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Salt sensitive hypertension is a major risk factor for stroke, heart failure, and end-stage renal
disease [1]. The development of salt sensitive hypertension is involved in genetic and environmental
factors. Excessive dietary salt intake is known as a main risk factor and one of the most important
environmental determinants, exacerbates the salt sensitive hypertension by a renal redox metabolism
[2,3]. The elevated blood pressure in the model of human salt sensitive forms of hypertension, Dahl
slat sensitive (SS) rats, is anticipated by the metabolic imbalance of nitric oxide (NO) and reactive
oxygen species (ROS) in the renal tissues [4-6], which the activity of fumarate dehydrogenase (FH) is
considered a key factor in regulating the metabolic imbalance above.

FH, a key tricarboxylic acid (TCA) cycle enzyme, could effectively balance the NO and ROS
content at the metabolic level is confirmed in the kidney, and improve the salt sensitive hypertension
in SS rat strain [3,7]. In the previous proteomic analysis, an expression difference in FH was identified
in the kidney of SS rat compared with salt-insensitive consomic SS-13BN (BN) rats [6]. Though
the FH protein abundance is higher in the kidney of SS rats than it in BN rats, the expression
difference in FH between two rat strains leads to a significant decrease in total FH activity in SS rat.
Interestingly, high salt diet also weakens the total FH activity compared with the normal salt diet in
SS rats [8]. The role of FH activity in regulating the metabolic imbalance of NO and ROS is further
explored in SS rats.

On the one hand, insufficient FH activity in kidney is confirmed to contribute to hypertension
by increasing ROS level (Figure 1). Changes in activity leads to the changes in the level of substrate
metabolic intermediaries, which in turn influence blood pressure regulation. In mitochondria, FH
catalyzes the production of malate from fumarate in TCA cycle, the insufficiency of FH activity
resulted in the excessive accumulation of fumarate in SS rat kidney [6]. The accumulation of fumarate
in SS rat kidney elevated the blood pressure [6,7]. Study reported that dimethyl fumarate can
ameliorate pulmonary hypertension by reducing oxidative stress damage and inflammation [9], and
fumarate attenuated hypertension, renal injury and improved the redox state of the kidney in DOCA/
salt hypertension by mechanisms involving selective reduction of L-arginine metabolism [10]. In our
previous study, the mechanism of FH in regulating blood pressure in SS rats may be not identical.
Administration of exogenous fumarate or its precursor contributed to salt sensitive hypertension by
increasing the levels of ROS and H,0O,, and this result has been confirmed in SS rats and the HK-2
cells [6,7]. Supplementation of exogenous fumarate may influence shared biological mechanisms in
the study above, as both of them alter fumarate levels, but are limited in the magnitude, duration, and
source (exogenous vs. endogenous) of the manipulations, the response in metabolic flux and signaling
mechanisms may be different.

On the contrary, supplementation of malate significantly decreased the ROS level in the renal
tissues of SS rats [7]. Importantly, proteomic analysis indicated that FH knockdown increased
the NADPH oxidase (NOX) expression in HK-2 cells [11]. The NOX was the major source of
excess superoxide in the renal medulla of SS rats, and its activity was also increased, suggesting
that FH knockdown increased the NOX activity to participate in the development of salt sensitive
hypertension. It is remarkably, however, that NOX may derive ROS through reducing FH expression
and activity, increasing fumarate in mouse glomeruli [12]. Kristie reported that while administrating
fumarase siRNA into the renal medullary interstitial in the Sprague-Dawley rats on the high-salt
diet, the level of H,0, increased and the blood pressure significantly increased [13]. However,
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Figure 1: Metabolic imbalance of nitric oxide and reactive oxygen species due to insufficient fumarase activity contributes to the development of
salt sensitive hypertension in the kidney of SS rats; GSH, Reduced Glutathione; GSSG, Oxidized Glutathione; NOS, Nitric Oxide Synthase.

overexpressing fumarase on the background of the SS rat (named
as TgFhl transgenic rats) decreased H,0,, finally attenuated the
development of hypertension [13], which was a favorable evidence
that FH is involved in the regulation of ROS in the development of
salt sensitive hypertension.

In addition, FH activity was also confirmed to associate with
antioxidant system, including antioxidant enzymes and small
molecular weight antioxidants. Insufficient FH activity weakened
glutathione metabolism in FH knockdown HK-2 cells [7]. The GSH
synthetic substrates, including glutamate and glycine, significantly
decreased along with the FH knockdown in HK-2 cell, which resulted
in the GSH content decreased even the NADPH content increased
compared with the normal control cells. The decreased GSH/GSSG
ratio due to the decreased GSH content caused by insufficient FH
activity meant a decreased antioxidant capacity. However, conflicting
results showed that activities of antioxidant molecules, such as
Glucose-6-phosphate  1-dehydrogenase, ~ Glucose-6-phosphate
1-dehydrogenase, Glutathione reductase, Glutathione S-transferase
and Glutathione peroxidase, are increased in FH knockdown HK-2
cells [7], which was thought to be a compensatory response process
to maintain the normal metabolism. These findings from previous
studies suggest that FH exerts antihypertensive function through
regulating the redox metabolism (Figure 1).

On the other hand, FH-related metabolites regulate the
blood pressure through changing the NO content, especially the
NO synthesis substrates (Figure 1). As a potent vasodilator, NO
is synthesized as a byproduct in the conversion of L-arginine to
L-citrulline, a major intracellular source of cellular NO, which
is catalyzed by nitric oxide synthase (NOS) [14]. Though FH is
not directly involved in NO synthesis, the production of NO can
be limited by the capacity of the kidney to regenerate L-arginine
through the citrulline-NO pathway in the kidney. Study has showed
that the levels of L-arginine and citrulline in the renal tissues of SS

rats significantly decreased compared with BN rats [5]. Many studies
also have showed that the defectiveness of L-arginine-NO pathway
is closely linked to NO deficiency [15,16]. FH-related metabolites,
malate, was converted to oxaloacetate, which can be converted to
aspartate. The insufficiency of FH activity resulted in the decreased
malate in the kidney of SS rats, which meant that the levels of
L-arginine and aspartate both decreased due to the decreased level
of malate. This result was further confirmed in HK-2 and HUVECs
cells after the FH was knockdown [5]. The reduction of L-arginine
and aspartate, the key NO synthetic intermediates in arginine-
citrulline-NO pathway, suggested the NO content decreased and
final contributed to hypertension [17]. However, the arginine-
citrulline-NO pathway was restored by the supplementation of
malate or aspartate in the SS rats. Malate supplementation in
SS rats attenuated salt sensitive hypertension [4,5]. The levels of
L-arginine and aspartate significantly increased in renal tissues while
supplementing the malate, and final increased the NO content [5],
this result was also confirmed after aspartate supplementation in SS
rats. These results showed that FH promoted NO production by the
malate-arginine-citrulline-NO pathway (Figure 1).

In SS rats, the thick ascending limb eNOS is the major source
of renal NO, eNOS dysfunction can result in hypertension [18].
However, FH overexpression in SS rats with eNOS haploinsufficiency
effectively blunt the development of hypertension through restoring
malate-arginine-citrulline-NO pathway [19]. FH overexpression
increased the level of L-arginine and L-arginine/citrulline ratio in the
renal outer medulla of SS rats with the eNOS heterozygous mutation
[19]. These findings suggest that the insufficiency of FH activity in SS
rats may contribute to the development of salt sensitive hypertension
by weakening the malate-arginine-citrulline-NO pathway.

In conclusion, the current mechanism of FH in regulating salt
sensitive hypertension is partly elucidated, which is involving in
metabolic regulation of NO and ROS. However, other mechanisms
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by

which FH participates in the development salt-sensitive

hypertension need to be further explored.
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