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Abstract
Acute inhibition of the NHE1 Na+/H+ exchanger protects against ischemia-reperfusion injury and
chronic inhibition attenuates development of cardiac hypertrophy and failure. To determine the
cardiac effects of chronic inhibition of NHE1 under non-pathological conditions we used NHE1-
null mice as a model of long-term NHE1 inhibition. Cardiovascular performance was relatively
normal in Nhe1−/− mice although cardiac contractility and relaxation were slightly improved in
mutant mice of the FVB/N background. GSH levels and GSH:GSSG ratios were elevated in
Nhe1−/− hearts indicating an enhanced redox potential. Consistent with a reduced need for
antioxidant protection, expression of heat shock proteins Hsp60 and Hsp25 was lower in Nhe1−/−

hearts. Similarly, expression of mitochondrial superoxide dismutase 2 was reduced, with no
increase in expression of other ROS scavenging enzymes. GLUT1 levels were increased in
Nhe1−/− hearts, the number of lipid droplets in myocytes was reduced, and PDK4 expression was
refractory to high-fat diet-induced upregulation observed in wild-type hearts. High-fat dietinduced
stress was attenuated in Nhe1−/− hearts, as indicated by smaller increases in phosphorylation of
Hsp25 and α-B crystallin, and there was better preservation of insulin sensitivity, as evidenced by
PKB/Akt phosphorylation. Plasma glucose and insulin levels were lower and high-fat diet-induced
hepatic lipid accumulation was reduced in Nhe1−/− mice, demonstrating extracardiac effects of
NHE1 ablation. These data indicate that long-term ablation of NHE1 activity increases the redox
potential, mitigates high-fat diet-induced myocardial stress and fatty liver disease, leads to better
preservation of insulin sensitivity, and may alter both cardiac and systemic metabolic substrate
handling in mice.
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1. Introduction
The role of the NHE1 Na+/H+ exchanger (Slc9a1) in ischemia-reperfusion (I/R) injury and
the benefits of NHE1 inibition, as revealed by experimental studies, are well established [1–
3]. Although short-term inhibition of NHE1 failed to improve patient outcomes in clinical
trials [4–7], evidence from pre-clinical studies that chronic inhibition of NHE1 reduces post-
infarction remodeling and heart failure indicates that long-term NHE1 inhibition might have
protective effects [6,8–12]. The general consensus is that NHE1 inhibition protects against
hypercontracture injury by attenuating Na+-loading, which in turn limits Ca2+ accumulation
during ischemia [6]. However, recent in vitro studies have shown that NHE1 inhibition also
protects mitochondrial integrity and reduces production of reactive oxygen species (ROS)
[13–16]. This suggests that the cardioprotection resulting from NHE1 inhibition may also
involve attenuation of oxidative stress, which is likely to be an important factor in the
pathological conditions alleviated by NHE1 inhibition. There has, however, been no
confirmation of the anti-oxidant effects of longterm NHE1 inhibition in vivo, nor is it known
if NHE1 inhibition improves cardiac redox homeostasis under non-pathological conditions.

The purpose of the current study was to address these issues using the global NHE1-null
mouse as a model of long-term NHE1 inhibition [17]. We previously reported that these
mice are protected against acute I/R-induced myocardial injury [18]. Here we show that the
long-term loss of NHE1 activity, which does not impair cardiovascular performance, leads
to improved redox potential and substrate flexibility in heart, better preservation of insulin
sensitivity, and appears to provide some protection against high-fat diet-induced myocardial
stress. We also present evidence of systemic effects in NHE1-null mice that are consistent
with the cardiac effects, with lower plasma glucose and insulin levels coupled with sharply
reduced hepatic lipid accumulation upon exposure to a high-fat diet. These findings indicate
that in addition to the therapeutic effects of short-term NHE1 inhibition on intracellular Na+

and Ca2+ homeostasis, long-term inhibition may also have protective effects via enhanced
antioxidant potential and impacts on metabolic substrate handling in both heart and
extracardiac tissues.

2. Materials and Methods
2.1. Animals

Development and genotyping of global Nhe1−/− mice were carried out as previously
described [17]. Male and female mutant and wild-type (WT) mice of both a 129/SvJ and
Black Swiss mixed background and an inbred FVB/N background (available from Jackson
Labs; Slc9a1) were generated by breeding heterozygous mice. We reported previously that
Nhe1−/− mice exhibited growth retardation and a high incidence of sudden death from slow-
wave epilepsy [17,18]. In the current study, by maintaining the mice in an isolated quiet
room and handling them gently, growth was relatively normal, the incidence of spontaneous
death was sharply reduced, and mutants were able to survive beyond one year of age. All
procedures conformed to guidelines published by the National Institutes of Health (Guide
for the Care and Use of Laboratory Animals; Publication No. 86–23, revised 1996) and were
approved by the Institutional Animal Care and Use Committee at the University of
Cincinnati.
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2.2. Analysis of cardiovascular function in vivo
Adult mice were anesthetized with ketamine and inactin (50 and 100 µg/g bodyweight), and
surgical preparation and analysis of cardiovascular performance were performed as
described previously [19,20]. A PowerLab data-acquisition system (ADInstruments,
Colorado Springs, CO) was used to record and analyze data.

2.3. Preparation of tissue samples for immunoblot and real-time PCR analyses
Mice were anesthetized with 2.5% Avertin (15 µl/g bodyweight) and allowed to stabilize for
10 min on a thermally controlled heating pad. Harvesting of hearts, preparation of total
homogenates, myofibrillar and mitochondrial fractions, protein assays, and preparation and
probing of immunoblots were performed as described previously [20–22]. Additional
information about the antibodies used is provided in the supplementary data section.

Total RNA was isolated from cardiac samples and cDNA was synthesized using oligo dT
primers as previously described [23]. Information about RNA Seq Analysis and about RT-
PCR analysis and the primer sequences utilized is provided in the supplementary methods
section.

2.4. GSH and GSSG levels
Both total and oxidized glutathione were determined using a Glutathione Assay kit (Cayman
Chemical, Ann Arbor, MI). Frozen heart samples were processed according to the
manufacturer’s instructions to determine total (GSH + GSSG) and oxidized (GSSG)
glutathione, and GSH levels were determined by subtracting oxidized from total glutathione.

2.5. High-fat diet and insulin treatment
Mice were placed on a high-fat diet (60% kcal fat content; catalog number D12492;
Research Diets, Inc.) for the indicated periods of time. To determine changes in insulin
signaling in heart, mice fed either normal chow or a high-fat diet were fasted for 2 hours
immediately before administration of insulin (GIBCO). Hearts were harvested 30 minutes
after insulin treatment (13.5 IU/kg bodyweight) and rapidly frozen in liquid nitrogen for
future analysis.

2.6. Analysis of plasma
Blood was collected in the mid-afternoon (during the light cycle) from mice fasted for 2
hours and analyzed as previously described [24]. Levels of glucose, cholesterol, and
nonesterified fatty acids (NEFA) were determined at the Mouse Metabolic Phenotyping
Center, University of Cincinnati as described [24]. Insulin levels were determined by
utilizing the services of Antech Diagnostics, Irvine, CA.

2.7. Microscopy and morphometry
Cardiac and hepatic (left lobe) tissues were fixed in 4% paraformaldehyde in phosphate
buffer (pH 7.3) overnight and then post-fixed in 2% osmium tetroxide in phosphate buffer
for 2 hours. Tissue was dehydrated, passed through two changes of 100% propylene oxide,
Spurr’s resin, embedded in fresh Spurr’s resin, and cured at 60°C. Cardiac samples were
subjected to electron microscopy (EM) morphometry, which was carried out at 10,000X
magnification as described previously [25]. 1.5 µm thick plastic sections of liver samples
were stained with toluidine blue and volume density of lipid droplets was obtained at 100X
using a camera lucida to display the field upon a grid of 109 intersections. The intersections
that fell over lipid droplets were counted and divided by the total number of intersections
lying over cellular elements. Sampling of fields was random and genotype was not known
by the operator.
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2.8. Statistics
Values are presented as means ± standard error (SE). One-way analysis of variance
(ANOVA) and two-sided Student's t-test were used, and P < 0.05 was considered
significant.

3. Results
3.1 Cardiovascular performance of NHE1-null mice in vivo

Cardiovascular performance under basal conditions and after β-adrenergic stimulation was
analyzed in mice of both the mixed (129Svj and Blackswiss) background used for studies of
IR injury [18], and an inbred FVB/N background (Fig. 1). Heart rates, mean arterial pressure
and systolic left ventricular pressure did not differ significantly between Nhe1−/− and WT
mice of either background (data not shown). In the mixed background, contractility (Fig.
1A) and relaxation (Fig. 1C) were the same in both genotypes. In FVB/N mice, basal
contractility (+dP/dt = 10675 ± 306 in Nhe1−/−, 8724 ± 792 in WT; Fig. 1B) and relaxation
(−dP/dt = −9733 ± 470 in Nhe1−/−, −7916 ± 532 in WT; Fig. 1D) were significantly
increased in NHE1-null mice. Nhe1−/− mice of both backgrounds exhibited normal
responses to β-adrenergic stimulation. All further analyses were carried out using mice of
the FVB/N background.

3.2. Expression of transport mechanisms with potential for compensation
The lack of impairment of cardiovascular performance raised the possibility that other
plasma membrane transport mechanisms mediating Na+-dependent alkalinization provided
some compensation for the loss of NHE1. RNA Seq analysis of mRNA from FVB/N WT
hearts revealed very low expression of NHE3, NHE4, and NHE5 (RPKM values of 0.29 ±
0.02; 0.44 ± 0.06, and 0.64 ± 0.06, respectively, compared with 9.10 ± 0.20 for NHE1),
which could be due to expression in cells other than myocytes. Transcript levels for NHE2
(Slc9a2) and for NHE8 (Slc9a8), which functions on the plasma membrane of major Na+-
absorbing tissues [26,27], were 42% and 125% of NHE1 transcript levels, respectively (Fig.
2A). Expression of NBCe1 (Slc4a4) and NBCn1 (Slc4a7) Na+/HCO3

− cotransporter
mRNAs was 104% and 47% of NHE1 mRNA levels, respectively (Fig. 2A). RT-PCR
analysis revealed no significant differences in mRNA expression for these transporters in
NHE1-null hearts (Fig. 2B).

3.3 Alterations in Ca2+-handling proteins and troponin I in NHE1-null hearts
Increased basal contractility and relaxation, as seen in Nhe1−/− mice of the FVB/N
background, is often associated with changes in Ca2+-handling or myofibrillar proteins.
Immunoblot analysis (Fig. 2C) confirmed that NHE1 was absent in Nhe1−/− hearts. There
were no significant changes in expression of the NCX1 Na+/Ca2+ exchanger (Fig. 2D) or L-
type Ca2+ channel α2 subunit (Fig. 2E). Unexpectedly, SERCA2a (Fig. 2F) expression was
reduced to 82 ± 6% of WT levels, while phospholamban (PLN) levels (Fig. 2G) were
unaltered. Among myofibrillar proteins, we performed immunoblot analyses (Fig. 2H) for
total and phosphorylated forms of troponin I (TnI) and myosin binding protein C (MyBP-C),
which play important roles in the regulation of contractile function [28,29]. Expression of
total TnI was slightly elevated in Nhe1−/− hearts (Fig. 2I), but TnI phosphorylated on
Ser23/24 (when normalized to total TnI, Fig. 2J), total MyBP-C (Fig. 2K), and MyBP-C
phosphorylated on Ser282 (when normalized to total MyBP-C, Fig. 2L) were not altered.

3.4 Hearts of NHE1-null mice exhibit evidence of reduced oxidative stress
Oxidative stress plays a major role in heart disease [30,31], and treatment of cultured cells
and tissue slices with NHE1 inhibitors reduces ROS production and oxidative stress [14,16].
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To determine whether the redox state was altered in Nhe1−/− hearts, we determined levels of
reduced glutathione (GSH) and the ratio of reduced:oxidized glutathione (GSH:GSSG) in
cardiac homogenates. GSH levels were increased by 55 ± 9% and the GSH:GSSG ratio was
increased by 117 ± 22% in Nhe1−/− hearts (Fig. 3A), indicating a more negative glutathione
redox potential and a likely reduction in oxidative stress. Because reduced oxidative stress
can result from enhanced expression of ROS scavenging enzymes, we examined levels of
mitochondrial Mn superoxide dismutase (SOD2), cytosolic Cu/Zn superoxide dismutase
(SOD1), and catalase (Fig. 3B). Expression of SOD2 was reduced to 79 ± 5% of WT levels
in mitochondrial fractions of Nhe1−/− hearts; expression of SOD1 and catalase were not
altered. Thus, the apparent reduction in oxidative stress was not due to an increase in ROS
scavenging enzymes.

The expression of heat shock proteins is strongly implicated in redox homeostasis [32].
Immunoblot analysis of stress-related proteins revealed reduced expression of heat shock
proteins Hsp25/27 (83 ± 5% of WT) and Hsp60 (77 ± 5% of WT) in Nhe1−/− hearts (Fig.
3C). In addition, mRNA levels of stress-related genes Ankrd1 [33], encoding the cardiac
ankyrin repeat protein (CARP, 77 ± 4% of WT) and Ankrd23, encoding the diabetes-related
ankyrin repeat protein (DARP, 74 ± 4% of WT) were reduced in Nhe1−/− hearts (Fig. 3D).
The reduction in Ankrd23 expression, which is upregulated in type 2 diabetes and insulin
resistant muscle and has been shown to impair lipid uptake [34], is consistent with possible
effects on metabolic substrate handling in Nhe1−/− hearts.

3.5 Effects of loss of NHE1 on regulators of energy metabolism in heart
Mitochondrial function and the associated levels of ROS generation are intimately linked to
changes in metabolic substrate utilization [35], which is in turn modulated by expression
levels of sarcolemmal substrate transporters and mitochondrial enzymes [36]. Immunoblot
analysis revealed that expression of glucose transporter 1 (GLUT1) was increased (Fig.
4A,B) in mutant hearts (137 ± 8% of WT levels), whereas expression of GLUT4 and fatty
acid translocase FAT/CD36 were unaltered. Among the mitochondrial enzymes analyzed,
PDK4, cytochrome C, and COX4 were not altered, but levels of 3-hydroxybutyrate
dehydrogenase 1 (BDH1) were decreased (Fig. 4C,D) in mutant hearts (59 ± 4% of WT
levels). Consistent with altered substrate handling, EM morphometric analysis revealed that
the incidence of lipid droplets, indicative of lipid accumulation, was reduced in Nhe1−/−

hearts (Fig. 4E, 0.50 ± 0.14 lipid droplets/µm2 in Nhe1−/−; 2.73 ± 0.45 droplets/µm2 in WT).
Furthermore, mRNA levels for the transcriptional coactivators peroxisome proliferator-
activated receptor coactivator 1α (PGC1α) and 1β (PGC1β), which are strongly implicated
in the regulation of mitochondrial function, integrity and oxidative capacity [37,38], were
increased in Nhe1−/− hearts (Fig. 4F).

PDK4 inhibits the pyruvate dehydrogenase complex, thereby reducing the capacity for
glucose oxidation [39,40], and is upregulated by a high fat diet [41]. To test the possibility
that glucose utilization is better preserved in Nhe1−/− hearts, we hypothesized that mutant
hearts would be refractory to high-fat diet induced upregulation of PDK4. We analyzed
cardiac homogenates from mice fed a high-fat diet for 10 days. While cardiac PDK4 levels
increased by 46 ± 10% in WT mice on the high-fat diet, levels remained relatively constant
in Nhe1−/− hearts (−7 ± 7%) when compared to hearts from control mice on a normal diet
(Fig. 5A,B). These results suggest that Nhe1−/− hearts exhibit greater metabolic substrate
flexibility, i.e., the ability to adjust substrate oxidation to substrate availability [42], when
the mice are fed a high fat diet.
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3.6 Protection against high-fat diet associated myocardial stress
Exposure to a high-fat diet is associated with the generation of ROS in heart [35]. Given the
evidence of an improved antioxidant potential and altered substrate handling in Nhe1−/−

hearts, we investigated the possibility that Nhe1−/− mice were protected against high-fat
diet-induced myocardial stress. We determined levels of αB-crystallin phosphorylation on
Ser59 (p-αB-crystallin) and Hsp25/27 phosphorylation on Ser82 (p-Hsp25/27), as evidence
of oxidative stress [43,44], in cardiac homogenates from mice fed a high-fat diet for 10 days.
WT hearts exhibited a greater increase in p-αB-crystallin (Fig. 6A,B, 210 ± 10% in WT; 150
± 22% in Nhe1−/−) and p-Hsp25/27 (Fig. 6A,C, 229 ± 35% in WT; 97 ± 13% in Nhe1−/−),
consistent with a reduction in high-fat diet induced myocardial stress in Nhe1−/− hearts.

3.7 Evidence for attenuation of high-fat diet induced insulin resistance in Nhe1−/− hearts
Reduced Hsp60 expression has been associated with insulin resistance and diabetes [45,46].
Insulin-signaling, however, as indicated by insulin-induced phosphorylation of PKB/Akt on
Ser473 in hearts of WT and Nhe1−/− mice fed a normal diet (Fig. 7A,B), was essentially the
same in WT and mutant mice, with greater than 3-fold insulin stimulation of
phosphorylation in both genotypes. Given the reduction in myocardial stress, we tested the
hypothesis that mutant mice exhibited some degree of protection against high-fat diet-
induced myocardial insulin resistance. This was done by determining levels of cardiac PKB/
Akt phosphorylation upon acute administration of insulin to WT and Nhe1−/− mice
maintained on a high-fat diet for 8 weeks. The results (Fig. 7C,D) showed that stimulation of
PKB/Akt phosphorylation was greater in Nhe1−/− hearts (112 ± 5% increase in Nhe1−/−

hearts versus 70 ± 9% increase in WT hearts). These results indicate that Nhe1−/− hearts are
less susceptible to high-fat diet-induced insulin resistance than WT hearts, suggesting that
reduced oxidative stress is responsible for the reduced Hsp60 levels.

3.8 Extracardiac effects of NHE1 ablation on serum glucose, insulin, and high-fat diet-
induced hepatic lipid accumulation

Given the ubiquitous expression of NHE1, the findings in Nhe1−/− hearts suggested that
NHE1 ablation could have effects on systemic metabolic parameters and on other organs.
Measurement of fasting plasma glucose, cholesterol, NEFA and insulin in mice fed a normal
chow-diet revealed that while levels of cholesterol and NEFA were similar between the two
genotypes, glucose (Fig. 8A, 80 ± 13 mg/dL in Nhe1−/−; 124 ± 4 mg/dL in WT) and insulin
(Fig. 8B, 8.8 ± 0.4 µU/mL in Nhe1−/−; 10.5 ± 0.6 [µU/mL in WT) were reduced in Nhe1−/−

mice. When placed on a high-fat diet for 8 weeks, bodyweight gain was blunted in Nhe1−/−

mice (Fig. 8C, 4.4 ± 1.6 g in Nhe1−/−; 9.6 ± 1.9 g in WT) and glucose levels remained lower
than in WT mice (Fig. 8D, 77 ± 12 mg/dL in Nhe1−/−; 115 ± 4 mg/dL in WT). Plasma
cholesterol and NEFA were similar in both genotypes (data not shown). Gross examination
of livers from mice fed the high-fat diet suggested there was less lipid accumulation in
Nhe1−/− livers. Morphometric analysis revealed that the volume density of lipid droplets in
Nhe1−/− livers was reduced (Fig. 8E) and the lipid droplets tended to be smaller in Nhe1−/−

livers (Fig. 8F,G), indicating that high-fat diet induced hepatic lipid accumulation was
reduced in Nhe1−/− mice.

4. Discussion
Chronic inhibition of NHE1 is known to attenuate progression of cardiac hypertrophy and
heart failure in animal models [8–12], and life-long treatment with cariporide caused a
remarkable increase in lifespan of both hypertensive and normotensive rats, attenuating
cardiac hypertrophy and fibrosis typically associated with aging [47]. Although there was a
promising reduction in myocardial infarction following coronary artery bypass graft surgery
[7], clinical trials using short-term inhibition of NHE1 have shown no overall therapeutic

Prasad et al. Page 6

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



benefit [4–7]. On the basis of results from animal studies, it has been suggested that long-
term inhibition of NHE1 might be beneficial in some conditions [6]. In the current study,
using the NHE1-null mouse line as a model of long-term NHE1 inhibition, we have shown
that chronic loss of NHE1 activity does not impair cardiovascular performance and leads to
metabolic changes in heart that may contribute to the cardioprotective effects associated
with chronic NHE1 inhibition.

In addition to regulating intracellular pH, NHE1 mediates Na+ uptake [48]. Therefore,
ablation of NHE1 may reduce intracellular Na+ and, in principle, could depress contractility
by increasing NCX1-mediated Ca2+-efflux. In Nhe1−/− mice of the FVB/N background,
however, contractility and relaxation, as measured by +dP/dt and −dP/dt, were slightly
improved under basal conditions. This effect was dependent on background and was not
observed in mice of the mixed 129Svj and Blackswiss background, which exhibited normal
contractility and relaxation. Furthermore, while values of the relaxation time constant (τ), an
alternative measure of relaxation [49], tended to be lower in Nhe1−/− mice of the FVB/N
background under basal conditions (τ = 10.40 ± 0.45 msec in Nhe1−/−, 12.02 ± 0.95 msec in
WT), consistent with improved relaxation, but the differences were not significant. The
important point of these data is that the loss of NHE1 does not impair cardiovascular
performance in mice under nonpathological conditions and, in some strains, might actually
cause a slight improvement in function. Whether this is also true in humans is not known.

Given the reduction in SERCA2a levels, factors other than Ca2+ handling are likely to play a
role in the preservation of cardiac function in NHE1-null mice. Given the evidence that
oxidative stress can impair contractility [50], reduced oxidative stress is one possibility. A
second possibility is that sufficient Na+-dependent alkalinization can occur via other plasma
membrane Na+/H+ exchangers or Na+/HCO3

− cotransporters. The NBCn1 and NBCe1 Na+/
HCO3

− cotransporters are expressed in heart and, like NHE1, are induced during cardiac
hypertrophy [51]; their combined transcript levels were greater than that of NHE1. NHE3,
NHE4, and NHE5 were expressed at only low levels in heart, and it is possible that they are
in cell types other than cardiomyocytes, such as fibroblasts, smooth muscle, endothelial
cells, or nerve cells. NHE5 is a major neuronal isoform in brain, and there is evidence that
NHE5 transcripts expressed in nonneuronal tissues are non-functional due to aberrant
splicing [52], making it an unlikely myocyte isoform. NHE2 was detected previously at low
levels in rat heart and at high levels in rat skeletal muscle [53]. In mouse heart, NHE2
mRNA levels were 42% of NHE1 levels. The biochemical properties of NHE1 and NHE2
differ, with NHE1 exhibiting a greater intracellular and extracellular sensitivity to H+ [54]. It
has been noted that the characteristics of Na+/H+ exchange in rat skeletal myotubes are
consistent with the expression of both NHE1 and NHE2 [54,55]. Thus, it is possible that
NHE2 could serve as a myocyte Na+/H+ exchanger. Surprisingly, NHE8 mRNA was more
abundant in heart than NHE1 mRNA. NHE8 is expressed in intracellular membranes of
many cells and on brush border plasma membranes of kidney and intestinal epithelial cells
[26,27], where it plays a role in Na+ absorption. Like NHE2, its cell-type distribution,
membrane location, and function in heart have not been reported; however, given its
relatively high expression levels it should be considered as a possible sarcolemmal/t-tubular
Na+/H+ exchanger. None of these transporters were upregulated in Nhe1−/− hearts;
nevertheless, their combined activities may be sufficient to compensate for any deficit in
Na+-dependent H+ extrusion that might affect contractility.

The increases in GSH levels and GSH/GSSG ratios provide evidence that loss of NHE1
leads to a reduction in oxidative stress in Nhe1−/− hearts. Reduced oxidative stress can result
from augmented ROS scavenging mechanisms or reduced ROS production. Several ROS
scavenging enzymes contribute to the antioxidant defenses of cardiac myocytes, and
overexpression of SOD2 has been shown to be protective [56]. However, expression of
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SOD2 was down-regulated in Nhe1−/− hearts, suggesting that mitochondrial ROS production
was reduced. Although reduced Hsp60 expression has been associated with insulin
resistance and diabetes [45,46], insulinsignaling was normal in Nhe1−/− hearts when the
mice were fed a normal diet and was higher than that of WT hearts when fed a high-fat diet.
Oxidative stress also impacts heat shock proteins [32]; therefore, the lower levels of Hsp60
and Hsp25/27 are a likely consequence of the improved redox status in Nhe1−/− hearts.
These results are consistent with studies showing that treatment with NHE1 inhibitors
reduces mitochondrial ROS production [14–16]. The mechanism is unclear but there is
evidence that anti-ROS effects of NHE1 inhibitors are caused by inhibition of mitochondrial
Na+/H+ exchange [57], and recent data suggest that NHE1 is also expressed in the
mitochondrial inner membrane [58,59].

Mitochondrial ROS generation is affected by changes in metabolic substrate utilization
[35,36]. Although the heart can metabolize many substrates, it utilizes both long-chain fatty
acids and glucose as major metabolic substrates. Substrate flexibility in cardiac myocytes is
modulated in part by sarcolemmal transporters regulating the uptake of metabolic substrates
[60]. GLUT1 overexpression in heart has been shown to increase glucose uptake and
glycolysis [61], and in response to a high-fat diet, leads to increased oxidative stress and
reduced metabolic substrate flexibility [62]. Increased GLUT1 in Nhe1−/− hearts likely
reflects higher glucose utilization and it is possible that this could exacerbate high-fat diet-
induced oxidative stress. However, GLUT1 levels in Nhe1−/− mice were much lower than in
the GLUT1 overexpression studies [61,62], and the reduction in high-fat diet-induced
stimulation of αB-crystallin and Hsp25/27 phosphorylation suggests that it does not increase
oxidative stress. Also, the reduced incidence of lipid droplets in Nhe1−/− myocardium and
the increased expression of mRNAs encoding PGC1α and PGC1β, which promote fatty acid
metabolism [37,38], were consistent with a phenotype in which lipid metabolism was not
impaired. Efficient oxidation of both fatty acids and glucose are necessary for optimal
cardiac energy metabolism and imbalances in substrate utilization or reduced glucose
oxidation can contribute to heart disease [63]. Therefore, the cardioprotective effects of
chronic NHE1 inhibition may involve increased glucose utilization under conditions in
which it might normally be suppressed.

To obtain beneficial effects from increased glucose metabolism, glycolysis must be
efficiently coupled with pyruvate oxidation. This critical step in carbohydrate metabolism is
catalyzed by the pyruvate dehydrogenase complex (PDH), which is negatively regulated by
the PDK family of kinases. A sustained increase in lipid delivery to the heart leads to
upregulation of PDK4, which reduces glucose oxidation [64]. We found that, in contrast to
WT controls, PDK4 protein expression in Nhe1−/− hearts was resistant to high-fat diet-
induced upregulation. Loss of PDK4 expression has been shown to alleviate high-fat diet-
induced suppression of PDH activity [65]. Therefore, under conditions of increased lipid
utilization, PDK4-mediated uncoupling of glycolysis from pyruvate oxidation is likely to be
attenuated in Nhe1−/− hearts. These results suggest that chronic inhibition of NHE1 may
reduce mitochondrial ROS generation in part by preserving metabolic substrate flexibility.

Oxidative stress and lipotoxicity have been implicated in the development of high-fat diet-
induced insulin resistance [35,36,66]. The attenuation of high-fat diet induced myocardial
stress raised the possibility that insulin signaling was better preserved in Nhe1−/− hearts.
However, given the finding that PDK4 expression in Nhe1−/− hearts was resistant to high-fat
diet-induced upregulation, it seemed possible that mutant hearts might be more susceptible
to insulin resistance upon chronic high-fat feeding. While chronic exposure to a high-fat diet
depressed insulin signaling in both WT and mutant hearts, we found significantly greater
preservation of insulin signaling in Nhe1−/− hearts, as indicated by insulin-induced
phosphorylation of PKB/Akt [67]. These results suggest that development of insulin
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resistance is attenuated in Nhe1−/− hearts, possibly due to their improved antioxidant
potential. Interestingly, it has been shown that insulin-induced stimulation of PKB/Akt
protects cardiomyocytes against oxidative stress [68], that some of the Akt phosphorylated
in response to insulin translocates to mitochondria [69], and that phosphorylation by PKB/
Akt inhibits NHE1 [70]. Thus, it is possible that some of the cardioprotective effects of
insulin stimulation are due to the inhibition of NHE1 and that genetic ablation of NHE1 or
inhibition with drugs such as cariporide mimic this action.

Given the metabolic changes in hearts of the global NHE1-null mouse and the
cardioprotection observed during ischemia-reperfusion (IR) injury in both isolated hearts
treated with NHE1 inhibitors and in NHE1-null hearts [3,18], it is interesting that a mouse
model with cardiomyocyte-specific overexpression of activated NHE1 exhibits altered
metabolism and cardioprotection in IR injury [71]. The isolated hearts used in that study had
increased fatty acid oxidation and glycolysis, but appeared to have both reduced glucose
oxidation and uncoupling of glycolysis and glucose oxidation. These mice and another
mouse model of cardiac-specific overexpression of an activated NHE1 develop severe
hypertrophy and heart failure [72,73], consistent with the observations that long-term
inhibition of NHE1 activity, rather than enhanced activity, is cardioprotective with respect to
hypertrophy and heart failure [1,8–11].

During treatment of mice with the high-fat diet, we were surprised to see that Nhe1−/− mice
did not develop fatty livers, which were very apparent in WT mice upon visual inspection.
Histological analyses confirmed that lipid deposition was significantly less in Nhe1−/− livers
than in WT controls, suggesting that loss of NHE1 has a major effect on liver metabolism.
This observation and the reduction in plasma glucose and insulin suggest that some of the
beneficial effects of long-term NHE1 inhibition on cardiovascular disease might be due to
metabolic effects in extracardiac tissues. The liver plays a central role in metabolism, and
non-alcoholic fatty liver disease (NALFD) is the most common liver disease in the western
world. NAFLD is closely associated with obesity and metabolic syndrome, and it is a major
cardiovascular risk factor, with effects on insulin resistance, deposition of visceral and
epicardial fat, systemic inflammation, and dyslipidemia [74,75]. The NHE1 inhibitor
cariporide has been shown to reduce liver fibrosis in rats and this was accompanied by
reduced activation of hepatic stellate cells [76], a major cell type involved in NAFLD [77].
Thus, one could speculate that NHE1 inhibitors might be useful in the treatment of NAFLD,
although it should be noted that the lipid deposition we observed was in hepatocytes and
stellate cells did not appear to be affected.

In summary, our studies demonstrate that the loss of NHE1 in otherwise healthy mice does
not impair cardiovascular function, and leads to metabolic changes that are consistent with
the known cardioprotective effects of NHE1 inhibition. The antioxidant potential of the
heart was enhanced, high-fat diet-induced myocardial stress and insulin-resistance were
attenuated, plasma glucose and insulin were reduced, and the mice were surprisingly
resistant to increased lipid deposition in liver when fed a high-fat diet. PDK4 expression was
resistant to high-fat dietinduced upregulation in Nhe1−/− hearts, suggesting that metabolic
substrate flexibility is enhanced in Nhe1−/− hearts under conditions of a high-fat diet. An
intriguing question that emerges from these observations is whether inhibition of NHE1
leads to enhanced insulin sensitivity in pathological conditions such as hyperthyroidism,
diabetes, metabolic syndrome, and fatty liver disease. A number of in vivo studies of the
effects of NHE1 inhibition on other tissues suggest that these inhibitors have such an effect.
In diabetic rodent models, cariporide improved insulin sensitivity in an insulin-resistant rat
[78], and in other diabetic models it led to reductions in both vascular hypertrophy and in
cataracts and oxidative stress in the retina [79,80]. It is possible that some of the newer
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NHE1 inhibitors, which are being developed for chronic dosing [81], will be suitable for
treatment of heart disease and metabolic conditions that affect other organs as well.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

▶ Cardiac function is not impaired by global genetic ablation of NHE1 Na/H
exchanger

▶ GSH levels and GSH:GSSG ratios in NHE1-null hearts indicate enhanced
redox potential

▶ NHE1-null hearts are protected against high-fat diet-induced myocardial
stress

▶ Insulin sensitivity in response to high-fat is better preserved in NHE1-null
hearts

▶ High-fat diet-induced hepatic lipid accumulation is reduced in NHE1-null
mice
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Fig. 1.
Cardiovascular performance of WT and Nhe1−/− mice. Left ventricular pressure
measurements were recorded via a transducer in the left ventricle in WT and Nhe1−/− (KO)
mice. Data are presented for mice of the 129/Svj and Black Swiss mixed (A,C), and the
inbred FVB/N (B,D) genetic backgrounds. Results show dobutamine dose-responses (for β-
adrenergic stimulation) in WT and Nhe1−/− mice with measurements of maximum dP/dt (+
dP/dt; A,B) and minimum dP/dt (−dP/dt; C,D). n = 8 WT and 7 Nhe1−/− mice (mixed
background); 7 WT and 6 Nhe1−/− mice (FVB/N background). Values are means ± SEM. *P
< 0.05, Nhe1−/−vs WT.
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Fig. 2.
Effects of NHE1 ablation on expression of Na+-dependent transporter mRNAs and Ca2+-
handling and myofibrillar proteins. RPKM (reads per kilobase of exon per million mapped
reads) values (A) for Slc9a1 (NHE1), Slc9a2 (NHE2), Slc9a8 (NHE8), Slc4a4 (NBCe1),
and Slc4a7 (NBCn1) were computed by RNA-seq analysis of mRNA from FVB/N WT
hearts. RT-PCR analysis of total RNA from WT and Nhe1−/− (KO) hearts revealed no
significant differences in expression of these transporters (B). Immunoblot and
densitometric analysis of Ca2+ handling (C–G) and myofibrillar (H–L) proteins was
conducted using whole heart homogenates to determine levels of NCX1 (D), LTCC α2
subunit (E), SERCA2a (F), PLN (G), total TnI (I), relative levels of TnI phosphorylated on
Ser23/24 (p-TnI, J), total MyBP-C (K), and relative levels of MyBP-C phosphorylated on
Ser282 (p-MyBPC, L). Note the complete ablation of NHE1 in Nhe1−/− hearts, but the
presence of a non-specific band in both genotypes (C). For each genotype, n=4 for RNA-seq
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analysis, 8 for RT-PCR and 4–11 for immunoblot analysis. Values are means ± SEM. *P <
0.05, Nhe1−/− vs WT.
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Fig. 3.
Evidence of reduced oxidative stress, expression of redox related proteins and stress-
response genes in Nhe1−/− hearts. Analysis of total homogenates of WT and Nhe1−/− (KO)
hearts using a DTNB/Glutathione reductase-based kit showed increased GSH levels and
GSH-GSSG ratios in Nhe1−/− hearts (A). Immunoblot and densitometric analyses of
mitochondrial and cytosolic fractions (B) showed that SOD2 (normalized to s. actin;
normalization to COX4, a mitochondrial enzyme that did not change, gave the same results)
was reduced in Nhe1−/− hearts, while SOD1 and catalase were unaltered. Immunoblot and
densitometric analyses of whole heart homogenates (C) showed reduced levels of heat shock
proteins Hsp60 and Hsp25 in Nhe1−/− hearts, while Hsc70 expression was unaltered. RT-
PCR analysis of total RNA (D) showed that Ankrd1 and Ankrd23 mRNAs were down-
regulated in Nhe1−/− hearts. n=3–11 for each genotype. Values are mean ± SEM. *P < 0.05,
Nhe1−/− vs WT.
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Fig. 4.
Effects of NHE1 ablation on regulators of metabolic substrate handling. Immunoblot and
densitometric analyses were performed using whole heart homogenates (A,B) and
mitochondrial fractions (C,D) from WT and Nhe1−/− (KO) hearts. Expression of GLUT1,
but not GLUT4 or CD36/FAT, was increased in Nhe1−/− hearts (A,B). In mitochondrial
fractions, expression of BDH1 (normalized to COX4) was reduced in Nhe1−/− hearts, while
PDK4, CytC and COX4 were unaltered (C,D). Morphometric analysis of electron
micrographs of WT and Nhe1−/− hearts showed reduced numbers of lipid droplets in
Nhe1−/− hearts (E). RT-PCR analysis of total heart RNA samples showed that PGC1α and

Prasad et al. Page 20

J Mol Cell Cardiol. Author manuscript; available in PMC 2014 December 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



PGC1β mRNAs were upregulated in Nhe1−/− hearts (F). n=4 for each genotype for
immunoblots, at least 5 for each genotype for morphometry, and 8 for each genotype for
RT-PCR analysis. Values are mean ± SEM. *P < 0.05, Nhe1−/− vs WT
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Fig. 5.
Effects of high-fat diet on PDK4 expression in Nhe1−/− hearts. WT and Nhe1−/− (KO) mice
were maintained on a normal chow diet or a high-fat diet (HFD, 60 kcal% fat content) for 10
days. Immunoblot (A) and densitometric (B) analyses of whole heart homogenates were
carried out to determine changes in expression of PDK4. Cardiac PDK4 expression
increased in WT mice but not in Nhe1−/− mice, when compared to their chow-fed controls.
n=4 for each genotype for each diet type. Values are mean ± SEM. *P < 0.05, Nhe1−/− vs
WT.
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Fig. 6.
Effects of high-fat diet on phosphorylation of small stress proteins in Nhe1−/− hearts. WT
and Nhe1−/− (KO) mice were maintained either on a normal chow-diet or a high-fat diet
(HFD, 60 kcal% fat content) for 10 days. Immunoblot (A) and densitometric analyses (B,C)
of whole heart homogenates were carried out. Compared to levels in chow-fed controls (A),
the percent increase in relative phosphorylation of α- Bcrystallin (p-CryAB, Ser59) (B) and
Hsp25 (p-Hsp25, Ser82) (C) in response to a high-fat diet was lower in Nhe1−/− hearts than
in WT hearts. n=4 for each genotype for each diet type. Values are mean ± SEM. *P < 0.05,
Nhe1−/− vs WT.
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Fig. 7.
Insulin signaling in WT and Nhe1−/− hearts upon chronic exposure to high-fat diet. WT and
Nhe1−/− (KO) mice were maintained on either normal chow or a high-fat diet (HFD, 60 kcal
% fat content) for 8 weeks. Mice were fasted for 2 hours before being administered insulin
(13.5 IU/kg bodyweight intraperitoneally). Immunoblot (A,C) and densitometric (B,D)
analyses of whole heart homogenates was performed to determine levels of PKB/Akt
phosphorylation on Ser473 (p-Akt). In mice on a normal diet, insulin-induced increase in
cardiac p-Akt levels was similar in both genotypes (A,B). In HFD mice (C,D), the relative
increase in p-Akt levels was greater in Nhe1−/− mice. n=3 pairs of each genotype on chow
diet, 4 pairs of each genotype on high-fat diet. Values are mean ± SEM. *P < 0.05, Nhe1−/−

vs WT.
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Fig. 8.
Extracardiac effects of NHE1 ablation on metabolic substrate homeostasis. Blood was
harvested from WT and Nhe1−/− (KO) mice maintained on normal chow after fasting for 2
hours and plasma was analyzed (A,B). Plasma glucose (A) and insulin (B) was lower in
Nhe1−/− mice, but cholesterol and NEFA levels did not differ significantly between the two
genotypes. WT and Nhe1−/− mice were fed a high-fat diet (HFD) as described in Fig. 7.
HFD-induced gain in bodyweight during the 8-week HFD period (Δ) was lower in Nhe1−/−

mice (C). Plasma from HFD-fed WT and Nhe1−/− mice showed that fasting glucose levels
were lower in Nhe1−/− mice after 8-weeks of HFD (D). Morphometric analysis of liver
samples from HFD WT and Nhe1−/− mice showed that the volume density (.Vd) of lipid
droplets was lower in Nhe1−/− livers than in WT livers (E), and the size of lipid droplets
tended to be much larger in WT livers (F) when compared to Nhe1−/− livers (G). n=at least 4
for each genotype. Values are mean ± SEM. *P < 0.05, Nhe1−/− vs WT; #P=0.05, Nhe1−/−

vs WT.
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