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Non-alcoholic fatty liver disease NAFLD is closely associated with the dysregulation of lipid homeostasis.
Diet-induced hepatic steatosis, which can initiate NAFLD progression, has been shown to be dramatically
reduced in mice lacking the electroneutral Na+/H+ exchanger NHE1 (Slc9a1). In this study, we investigated
if NHE1 deficiency had effects in liver that could contribute to the apparent protection against aberrant
lipid accumulation. RT-PCR and immunoblot analyses of wild-type and NHE1-null livers revealed an
expression profile that strongly suggested attenuation of both de novo lipogenesis and hepatic stellate cell
activation, which is implicated in liver fibrosis. This included upregulation of the farnesoid X receptor
FXR, peroxisome proliferator-activated receptor PPARc, its co-activator PGC1a, and sestrin 2, an
antioxidant protein involved in hepatic metabolic homeostasis. Furthermore, expression levels of the
pro-lipogenic liver X receptor LXRa, and acetyl CoA carboxylases 1 and 2 were downregulated. These
changes were associated with evidence of reduced cellular stress, which persisted even upon exposure
to a high-fat diet, and the better preservation of insulin signaling, as evidenced by protein kinase
B/Akt phosphorylation (Ser473). These results indicate that NHE1 deficiency may protect against
NAFLD pathogenesis, which is significant given the availability of highly specific NHE1 inhibitors.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

Abnormal lipid accumulation in the liver (hepatic steatosis) is
considered the first hit in the development of non-alcoholic fatty
liver disease (NAFLD) [1], which is an intimate participant in the
metabolic syndrome [2]. NAFLD can progress to non-alcoholic ste-
atohepatitis (NASH) with the development of fibrosis and inflam-
mation and ultimately lead to cirrhosis and cancer [3,4].
Consistent with the increasing prevalence of obesity and diabetes,
NAFLD is now the most common liver disease in the western world
[3], which highlights an urgent need to identify novel therapeutic
targets that can limit its initiation and progression.

Recent analysis of a genetically-modified mouse line lacking
expression of the electroneutral Na+/H+ exchanger NHE1 (gene
symbol Slc9a1) has revealed that long-term NHE1 ablation attenu-
ates high-fat diet (HFD)-induced lipid accumulation in liver [5].
This effect was associated with lower fasting plasma glucose levels
and a blunting of diet-induced body weight gain. It was therefore
unclear if the attenuation of hepatic steatosis reflected changes
within NHE1 deficient livers. Multiple factors including elevated
lipid availability, de novo lipogenesis, and reduced fatty acid oxida-
tion (FAO) can contribute to hepatic steatosis. In addition, progres-
sion from hepatic steatosis to NASH is associated with increased
cellular stress, the activation of hepatic stellate cells (HSCs), and
the development of fibrosis [6–11].

In this study we assessed the effects of NHE1 deficiency on
regulators of hepatic lipid handling, cellular stress and on insulin
sensitivity. Our results reveal that loss of NHE1 has wide-ranging
effects in liver that are directly relevant to the development and
progression of NAFLD.

2. Materials and methods

2.1. Animals

Development and husbandry of the global NHE1-null knockout
mouse line has been previously described [5,12]. Maintenance of
mice on high-fat diet (60% kcal fat content; D12492, Research
Diets, Inc.) for 8 weeks, and treatment with insulin (13.5 IU/kg
bodyweight i.p.) has been previously described [5]. All procedures
conformed to guidelines published by the National Institutes of
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Fig. 1. Expression of metabolic regulators in NHE1-null livers. RT-PCR analysis was
carried out as previously described [5] on cDNA samples generated from wild-type
(WT) and NHE1-null (KO) livers. Results show that, when normalized to GAPDH,
mRNA levels for farnesoid X receptor, FXR (A); peroxisome proliferator-activated
receptor gamma coactivator 1, PGC1a (E); and, peroxisome proliferator-activated
receptor gamma, PPARc (F) were elevated while expression of liver X receptor
alpha, LXRa (B); acetyl CoA carboxylase 1, ACC1 (C); and, acetyl CoA carboxylase 2,
ACC2 (D) was reduced in KO livers. n = at least 8 for each genotype. Values are
mean ± SEM. ⁄p < 0.05, #p = 0.05, KO vs WT.
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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.

2.2. Immunoblot and real-time PCR analyses

Tissue-harvesting and processing of samples for immunoblot
and real-time PCR (RT-PCR) analyses was carried out exactly as
previously described [5]. All primary and secondary antibodies
were the same as previously used [5]. Primer sequences for
RT-PCR analysis were obtained from PrimerBank (CCIB, Harvard
Medical School) [13] and validated using the NCBI Primer-BLAST
program. The following primer pairs were used: farnesoid X recep-
tor FXR (Nr1h4; PrimerBank I.D. No. 6677831a1); liver X receptor
alpha LXRa (Nr1h3; I.D. No. 7305321a1); peroxisome prolifera-
tor-activated receptor gamma co-activator 1alpha PGC1a
(Ppargc1a; I.D. No. 6679433a1); peroxisome proliferator-activated
receptor gamma PPARc (Pparg; I.D. No. 187960104c1); acetyl
CoA-carboxylase 1 ACC1 (Acaca; I.D. No. 14211284a1); acetyl
CoA-carboxylase 2 ACC2 (Acacb; I.D. No. 18606146a1); sestrin 2
SESN2 (Sesn2; I.D. No. 21450289a1); sestrin 3 SESN3 (Sesn3; I.D.
No. 12856711a1); and, glyceraldehyde-3-phosphate dehydroge-
nase GAPDH (Gapdh; I.D. No. 6679937a3).

2.3. Statistics

Values are presented as means ± standard error (SE). Two-sided
Student’s t-test were used, and p < 0.05 was considered significant.

3. Results

3.1. Expression of metabolic regulators in NHE1-null livers

Plasma levels of non-esterified fatty acids and triglycerides
were comparable between WT and KO mice [5], indicating that
altered lipid availability was unlikely to be a major factor in the
reduction of hepatic steatosis in KO livers. RT-PCR analysis
revealed that mRNA levels of FXR, which has been shown to atten-
uate hepatic lipogenesis [14], were elevated in KO livers (141 ± 14%
of WT; Fig. 1A). In contrast, expression of LXRa, which promotes
lipogenesis [15], was downregulated in KO livers (80 ± 5% of WT;
Fig. 1B). Levels of ACC1 and ACC2, which catalyze the first step of
de novo lipogenesis [16], were also downregulated in KO livers
(ACC1: 73 ± 9% of WT, Fig. 1C; ACC2 52 ± 7% of WT; Fig. 1D). In con-
trast, expression of PGC1a (216 ± 31% of WT) and PPARc
(227 ± 38% of WT) was upregulated in KO livers (Fig. 1E and F).

3.2. Effect of NHE1 ablation on regulators and markers of cellular
stress

Hepatic lipid homeostasis is closely associated with the regula-
tion of cellular oxidative and endoplasmic reticulum (ER) stress
[7,8,17]. Sestrins (SESNs) are a family of antioxidant molecules
implicated in the maintenance of energy metabolism [18]. Specifi-
cally, SESN2 and SESN3 have been shown to regulate hepatic lipid
accumulation and insulin resistance [19]. mRNA levels for SESN2
were upregulated in KO livers (149 ± 17% of WT; Fig. 2A), while
there was no change in SESN3 levels (Fig. 2B). Oxidative stress
can also be attenuated by increased scavenging of reactive oxygen
species (ROS). Immunoblot analysis however revealed that expres-
sion of the cytosolic ROS scavenging enzyme superoxide dismutase
1 (SOD1) was reduced in KO livers (79 ± 4% of WT), whereas there
was no change in levels of the mitochondrial SOD2 (Fig. 2C).
Protein levels of the small heat shock protein alpha B-crystallin
(CRYAB), which are upregulated during HSC activation and liver
fibrosis [20,21], were also reduced in KO livers (51 ± 12% of WT;
Fig. 2D).
3.3. Effect of high-fat diet on expression of hepatic NHE1

Studies have revealed a role for increased NHE activity in liver
injury and fibrosis [22,23]. Development of fibrosis is a key event
in NAFLD pathogenesis [9,10] raising the possibility that HFD-
induced liver disease may also involve increased NHE expression/
activity. We therefore analyzed livers from WT mice maintained
on either a normal chow diet or HFD (60% kcal from fat) for
8 weeks. Immunoblot analysis revealed that NHE1 expression
was increased (191 ± 17% of chow-fed controls; Fig. 3) in livers
from HFD-fed mice, which had previously been shown to be stea-
totic [5].
3.4. Insulin signaling is better preserved in NHE1-null livers

WT and KO mice were maintained on a HFD for 8 weeks, and
then treated with insulin and livers harvested as described above.
Phosphorylation levels of Akt (protein kinase B) on Ser473 were



Fig. 2. Effect of NHE1 ablation on regulators and markers of cellular stress. RT-PCR
analysis was carried out on wild-type (WT) and NHE1-null (KO) samples as
described in Fig. 1. Results show that mRNA levels encoding sestrin 2 (SESN2) were
elevated (A) while sestrin 3 (SESN3) was unaltered (B) in KO livers. Immunoblot
analysis of total protein homogenates revealed that, when normalized to actin,
levels of superoxide dismutase 1 (SOD1) (C) and a-B crystallin (CRYAB) (D) were
reduced in KO livers when compared to WT controls. Expression of mitochondrial
SOD2, cytochrome C oxidase subunit IV (COX4) and heat shock protein HSP60 was
unaltered. n = at least 8 for each genotype for RT-PCR analysis; at least 4 of each
genotype for immunoblot analysis. Values are mean ± SEM. ⁄p < 0.05, KO vs WT.

Fig. 3. Effect of high-fat diet on NHE1 expression in liver. Wild-type (WT) mice
were maintained on a normal chow diet or a high-fat diet (HFD; 60% of kcals in fat)
for 8 weeks as previously described [5]. Immunoblot analysis of liver homogenates
showed that, when normalized to actin, expression of NHE1 was increased in livers
from HFD-fed mice. n = 4 for each diet treatment. Values are mean ± SEM.
⁄p < 0.005.
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determined by immunoblot analysis of liver homogenates in order
to assess hepatic insulin sensitivity. Results showed that, when
normalized to total Akt expression, phosphorylation of Akt was
higher in KO livers (156 ± 13% of WT levels; Fig. 4A). This increase
in insulin signaling was associated with a reduction in expression
of SOD1 (77 ± 6% of WT) and CRYAB (44 ± 14% of WT) in KO livers
(Fig. 4B).
4. Discussion

Activation of FXR attenuates development of hepatic steatosis
[24,25], and treatment with FXR agonists has also been shown to
attenuate NASH-related fibrosis [26,27]. More recently, FXR signal-
ing was identified as the molecular mechanism underlying the
beneficial effects of vertical sleeve gastrectomy [28]. In contrast,
activation of LXR has been found to promote hepatic steatosis,
which has complicated the use of LXR agonists in antiatherogenic
and antidiabetic therapies [29–31]. Griffet et al. (2013) have dem-
onstrated that treatment with a liver-specific LXR inverse agonist
can reduce the development of hepatic steatosis [32]. Therefore,
both the increase in FXR expression and the downregulation of
LXRa levels in KO livers were consistent with the observed atten-
uation of HFD-induced steatosis in KO livers [5].

These findings also raise the possibility that de novo lipogenesis,
which is implicated in steatosis [6], is suppressed in KO livers. This
is supported by the finding that mRNA levels for ACC1 and AAC2,
both of which are key regulators of lipogenesis were reduced in
KO livers. Downregulation of ACC1 and ACC2 expression has been
shown to reverse hepatic steatosis and insulin resistance [33]. The
malonyl-CoA generated by ACC2 also plays a major role in limiting
FAO by inhibiting carnitine palmitoyltransferase I [34], which
mediates the mitochondrial uptake of long chain fatty acids.
Although liver predominantly expresses ACC1, ACC2 deficiency
has been shown to reduce triglyceride levels and sharply increase
FAO in livers [35,36]. Therefore, the reduction in ACC2 expression
has the potential to facilitate increased fatty acid utilization in
KO livers and thereby limit lipid accumulation. It is noteworthy
that ACC2 deficiency raises FAO and lipolysis in adipocytes as well,
contributing to a leaner phenotype in ACC2 null mice [37]. A sim-
ilar effect in NHE1 deficient adipocytes could, at least in part,
account for the blunting of HFD-induced body weight gain in KO
mice [5]. Analyses of adipose-tissue specific NHE1 knockout mice
will be necessary to fully elucidate such effects.

Although PGC1a has a critical role in promoting energy metab-
olism and mitochondrial biogenesis [38,39], mitochondrial num-
bers were unlikely to be increased in KO livers, as indicated by
the unaltered COX4 protein and Tfam mRNA (data not shown)
levels. Loss of PGC1a has been shown to reduce FAO, impair
gluconeogenesis and cause hepatic steatosis upon fasting [40,41].
Conversely, hepatic glucose production was found to be elevated
in a global PGC1a overexpression model [42]. This finding, in the
context of increased muscle glucose utilization, was interpreted
as evidence that PGC1a activity helps balance hepatic glucose pro-
duction with peripheral glucose disposal. Similar regulatory mech-
anisms involving PGC1a overexpression could be elicited in KO
livers given the evidence that energy expenditure may be
increased in NHE1-deficient skeletal muscle (Prasad et al., unpub-
lished results). Consistent with this possibility, mRNA levels of
phosphoenolpyruvate carboxylase (Pck1), which catalyzes the
rate-limiting step in gluconeogenesis, trended higher (147 ± 16%
of WT; p = 0.052) in KO livers.

The effects of PPARc activation in liver remain to be fully under-
stood and are likely to be complex and cell-type dependent. PPARc
is expressed at relatively low levels in liver and is upregulated in
fatty livers [43]. Although thiazolidinediones (TZDs), which acti-
vate PPARc, have been shown to reduce hepatic steatosis [44], this
effect is believed to be mediated via the insulin-sensitizing effects
of TZDs on adipocytes, which causes a preferential partitioning of
lipids from liver and muscle to adipose tissue. In fact, hepato-
cyte-specific deletion of PPARc has been shown to decrease diet-
induced lipid accumulation [45], indicating a pro-steatotic role
for PPARc in liver parenchymal cells. Elevated PPARc expression
did not however lead to an exacerbation of diet-induced steatosis



Fig. 4. Hepatic insulin signaling is better preserved in NHE1-null mice. Wild-type (WT) and NHE1-null (KO) mice were maintained on a high-fat diet (60% of kcals in fat) for
8 weeks and then treated with insulin as described above. Immunoblot analysis of total protein homogenates of livers showed that (A) when normalized to total Akt levels,
phosphorylation of Akt on Ser473 (p-Akt) was higher in KO livers when compared to similarly treated WT controls. Results also showed that (B) expression of SOD1 and
CRYAB, when normalized to actin, was reduced in KO livers even after exposure to a high-fat diet. n = at least 3 for each genotype. Values are mean ± SEM. ⁄p < 0.05, KO vs WT.
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in KO livers; on the contrary, HFD-induced hepatic lipid accumula-
tion was sharply reduced in KO mice [5]. Consistent with a protec-
tive role for PPARc in liver, there is evidence that it helps maintain
HSC quiescence [46]. Activation of HSCs, which constitute 5–8% of
total liver cells [47], is strongly implicated in the development of
liver fibrosis [10,11], which is integral to the development of ste-
atohepatitis [48]. PPARc has been shown to reverse the activation
and proliferation of HSCs [46], with rosiglitazone, a PPARc agonist,
preventing the development of diet-induced steatohepatitis [49].
Upregulation of PPARc therefore has the potential to protect
against liver fibrosis. Any such protection in KO livers would mimic
findings in heart where long-term treatment with the NHE1-
inhibitor cariporide has been shown to limit age-related fibrosis
[50].

Also implicated in the attenuation of age-related diseases are
the SESNs [18]. SESN2 is induced in obesity [19], and may be par-
ticularly relevant to hepatic metabolic homeostasis. Loss of SESN2
exacerbates diet-induced hepatic steatosis and insulin resistance
[19]. The increased expression of SESN2 was therefore consistent
with the reduction of HFD-induced steatosis in KO livers [5]. SESNs
are also known to alleviate oxidative stress and a reduction in
baseline oxidative stress could account for the downregulation of
SOD1 and CRYAB protein levels in KO livers. A similar reduction
in levels of SOD2, HSP60 and HSP25 was associated with reduced
oxidative stress in KO hearts [5].

Upregulation of CRYAB is associated with HSC activation and
liver fibrosis [20,21] and there is early evidence that CRYAB may
promote cell survival in hepatocellular carcinomas (HCCs) [51].
In fact, CRYAB expression has been shown to serve as a negative
prognostic marker of survival in human HCC patients [52]. The
reduction in CRYAB levels in KO livers, seen under both normal
and HFD-fed conditions, raises the possibility that NHE1 deficiency
may antagonize diet-induced hepatocarcinogenesis as well.
Indeed, increased NHE activity has been associated with hepato-
cyte proliferation, regeneration and growth [53]. NHE1 expression
and activity are increased in HCC, with NHE1 inhibition limiting
HCC tumor growth [54,55]. Inhibition of NHE activity has also been
reported to attenuate liver fibrosis [56], indicating a role for
augmented Na+/H+ exchange in HSC activation and proliferation
[57]. These findings highlight a potential role for NHE activity in
various stages of NAFLD progression, and indicate that the nearly
2-fold increase in NHE1 expression seen in livers of HFD-fed WT
mice may serve a pathological role.

The metabolic regulatory mechanisms impacted by NHE1 are
not fully understood as yet; studies in heart have revealed that
NHE1 expression impacts substrate flexibility and the coupling of
glycolysis to glucose oxidation [5,58]. In addition, evidence that
NHE1 may also be localized to the mitochondrial inner membrane
[59,60] has raised the possibility of a more direct role in regulating
energy expenditure. It is also possible that in liver, NHE1 may serve
distinct roles in hepatocytes and HSCs, all of which remains to be
elucidated. Nevertheless, the better preservation of insulin signal-
ing in livers from HFD-fed KO mice strongly supports the idea that
NHE1 deficiency can protect the liver from the deleterious effects
of HFD. Taken together, these findings highlight the possibility that
NHE1 is an effective therapeutic target against NAFLD.
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