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Hypertension-induced renal injury is characterized by structural kidney alterations
and function deterioration. Therapeutics for kidney protection are limited, thus novel
renoprotectives in hypertension are being continuously sought out. lvabradine, an
inhibitor of the s current in the sinoatrial node reducing heart rate (HR), was shown
to be of benefit in various cardiovascular pathologies. Yet, data regarding potential
renoprotection by ivabradine in hypertension are sparse. Thirty-six adult male Wistar
rats were divided into non-diseased controls and rats with NG-nitro-L-arginine methyl
ester (L-NAME)-induced hypertension to assess ivabradine’s site-specific effect on
kidney fibrosis. After 4 weeks of treatment, L-NAME increased the average systolic
blood pressure (SBP) (by 27%), decreased glomerular density (by 28%) and increased
glomerular tuft area (by 44%). Moreover, L-NAME induced glomerular, tubulointerstitial,
and vascular/perivascular fibrosis by enhancing type | collagen volume (16-, 19- and
25-fold, respectively). L-NAME also increased the glomerular type IV collagen volume
and the tubular injury score (3- and 8-fold, respectively). Ivabradine decreased average
SBP and HR (by 8 and 12%, respectively), increased glomerular density (by 57%)
and reduced glomerular tuft area (by 30%). Importantly, ivabradine decreased type |
collagen volume at all three of the investigated sites (by 33, 38, and 72%, respectively)
and enhanced vascular/perivascular type lll collagen volume (by 67%). Furthermore,
ivabradine decreased the glomerular type IV collagen volume and the tubular injury score
(by 63 and 34%, respectively). We conclude that ivabradine attenuated the alterations
of glomerular density and tuft area and modified renal fibrosis in a site-specific manner
in L-NAME-hypertension. It is suggested that ivabradine may be renoprotective in
hypertensive kidney disease.
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LN; ####P < 0.0001 vs. LN; ns, non-significant.

FIGURE 2 | Effect of ivabradine on kidney fibrosis detailed as glomerular (A), tubulointerstitial (B), and vascular/perivascular fibrosis (C) in L-NAME-induced
hypertension after 4 weeks of treatment. PSR-stained sections at 100x magnification using polarized light microscopy. AOI, area of interest depicted as shaded
rectangle; C, controls; Col-l, type | collagen; Col-lll, type Ill collagen; Iva, ivabradine; LN, L-NAME; n = 9 animals per group. One-way two-tailed ANOVA followed by
Holm-Sidak post-hoc test; *P < 0.05 vs. C; **P < 0.01 vs. C; **P < 0.001 vs. C; ***P < 0.0001 vs. C; #P < 0.05 vs. LN; ##P < 0.01 vs. LN; ###P < 0.001 vs.

serum aldosterone in L-NAME-induced hypertension (7).
The potential inhibition of the renin-angiotensin-aldosterone
system might contribute to the antiremodeling effect of
ivabradine. Indeed, previous data in L-NAME-hypertension
indicated an angiotensin converting enzyme inhibitor to
mitigate remodeling of the heart, aorta (19, 20, 29-31) and
kidneys (21). Furthermore, one of the principle factors of
CKD management is the reduction of hemodynamic overload.
The recommended target SBP values in hypertensive patients
with CKD are below 130 vs. 140 mmHg in hypertensive
patients without kidney disease (32). Presumably, HR-reduction
by ivabradine may be renoprotective via diminishing the
hemodynamic burden by both the rate-pressure working
product decline and vascular shear stress modulation (33). Here,
in line with our previous experiments (7, 8, 34), ivabradine
reduced both the average SBP and HR, which indeed might
have contributed to the renoprotection. The HR reduction
by L-NAME found in this study is consistent with previous
results in L-NAME-hypertension by our laboratory (7, 8, 15)

and others (35, 36). Several plausible mechanisms of heart rate
reduction in L-NAME-hypertension were suggested, including
the baroreceptor-mediated modulation of the autonomic
nervous system (37, 38) and the direct effect of NO-deficiency on
cardiac function (39, 40). Yet, ivabradine is an open-channel I¢-
blocker, i.e., the ivabradine molecule is able to access its binding
site in the f-channel only when the channel is open. This can
underlie ivabradine’s use-dependence, i.e., a blocking action that
is more pronounced the more frequently the f-channel is open,
implying that the higher the HR the larger the HR-reducing
effect of ivabradine (41, 42). This might explain our finding that
ivabradine reduced HR in controls by 16%, but only 12% in
L-NAME-hypertension, since the HR in L-NAME-hypertension
was already decreased by L-NAME below the values seen
in controls.

Col-I and Col-IIT are the most abundant collagen types
in the extracellular matrix (43, 44). In kidneys, they were
found co-expressed at all three of the investigated sites, i.e.,
glomeruli, tubulointerstitium and vasculature (45), and gradually
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FIGURE 3 | Effect of ivabradine on type IV collagen volume in glomeruli (A,B) and the relationship between glomerular tuft area and glomerular type IV collagen
volume (C) in L-NAME-induced hypertension after 4 weeks of treatment. For (A): anti-collagen IV-immunostained sections at 200x magnification using transmitted
light microscopy. For (B): C, controls; Iva, ivabradine; LN, L-NAME; n = 9 animals per group. One-way two-tailed ANOVA followed by Holm-Sidak post-hoc test; **P
< 0.01vs. C; ##P < 0.01 vs. LN. For (C): AQI, area of interest; Col-IV, type IV collagen. Spearman correlation; n = 9 animals per group.
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FIGURE 4 | Effect of ivabradine on tubular injury (A,B) and the relationship between tubular injury score and tubulointerstitial fibrosis (C) in L-NAME-induced
hypertension after 4 weeks of treatment. For (A): H-E-stained sections at 100x magnification using transmitted light microscopy; a, tubular cast; b, tubular atrophy
and interstitial thickening; ¢, interstitial cellular infiltration; d, tubular basal membrane thickening; e, tubular dilatation; f, tubular cell sloughing. For (B): C, controls; Iva,
ivabradine; LN, L-NAME; n = 9 animals per group. One-way two-tailed ANOVA followed by Holm-Sidak post-hoc test; ***P < 0.001 vs. C; ##P < 0.01 vs. LN. For
(C): AQI, area of interest; Col-I, type | collagen; Col-lll, type Ill collagen. Spearman correlation; n = 9 animals per group.
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deposited from the early stages of kidney fibrosis (45, 46).
Col-I and Col-III co-expression is considered to provide a
tissue with high tensile strength, but also contribute to its
extensile properties (44, 46). Indeed, Col-I exerts high tensile
strength and its expression is associated with tissue stiffness,
whilst Col-III is more distensible and its expression refers
to tissue elasticity, distensibility, and softness (43, 44). Thus,
a high Col-I:Col-III ratio was found in tissues with high
mechanical stiffness and low elasticity such as bones, and low
Col-I:Col-IIT ratio was found in tissues with high elasticity,
distensibility, or softness such as lung, bladder, and blood vessels
(44). In cardiovascular remodeling, the Col-I:Col-III ratio is
considered a marker of tissue stiffness determining mechanical
properties and was shown to be associated with adverse outcomes
(47). Indeed, an elevated Col-I1:Col-III ratio was associated
with increased myocardial stiffness and electrical instability
of the myocardium (48), and increased stiffness of vessels
including the aorta and arteries (49, 50). Increased stiffness
of the remodeled vasculature was shown to be prognostically
unfavorable in hypertension (51). We previously found an up-
ward shift of the Col-I:Col-III ratio in a remodeled heart
(52) and aorta (49) in a model of continuous light-induced
hypertension. Reducing the Col-I:Col-III ratio in vessels was
associated with improved hemodynamics in continuous light-
induced hypertension (49) and pulmonary arterial hypertension
(53). In this study, we dosed L-NAME for only 4 weeks (reaching
a moderate increase in 4-week average systolic blood pressure)
to assess early hypertensive kidney damage and its potential
reversibility with ivabradine. Although Col-I and Col-III are
deposited from early stages of kidney fibrosis (45, 46), NO
deficiency in L-NAME-hypertension was found to specifically
up-regulate collagen I expression in kidneys at an early stage
even preceding the increase in blood pressure (54). This might
explain the increased Col-I expression (early activation) and
unchanged Col-IIT expression (activation lagging) observed in
early hypertensive kidney damage in this study. Furthermore,
in L-NAME-treated rats, ivabradine increased Col-III volume
solely in the vascular/perivascular fibrosis while a profound drop
in Col-I volume prevailed at all three of the investigated sites.
Previously, ivabradine was shown to increase aortic compliance
in apolipoprotein E-deficient mice (55), improve carotid pulsatile
arterial hemodynamics in spontaneously hypertensive rats
(56), restore acetylcholine-induced maximal dilatation of renal
and cerebral arteries in dyslipidaemic mice (57), and most
importantly, improve myocardial perfusion in post-MI rats by
ameliorating perivascular fibrosis in small resistant coronary
arteries (25). Therefore, by virtue of Col-III’s elastic properties,
the vascular/perivascular Col-III enhancement associated with
the reduction of the Col-I:Col-III ratio by ivabradine observed
in our study implies improved arterial compliance and pulsatile
hemodynamics (49).

Col-IV, a main component of the glomerular basement
membrane, is considered to play a critical role in glomerular
pathology (58). Indeed, capillary expansion and mesangial
cell stretching by increased intraglomerular pressure, often
seen in hypertension, were found to provoke increased

mesangial extracellular matrix (including Col-IV) production
and deposition (59). Therefore, increased Col-IV protein
expression was found in kidneys in various animal models
of hypertension such as spontaneously hypertensive rats
(60), angiotensin II-induced hypertension (61) or 2 kidneys,
1 clip model of hypertension (62), and also in patients
with preeclampsia or other hypertensive syndromes in
pregnancy (63). In L-NAME-hypertension, in particular, an
exaggerated Col-IV gene and protein expression within the
renal vasculature associated with glomerulosclerosis was found
(64). Nonetheless, to the best of our knowledge, this is the
first study determining Col-IV volume specifically in glomeruli
in L-NAME-hypertension, where ivabradine mitigated the
L-NAME-induced increase of glomerular Col-IV volume, thus
supporting ivabradine’s beneficial effect on glomerulosclerosis
in L-NAME-hypertension.

Furthermore, in this study, L-NAME-hypertension induced
tubular injury that correlated with tubulointerstitial fibrosis.
This is in line with findings from other animal models
of hypertension such as spontaneously hypertensive rats
(65), angiotensin II-induced hypertension (66), and the
Dahl salt-sensitive rat model of hypertension (67). Yet,
mechanisms underlying tubular injury in hypertension are
puzzling. Indeed, there were suggested (i) hemodynamics-
dependent mechanisms, including tubular atrophy following
glomerulotubular disconnection associated with glomerular
injury (68), and (ii) hemodynamics-independent mechanisms,
including renal oxidative stress and inflammation (69). In
this study, ivabradine mitigated tubular injury and decreased
tubulointerstitial fibrosis in L-NAME-hypertension, which
were presumably associated with ivabradine’s effects on both
hemodynamics-dependent and independent mechanisms of
tubular injury.

Recently, the plasma and urinary markers of Col-III (70), Col-
IV and Col-VI (43) turnover have been shown to be a proxy for
kidney fibrosis correlating with kidney function deterioration,
and severity and the prognosis of CKD, thus holding promise
as a novel, non-invasive diagnostic and prognostic tool to
monitor kidney fibrosis in CKD (70, 71). This histopathological
study was designed to directly and site-specifically determine
collagen volumes in L-NAME-induced kidney fibrosis. It may
be of interest to correlate histopathology and plasma or urinary
markers of kidney fibrosis and function. Yet, this was beyond the
scope and possibilities of the present histopathological study.

We conclude that ivabradine mitigated alterations to
glomerular density and tuft area and site-specifically modified
renal fibrosis in L-NAME-hypertension. These results suggest
that ivabradine may be renoprotective in hypertensive
kidney disease.
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