 4).

DISCUSSION

In Alport’s syndrome, mutations of the alpha 3 chain of type IV
collagen result in abnormal collagen assembly in the GBM,
leading to impaired renal function [25, 26]. Genetic background
significantly influences the rate of CKD progression in human
[27] and murine Alport’s syndrome [23]. Consistent with pre-
vious literature [23], we confirmed that incipient congenic
strains of Col4a3*® mice show distinct renal phenotypes. As
expected, 94% derivation to the B6 genetic background miti-
gated the severity of the Col4a3 mutation on kidney function
enough to lead to a longer lifespan compared with 129Sv-
Col4a3"° mice. While this may be caused by earlier onset of
CKD in 129Sv-Col4a3¥° mice [16], genetic modifiers and dif-
ferences in GBM composition, including assembly of o5/a6
chains of type IV collagen, which compensate for lack of o3
chains, may also contribute to slower rates of CKD progression
in B6-Col4a3"® mice [16, 17].

Our results indicate that both 129Sv and B6 mice with
advanced CKD display clear evidence of abnormal mineral
metabolism, including elevated serum FGF23 levels,
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FIGURE 2: Cardiac hypertrophy only develops in slow-progressing B6-Col4a3*® mice with advanced CKD.

(A) M-mode echocardiography and representative cardiac midchamber histology in 10-week-old 129Sv, 10-week-old B6 and 20-week-old B6
WT and Col4a3*° mice. Bright-field microscopy: H&E (composite, scale bar = 1 mm) staining showing cardiac morphology; fluorescence
microscopy: WGA and merged WGA and DAPI staining (merge, scale bar = 100 pum) showing cardiomyocyte size and number. (B) Heart
weight:tibia length ratio. (C) Cardiomyocyte cross-sectional area calculated from WGA stained sections. (D) Cardiac mRNA expression of
markers of hypertrophy (ANP, BNP and B-MHC). Values are mean * standard error, n = 4-7 per group. P < 0.05 versus *WT, “all 129Sv

and **all groups.

hyperphosphatemia and oKlotho deficiency. Consistent with
the slower disease progression, 10-week-old B6-Col4a3*® mice
with early CKD showed elevations of iFGF23 and FePi prior to
any alterations in serum phosphate, 1,25(OH), D or PTH. This
is consistent with previous observations from human studies [2,
28], in mice with acute kidney injury [29] and in rats with CKD
induced by anti-GBM antiserum [30] in which FGF23 was
found to be the first detectable alteration in mineral metabolism
following induction of renal injury. Here we show a similar
pattern in a genetic mouse model of progressive CKD, which
supports the concept that elevated iFGF23 antedates other
alterations of mineral metabolism in CKD and stabilizes serum
phosphate by increasing FePi.

An important new finding in this report is that only levels of
iFGF23 and i/cFGF23, but not cFGF23, were significantly ele-
vated in 10-week-old B6-Col4a3*® mice with early CKD.
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Serum iFGF23 concentration reflects the balance between
FGF23 transcription and cleavage of the newly synthesized
intact protein in bone [22]. cFGF23 levels inform the amount of
FGF23 transcription, whereas iFGF23 levels inform the amount
of FGF23 cleavage relative to transcription. Coupling of FGF23
cleavage to transcription maintains normal circulating levels of
iFGF23 in settings of high FGF23 transcription, such as iron
deficiency [22, 31, 32]. However, in certain disease states,
including CKD, uncoupling of FGF23 transcription and cleav-
age results in preferential increases in circulating iFGF23 that
can be detected by high i/cFGF23 ratios [22, 24, 31]. Our find-
ing that cFGF23 levels remained normal in 10-week-old B6-
Col4a3*® mice with early CKD and previous data showing
increased circulating levels of intact FGF23 prior to elevation
of FGF23 mRNA in bone in the same model [18] suggest that
impaired or downregulated FGF23 cleavage rather than

S. Neuburg et al.
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increased production is likely the initial event that increases
iFGF23 levels in CKD. In contrast, both cFGF23 and iFGF23
were increased in mice with advanced CKD, suggesting
that stimulation of FGF23 transcription occurs later

Cardiac hypertrophy in B6 CKD mice

during CKD progression to further boost circulating FGF23
levels. Additional research is needed to define the mecha-
nisms of FGF23 cleavage in osteocytes and how this is altered
by CKD.
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Increased FGF23 in CKD is independently associated with
increased risks of cardiovascular events and mortality [1, 2].
Because Col4a3*® mice show similar alterations of mineral
metabolism as observed in patients with CKD, including eleva-
tions of serum FGF23 levels, they have become an established
model to study mineral metabolism in CKD on both genetic
backgrounds [18, 19, 21, 22]. The fact that Col4a3%° mice spon-
taneously develop progressive kidney disease represents a
potential advantage over surgically or dietary-induced models
of CKD [8-11]. However, experimental models of CKD pro-
gression that recapitulate the amplitude of alterations in min-
eral and the associated cardiac phenotypes observed in patients
with CKD are generally lacking. Our data show that Col4a3"®
mice represent a novel model to advance cardiorenal research.
For investigators focused on studying CKD progression or dis-
ordered mineral metabolism, the 129Sv background provides
an accelerated model of disease, whereas the B6 model, despite
much slower disease progression than 129Sv, provides a unique
advantage for investigators focused on studying the interaction
between CKD and LVH.

Col4a3 is not normally expressed in the heart [33], suggesting
that downstream alterations of CKD drive the cardiac phenotype
of Col4a3"° mice. Both 129Sv and B6 advanced CKD mice were
hypertensive and both displayed significant cardiac fibrosis.
However, their cardiac phenotypes were distinct. Advanced
CKD 129Sv mice showed significant cardiac dysfunction,
whereas B6 mice developed LVH with normal cardiac function
and improved survival. Although hypertension may have con-
tributed to cardiac injury, its similar severity in both strains
could not explain the differences observed between 129Sv-
and B6-Col4a3° hearts. The reduced EF and stroke volume
found in 129Sv-Col4a3*® mice are consistent with prior reports
on the same mice showing reduced EF and reduced fractional
shortening in the absence of LVH [20]. It is also consistent with
clinical reports showing increased risk of cardiac dysfunction in
patients with early onset and aggressive forms of Alport’s syn-
drome [34-38]. Here, B6-Col4a3"“ mice showed early signs of
cardiac dysfunction that were ameliorated later in life, perhaps
due to development of LVH. However, half of patients with
heart failure also have a preserved left ventricular EF [39].
Therefore the association between cardiac hypertrophy and
altered function is complex and whether LVH represents a com-
pensatory cardiac remodeling response unveiled by slower CKD
progression to avoid heart failure remains to be determined.
Further studies on pure genetic background mice will be useful
to assess the full extent of their cardiorenal phenotype, including
the association between LVH and altered cardiac function.

Interestingly, both 129Sv and B6 mice with advanced
CKD had elevated FGF23 levels and reduced aKlotho expres-
sion, but only B6-Col4a3"° mice developed LVH. The fact
that LVH was not observed in 129Sv-Col4a3*® mice despite
their 33-fold higher iFGF23 levels suggests that the amplitude
of FGF23 elevation alone does not predict development of
LVH. Additionally, the reduction in aKlotho expression was
more pronounced in 129Sv- than in B6-Col4a3%° mice, sug-
gesting that the severity of aKlotho deficiency alone could
not predict development of LVH. Of note, B6 mice show
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higher baseline levels of 1,25(OH),-D than 129Sv mice.
While higher vitamin D levels in B6-Col4a3*° mice might
mitigate the progression of CKD, recent report suggests that
the effects of 1,25(0OH),D counteract the effects of FGF23 on
the heart [40] and therefore would not likely explain the dif-
ferences in heart phenotype between the two backgrounds.
One possible mechanism is that the duration of exposure to
increased iFGF23 levels may influence development of LVH.
Since iFGF23 levels were already elevated in 10-week-old B6-
Col4a3%° mice, 20-week-old B6-Col4a3X® mice with LVH
would have been exposed to at least 10 continuous weeks of
significantly increased iFGF23. This is in contrast with
younger 10-week-old 129Sv-Col4a3"° mice, which experi-
enced such rapid CKD progression that cardiac modeling/
remodeling may not have had time to compensate for cardiac
dysfunction. Alternatively, cardiac FGFR4 mRNA expression
was downregulated in 129Sv mice but upregulated in B6-
Col4a3*° mice, thereby providing more prohypertrophic
FGF receptor targets for FGF23 to engage. Combined with
chronic exposure to iFGF23 and Klotho deficiency, increased
cardiac FGFR4 expression may have contributed to the devel-
opment of LVH preferentially in B6-Col4a3"° mice, consis-
tent with prior reports [6, 40, 41].

To conclude, our data show that B6Col4a3"° represents a
new model for investigating cardiorenal syndromes that reca-
pitulates more features of human CKD than 129Sv-Col4a3®©,
including chronic and slow progression of CKD, altered min-
eral metabolism and LVH. We show that iFGF23 elevation is
the first alteration of mineral metabolism occurring in CKD
before alterations of serum phosphate, PTH or 1,25(OH),D
and that impaired FGF23 cleavage is a likely mechanism of the
early iFGF23 elevations in CKD. In addition, we report that
129Sv-Col4a3*° mice show amplified alterations of mineral
metabolism and significant cardiac dysfunction but no LVH,
perhaps due to rapidly accelerating CKD progression that cul-
minates in early death. As elevations of BP and FGF23 and
oKlotho deficiency alone could not explain the differences in
cardiac function and LVH between the two strains, perhaps the
chronicity of exposure to FGF23 or differential expression of
FGFR4 may be key factors contributing to LVH specifically in
B6-Col4a3"° mice.
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