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ABSTRACT

Background. Activation of fibroblast growth factor receptor
(FGFR)-dependent signalling by FGF23 may contribute to the
complex pathogenesis of left ventricular hypertrophy (LVH)
in chronic kidney disease (CKD). Pan FGFR blockade by
PD173074 prevented development of LVH in the 5/6 nephrec-
tomy rat model of CKD, but its ability to treat and reverse es-
tablished LVH is unknown.
Methods. CKD was induced in rats by 5/6 nephrectomy. Two
weeks later, rats began treatment with vehicle (0.9% NaCl) or
PD173074, 1 mg/kg once-daily for 3 weeks. Renal function was
determined by urine and blood analyses. Left ventricular (LV)
structure and function were determined by echocardiography,
histopathology, staining for myocardial fibrosis (Sirius-Red) and
investigating cardiac gene expression profiles by real-time PCR.
Results. Two weeks after inducing CKD by 5/6 nephrectomy,
rats manifested higher (mean ± SEM) systolic blood pressure
(208 ± 4 versus 139 ± 3 mmHg; P < 0.01), serum FGF23 levels
(1023 ± 225 versus 199 ± 9 pg/mL; P < 0.01) and LV mass
(292 ± 9 versus 220 ± 3 mg; P < 0.01) when compared with
sham-operated animals. Thereafter, 3 weeks of treatment with
PD173074 compared with vehicle did not significantly change
blood pressure, kidney function or metabolic parameters, but

significantly reduced LV mass (230 ± 14 versus 341 ± 33 mg;
P < 0.01), myocardial fibrosis (2.5 ± 0.7 versus 5.4 ± 0.95%
staining/field; P < 0.01) and cardiac expression of genes asso-
ciated with pathological LVH, while significantly increasing ejec-
tion fraction (18 versus 2.5% post-treatment increase; P < 0.05).
Conclusions. FGFR blockade improved cardiac structure and
function in 5/6 nephrectomy rats with previously established
LVH. These data support FGFR activation as a potentially
modifiable, blood pressure-independent molecular mechan-
ism of LVH in CKD.

Keywords: CKD, echocardiography, FGF receptor, FGF23,
left ventricular hypertrophy

INTRODUCTION

Left ventricular hypertrophy (LVH) is a common cardiovascu-
lar complication of chronic kidney disease (CKD) that
worsens with declining renal function and increases risks of
congestive heart failure and death [1, 2]. The complex patho-
genesis of LVH in CKD includes known mechanisms such as
ventricular pressure and volume overload, but may also
include novel emerging pathways, for example those mediated
by fibroblast growth factors (FGF) [3].
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FGF23 is one of 22 members of the FGF family of proteins
that bind and activate alternatively spliced forms of four tyrosine
kinase FGF receptors (FGFR1-4) [4]. Along with parathyroid
hormone (PTH) and calcitriol, FGF23 is a central endocrine
regulator of phosphate and calcium homeostasis. Through in-
completely understood mechanisms, circulating FGF23 levels
rise substantially and progressively in patients with advancing
CKD. This compensatory increase in FGF23 levels helps main-
tain normal serum phosphate levels in CKD [5], but at a cost
of calcitriol deficiency, secondary hyperparathyroidism and
perhaps klotho deficiency [6].

Large epidemiological studies demonstrated that elevated
FGF23 levels are strongly associated with higher risks of death
and cardiovascular events in multiple CKD and even non-CKD
populations [7–10]. As a potential underlying mechanism,
epidemiological studies consistently identified independent
associations between elevated FGF23 levels and greater left
ventricular mass and higher prevalence and incidence of LVH
[11, 12]. In support of the epidemiological data, we found that
FGF23 can cause hypertrophic growth of individual cardiac
myocytes in vitro and can induce LVH in mice via FGFR-
dependent activation of the calcineurin–nuclear factor of acti-
vated T cells (NFAT) signalling cascade, which is known to
mediate pathological cardiac hypertrophy in response to other
pathogenic factors [3, 13].

These findings suggest that FGF23 excess may be a novel
and potentially targetable mechanism that contributes to the
pathogenesis of LVH in CKD. In a proof-of-concept experi-
ment, we demonstrated that administering the pan-FGFR
blocker, PD173074 [14], beginning at the time CKD was
induced prevented development of LVH in the classic 5/6
nephrectomy rat model of CKD, independently of blood pres-
sure and kidney function [3]. The purpose of this study was to
extend these results from a prevention model to a treatment
model. We tested the hypothesis that beginning treatment
with PD173074 after LVH is already established would reverse
or attenuate LVH in 5/6 nephrectomy rats.

MATERIALS AND METHODS

5/6 Nephrectomy model of CKD

Experiments were approved by a governmental committee
on animal welfare ‘Landesamt für Natur, Umwelt und
Verbraucherschutz Nordrhein-Westfalen’ and performed
in accordance with national animal protection guidelines.
We induced CKD in male Sprague Dawley rats by 5/6
nephrectomy, as described previously [13, 15]. In short, we
removed the right kidney and selectively ligated two to three
branches of the left renal artery through a mid-line incision.
Sham operation consisted of decapsulation of the right kidney.
Isoflurane inhalation was used for induction and maintenance
of anaesthesia (4 and 1.5–2.5% isoflurane/oxygen mixture, re-
spectively; Abbott GmbH & Co. KG, Wiesbaden, Germany).
The analgesic buprenorphine (0.05 mg/kg) was administered
for 3 days following the surgical procedure. We randomized
rats into three groups: sham nephrectomy plus vehicle (NaCl
0.9%, n = 8), 5/6 nephrectomy plus vehicle (n = 8) and 5/6

nephrectomy plus PD1730714 (1 mg/kg once-daily; n = 7;
R&D Systems, Minneapolis, MN, USA). Vehicle and PD173074
were applied intra-peritoneally, and the treatment lasted for
3 weeks.

Rats were kept in pairs at constant temperature (20°C) and
humidity (25%) over the experimentation time. From the be-
ginning of the experiment, they were fed a standard mainten-
ance rat chow diet containing 0.7% phosphorus (diet #1320
Altromin, Lage, Germany). Rats were given ad libitum access
to food and water. At the determined time points ( just prior
to starting treatment and 3 weeks after treatment), they were
individually housed in metabolic cages for 24 h. Urine and
blood samples were collected for further analysis.

Blood pressure in conscious rats was measured using a
computerized rat-tail cuff technique (CODA, Kent Scientific
Corporation, Torrington, CT, USA) averaging over 25 cycles
of inflation/deflation of the cuff to obtain the mean systolic
blood pressure. The rats were acclimatized to the system and
pre-trained through 1 week before surgery. Blood pressure was
measured every 2–3 days and mean results for each animal
from the last three measurements were reported.

Serology

We analysed 24-h urine and blood samples for creatinine
(enzymatic assay; Creatinine-Pap, Roche Diagnostics, Mann-
heim, Germany) and urea nitrogen (urease-GLDH method)
[13]. Creatinine clearance (mL/min/100 g) was calculated
using the following formula: {[(urine creatinine in mg/dL ×
urine volume in mL)/(serum creatinine in mg/dL × time in
min)]/(body weight in grams/100)}. Time corresponds to the
time in metabolic cage. In addition, urinary protein concentra-
tions were determined with the Bradford protein assay follow-
ing the manufacturer’s instructions (Coomassie® Brilliant Blue
G 250, SERVA Electrophoresis GmbH, Mannheim, Germany).

Plasma inorganic phosphate concentration was measured
photometrically on a Modular P analyser (Roche, Mannheim,
Germany) using the phosphomolybdate method. Circulating
FGF23 was quantified in serum using a mouse/rat C-terminal
ELISA Kit (Immutopics, San Clemente, CA, USA). PTH and
1,25-dihydroxyvitamin D [1,25(OH)2D] serum levels were
measured using ELISA kits for rat bioactive intact PTH (Im-
mutopics) and DHVD3 (USCN Life Science, Inc., Houston,
TX, USA), respectively.

Assessment of left ventricular hypertrophy

We analysed left ventricular (LV) mass in vivo by high-
resolution echocardiography at 2 weeks after surgery (baseline;
i.e. just before initiation of treatment) and 3 weeks after treat-
ment (end point) using an HDI 5000 Ultrasound system
(Philips Medical Systems, Bothell, WA, USA) equipped with a
15-MHz transducer operating in harmonic imaging mode [13,
16]. Rats were maintained under inhalation anaesthesia with a
1.0–1.2% isoflurane/oxygen mixture (Abbott GmbH & Co.
KG) minimizing cardiodepressive effects. We acquired and
analysed at least three separate M-mode recordings to assess
wall and chamber dimensions, LV mass and ejection fraction
[16–18]. Each measurement was repeated at least three times,
and mean values were analysed. LV mass was normalized to
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body weight [(LV mass/body weight) × 100]. After 3 weeks of
treatment, we sacrificed the animals, and excised and weighted
the hearts. We quantified LVH by measuring the ratio of heart
weight to tibial length.

Assessment of cardiomyocyte hypertrophy, interstitial
fibrosis and histology

At the end of the experiment, the animals were sacrificed
and the hearts were excised, immersed in 4% ‘paraformalde-
hyde’ solution, dehydrated in a graded series of increasing
alcohol concentrations, cleared in xylene and routinely embed-
ded in paraffin. Five-micrometre-thick sections were cut. Sec-
tions were then deparaffinized, rehydrated and submitted to
stainings and histological analyses.

The extent of cardiac myocyte hypertrophy, as measured by
cross-sectional area, was determined on haematoxylin–eosin-
stained sections. Multiple × 100 magnified pictures were cap-
tured from the left ventricle using a Carl Zeiss microscope and
the AxionVisonLE Release 4.7.1 software (Carl Zeiss AG,
Oberkochen, Germany). Myocytes (at least 20/heart) that
showed round capillaries and clear membrane staining were
included in the analysis. The image processing software
ImageJ was used to calculate cross-sectional area.

To assess interstitial fibrosis, the nuclei were stained with
Weigert’s haematoxylin (Merck, Darmstadt, Germany) fol-
lowed by staining in Sirius-Red for 1 h (Waldeck GmbH,
Münster, Germany). Digitalized pictures were taken using a
Carl Zeiss microscope and the AxionVisonLE Release 4.7.1
software (Carl Zeiss AG). The fibrosis area was calculated
using the image processing software ImageJ (developed by
NIH) according to ImageJ Tutorial. The percentage of area
within the threshold in the whole image was measured as the
fibrosis area [13]. We analysed kidney and heart histology by
H&E (Roth, Karslruhe, Germany) and von Kossa stainings
(Merck) according to manufacturers’ instructions.

Gene expression analysis

We analysed gene expression by real-time PCR using the
SYBR Green PCR Master Mix with the ABI PRISM 7700 Se-
quence Detection System (Applied Biosystems, Darmstadt,
Germany) [13]. All measurements were performed with
support of the Integrated Functional Genomics facilities of
the IZKF, University of Münster, Germany. Relative gene
expression values were evaluated with the 2�DDCt method
using gapdh as housekeeping gene. Primer sequences are:
GAPDH reverse 50-actccacgacatactcagcca-30 and forward 50-
catcaacgaccccttcatt-30; α-myosin heavy chain (αMHC) reverse
50-gagcaggagctgatcgagac-30 and forward 50-cctctgcgttcctacactcc-
30; β-myosin heavy chain (βMHC) reverse 50-tgtccaagttccg-
caaggt-30 and forward 50-caagatctactcttcattcaggcc-30; atrial
natriuretic peptide (ANP) reverse 50-cggaagctgttgcagccta-30 and
forward 50-gccctgagcgagcagaccga-30; BNP reverse 50-tcgaagtctct
cctggatcc-30 and forward 50-ccagaacaatccacgatgc-30. Primers
annealing temperature was 60°C.

Statistical analysis

Data are presented as mean ± SEM or median (25th–75th
percentiles). Kolmogorov–Smirnov test was used to test

normality. Non-normally distributed data were analysed after
log-transformation by ANOVA. We compared groups by
ANOVA along with post hoc Tukey test. The t-test was used
when appropriate. A level of P < 0.05 was considered statistic-
ally significant. Analyses were performed using GraphPad
Prism version 4.0 for windows.

RESULTS

We treated 5/6 nephrectomy rats with 1 mg/kg of PD173074
or vehicle by once-daily intra-peritoneal injection for 3 weeks
beginning 2 weeks after surgery (Figure 1A). We used the
same dose of PD173074 in this study as in our previous LVH
prevention study [3]. Sham-operated rats served as an add-
itional control group. Renal and metabolic parameters measured
2 weeks after sub-total nephrectomy and prior to administra-
tion of the study drug are presented in Table 1. Compared
with the sham-operated rats (n = 8), both 5/6 nephrectomy
groups (n = 15 total) demonstrated significantly reduced
kidney function, and significantly increased blood pressure,
proteinuria and serum FGF23 levels. After 3 weeks of treat-
ment with PD173074 or vehicle, there were no significant
changes within treatment groups in kidney function, blood
pressure, serum phosphate or FGF23 levels (Table 1).

Compared with the sham-operated rats, 5/6 nephrectomy
rats developed a significant increase in LV mass before initi-
ation of therapy, as assessed by echocardiography (Figure 1B).
Mean LV mass increased by 28 ± 6% in the seven rats assigned
to PD173074 and by 33 ± 6% in the eight rats assigned to
vehicle (P < 0.05 for each versus sham). Three weeks of treat-
ment with PD173074 reduced LV mass significantly in 5/6
nephrectomy rats by ∼20%, nearly to the same levels as the
healthy sham-operated animals (Figure 1B). In contrast, 5/6
nephrectomy rats treated with vehicle experienced a further
16% increase in LV mass (Figure 1B). After 3 weeks of treat-
ment, neither PD173074 nor vehicle had any significant
effects on LV mass or other cardiac parameters presented
below in sham-operated rats (Figure 1 and Table 1).

Treatment with PD173074 significantly decreased LV inter-
ventricular septal and posterior wall thickness, heart weight-
to-tibia length ratio and cardiomyocyte cross-sectional area
(Table 2 and Figure 1C and D). Gene expression profile ana-
lyses demonstrated reduced expression of atrial natriuretic
peptides (ANP) and βMHC, and increased αMHC expression
in response to PD173074, consistent with reversal of the re-
activation of fetal gene programmes associated with patho-
logical LVH (Figure 1E).

Interstitial myocardial fibrosis is a hallmark of LVH in
CKD that likely contributes to its arrhythmogenicity [19, 20].
Compared with vehicle, treatment with PD173074 significant-
ly ameliorated the extent of myocardial fibrosis in 5/6 nephrec-
tomy rats (Figure 1F). Histological sections of heart and
kidney from 5/6 nephrectomy rats treated for 3 weeks with
PD173074 or vehicle showed no evidence of mineralization by
H&E or von Kossa staining (Figure 2).

Ultimately, pathological ventricular remodelling results in
progressive cardiac systolic dysfunction and congestive heart
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failure. Although systolic function remained within the normal
range throughout the study period, PD173074 treatment
significantly increased ejection fraction by 18% (P < 0.05)

compared with the vehicle-treated 5/6 nephrectomy rats which
demonstrated no significant change (Figure 1G). Taken to-
gether, these findings indicate that FGFR blockade improved

F IGURE 1 : FGFR blockade reverses LVH in an animal model of CKD. (A) Experiment outline. CKD was induced by 5/6 nephrectomy (Nx).
After 2 weeks (pre-treatment), LV dimensions and function were determined by echocardiography. Rats were then treated for 3 weeks with
vehicle (NaCl 0.9%) or PD173074, 1 mg/kg once-daily. A second echocardiography was repeated at the end of the experiment (3 weeks post-
treatment). (B) Echocardiographic measurements of LV mass pre- and post-treatment. (C) At the end of the experiment, LVH was determined
as the ratio of heart weight to tibia length. (D) Quantitative analysis of cardiomyocyte cross-sectional area. (E) Expression profile of adult cardiac
genes (αMHC), fetal genes (βMHC) and markers of cardiac stress and remodelling (ANP, BNP). Relative gene expression was determined by
real-time PCR using gapdh as housekeeping gene. Sham-operated rats were set as control. (F) Representative images of interstitial cardiac fibrosis
of 5/6 nephrectomy rats treated with vehicle (left panel) or PD173074 (right panel) for 3 weeks. Staining was performed with Sirius-Red (dark red)
(original magnification, ×20; scale bar: 50 µm). The bottom graphic represents quantification of the extent of cardiac fibrosis after 3 weeks of treat-
ment. (G) Echocardiographic measurements of LV ejection fraction pre- and post-treatment. All data are mean ± SEM, n = 8 for Sham–Vehicle, 4
for Sham–PD173074, n = 8 for 5/6 nephrectomy rats receiving vehicle (Nx–Vehicle) and n = 7 for PD173074 (Nx–PD173074). †P < 0.05 for NaCl-
and PD173074-treated rats in comparison with Sham–NaCl pre-treatment, §P < 0.05 for PD173074-treated rats in comparison with pre-treatment,
&P < 0.05 for NaCl-treated rats in comparison with PD173074 post-treatment, *P < 0.05 in comparison with Sham–NaCl, **P < 0.05 in comparison
with Sham–NaCl and Sham–PD173074; and #P < 0.05 in comparison with 5/6 nephrectomy rats receiving NaCl (vehicle).
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cardiac structure and function in 5/6 nephrectomy rats with
previously established LVH.

DISCUSSION

The development, severity and persistence of LVH and cardiac
fibrosis are strongly associated with mortality and cardiovascu-
lar events in patients with CKD and end-stage renal disease.
As a potentially modifiable mechanism of disease, London
et al. [2] reported that a 10% decrease in left ventricular mass
translated into a 28% decrease in cardiovascular mortality
during 5 years of follow-up in a cohort of patients undergoing
haemodialysis treatment. However, current therapeutic ap-
proaches in CKD and end-stage renal disease inadequately
control pathological cardiac remodelling as evidenced by in-
creasing prevalence of LVH as CKD progresses and worsening
severity of LVH in most patients undergoing conventional
haemodialysis [2, 19, 21, 22]. Novel therapeutic targets are
needed.

We show here that FGFR blockade can partially reverse
components of LVH and cardiac fibrosis in a classic animal
model of CKD despite sustained renal impairment and severe
hypertension. Systolic function was maintained in the normal
range across all studied groups, but improved significantly
after treatment with PD173074. This could be attributed to the
fact that ejection fraction was markedly lower in CKD rats ran-
domized into this group, or to a reduction in their left ven-
tricular remodelling.

These findings emphasize the importance of additional
non-haemodynamic factors in the development and progres-
sion of LVH in CKD and suggest a novel pathway that could
be targeted to reduce the burden of cardiovascular disease in
this high-risk population. Furthermore, we demonstrated car-
dioprotective effects of FGFR blockade in the setting of no
changes in serum phosphate or tissue mineralization (Table 1
and Figure 2, respectively). This suggests the presence of a
therapeutic window within which toxic effects of FGFR activa-
tion can theoretically be mitigated without precipitating severe
hyperphosphatemia or soft tissue calcification that occurs in
response to much higher doses of pan-FGFR inhibitors or
neutralizing anti-FGF23 antibodies that globally block all
FGFR-dependent effects of FGF23 [23–25].

The primary physiological function of FGF23 is to regulate
phosphate homeostasis [26]. As renal function declines,
FGF23 levels become elevated in the vast majority of patients
with CKD, beginning early in the course of disease [5]. High
FGF23 levels promote renal phosphate excretion by binding
FGFR1-klotho complexes, which activates the mitogen-activated
protein kinase (MAPK) signalling cascade leading to down-
regulation of sodium-dependent phosphate co-transport in
the proximal tubule [27]. In contrast, when klotho is not
present, for example in cardiac myocytes, we previously de-
monstrated that FGF23 is capable of activating FGFRs but
instead, stimulates calcineurin-dependent NFAT signalling
[3], which is a known mediator of pathological cardiac hyper-
trophy [28]. In support of these findings, we also previously
reported that cyclosporine, which blocks calcineurin, canT
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attenuate LVH in uraemic rats [13]. Furthermore, a recent
report validated klotho-independent activation of NFAT sig-
nalling by FGF23, this time in the parathyroid glands, which
were previously thought to be classical, klotho-dependent
targets of FGF23 [29].

Putative cardiac effects of FGF23 are supported by epi-
demiological findings of strong independent associations
between higher FGF23 levels and greater left ventricular mass
and higher prevalence and incidence of LVH in a variety of
populations [5, 7, 9, 11, 12]. In support of the potential clinical
relevance of adverse effects of FGF23 on the heart, high FGF23
levels are also independently predictive of higher risk of con-
gestive heart failure events in CKD and also non-CKD patients
[30, 31]. Given the strong relationships between LVH, congest-
ive heart failure and death [7–9, 11, 12, 30, 31], it is intriguing
to speculate that activation of FGFRs by FGF23 may contrib-
ute causally to adverse cardiovascular outcomes in CKD.

Although we previously demonstrated that interfering with
FGFR activation in the heart can prevent LVH and now show
that this treatment strategy can ameliorate established LVH in
animals, a limitation of these experiments is that neither
proves that FGF23 is the primary FGFR ligand underlying
LVH in 5/6 nephrectomy rats. However, even though we
cannot exclude contributions of other FGFs known to contrib-
ute to LVH, such as FGF2 [3, 32, 33], the collective results
nonetheless support FGFR activation as a novel and perhaps
targetable mechanism of LVH in CKD. Further support for
the importance of this pathway is derived from a cardiac-
specific, transgenic mouse model engineered to overexpress a
constitutively active FGFR mutant [34]. The animals devel-
oped a severe cardiac phenotype including LVH and fibrosis
that began only a few days after inducing expression of the
transgene, but was also partially reversible when overexpres-
sion was discontinued, even after 42 days. This suggests potent
but treatable effects of FGFR signalling in the heart. Interest-
ingly, the Ras/MAPK pathway was not activated in the myo-
cardium of the transgenic mice, but there was evidence of

Table 2. Echocardiographic effects of 3 weeks of treatment with PD173074 or vehicle in 5/6 nephrectomy (Nx) rats

Sham (reference
values)

Sham + PD173074 5/6 Nx + Vehicle 5/6 Nx + PD173074 ANOVA

Pre-
treatment

Post-
treatment

Pre-
treatment

Post-treatment Pre-
treatment

Post-
treatment

P-value

(n = 8) (n = 4) (n = 4) (n = 8) (n = 8) (n = 7) (n = 7)

IVS, d (mm) 1.3 ± 0.03 1.3 ± 0.04 1.4 ± 0.06 1.5 ± 0.05 1.8 ± 0.09*,**,***,****,*****,****** 1.5 ± 0.09 1.4 ± 0.06 <0.0001
IVS, s (mm) 2.3 ± 0.03 2.3 ± 0.03 2.4 ± 0.05 2.6 ± 0.08 3.0 ± 0.14*,**,***,****,*****,****** 2.3 ± 0.12 2.4 ± 0.10 <0.0001
LVPW, d
(mm)

1.3 ± 0.03 1.3 ± 0.04 1.4 ± 0.05 1.5 ± 0.06 1.8 ± 0.1*,**,***,****,****** 1.5 ± 0.10 1.4 ± 0.06 0.0002

LVPW, s
(mm)

2.3 ± 0.05 2.3 ± 0.04 2.5 ± 0.1 2.6 ± 0.08 3.0 ± 0.14*,**,***,****,*****,****** 2.4 ± 0.09 2.4 ± 0.10 <0.0001

Results are mean ± SEM. Reference values: data from sham rats after 3 weeks of treatment with vehicle. Pre-treatment: 2 weeks after 5/6 nephrectomy surgery; post-treatment: after
3 weeks of treatment with vehicle or PD173074; IVS: ‘inter-ventricular septal’ wall thickness in ‘diastole’ (d) and in ‘systole’ (s); LVPW: left ventricular posterior wall thickness.
*P < 0.001 in comparison with Sham.
**P < 0.05 in comparison with Sham + PD173074 pre-treatment.
***P < 0.05 in comparison with 5/6 Nx + PD173074 post-treatment.
****P < 0.05 in comparison with 5/6 Nx + NaCl pre-treatment.
*****P < 0.05 in comparison with 5/6 Nx + PD173074 pre-treatment.
******P < 0.05 in comparison with 5/6 Nx + PD173074 post-treatment.

F IGURE 2 : Histological effects of FGFR blockade on the hearts and
kidneys of CKD animals. CKD was induced by 5/6 nephrectomy
(Nx). Representative histological sections of the myocardium (upper
panels) and kidneys (lower panels) from 5/6 nephrectomy rats treated
for 3 weeks with vehicle (NaCl 0.9%) or PD173074 (1 mg/kg/day).
Tissues show no evidence of mineralization by H&E or von Kossa
staining, suggesting no adverse, toxic effects associated with the use of
PD173074 at the dose used for up to 3 weeks. Magnification, ×20;
scale bar: 100 µm. Interstitial fibrosis (arrows); tubular proteinaceous
casts (asterisks).
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aberrant calcium signalling suggesting possible calcineurin–
NFAT activation, as we observed previously [3, 13].

A second limitation is that we could not pinpoint which
one or more of the known FGFR isoforms mediate the pro-
hypertrophic effects that we successfully blocked. From a clin-
ical therapeutic and drug development perspective, it would be
ideal if the FGFR responsible for the adverse cardiac effects
was distinct from FGFR1, which mediates the phosphaturic
effects of FGF23 that are critical for maintaining normal
serum phosphate levels in CKD [23]. Additional research is
needed to catalogue the particular FGFRs and their ligands
that mediate specific effects in different end-organs.

Our data add to the growing body of research implicating
FGFR activation as an important blood pressure- and volume-
independent molecular mechanism in the pathogenesis of
LVH in CKD. These data support the need for additional in-
vestigation into the role of disordered mineral metabolism in
the pathogenesis of LVH in CKD to determine whether FGF23
excess and FGFR activation could be targets for novel thera-
peutic agents aimed at treating LVH and preventing its
morbid consequences.
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ABSTRACT

Background. Asymmetric and symmetric dimethylarginines
(ADMA and SDMA) predict complications and mortality in
cardiovascular and renal diseases. Alanine:glyoxylate amino-
transferase 2 (AGXT2) can metabolize both ADMA and
SDMA; however, this metabolic pathway is still poorly under-
stood. The goal of our study was to test the hypothesis that
AGXT2 is compensatory upregulated in the settings of ADMA
overload and bilateral nephrectomy.
Methods. ADMA was infused for 3 days using osmotic mini-
pumps in mice. Half of the mice underwent bilateral nephrec-
tomy 24 h before the end of the infusion.
Results. Infusion of ADMA caused a 3- to 4-fold increase in
plasma and urine ADMA levels and a 2- to 3-fold increase in
plasma and urine levels of the ADMA-specific metabolite of
AGXT2 α-keto-δ-(N,N-dimethylguanidino)valeric acid (DMGV).
Bilateral nephrectomy led to an ∼4-fold increase of plasma
SDMA levels, but did not change plasma ADMA levels. Inter-
estingly, plasma levels of DMGV were elevated 32-fold in the
mice, which underwent bilateral nephrectomy. Neither

bilateral nephrectomy nor ADMA infusion caused upregula-
tion of AGXT2 expression or activity.
Conclusions. Our data demonstrate that short-term elevation
of systemic levels of ADMA leads to a dramatic increase of
DMGV formation without upregulation of AGXT2 expression
or activity, which suggests that AGXT2-mediated pathway of
ADMA metabolism is not saturated under normal conditions
and may play a major role in the maintenance of ADMA
homeostasis in the setting of local or systemic elevation of
ADMA levels.

Keywords: acute renal failure, ADMA, AGXT2, DMGV,
nephrectomy

INTRODUCTION

Various epidemiological and experimental studies have de-
monstrated that endogenously formed methylarginines, such
as asymmetric dimethylarginine (ADMA) and symmetric di-
methylarginine (SDMA), can serve as markers and possibly
mediators of cardiovascular disease [1–3]. Moreover, plasma
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