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The greatest breakthrough in the history of the drug treat-
ment of hypertension came with the discovery of the orally
effective diuretic, chlorothiazide (1).

Hypertension affects up to 25% of the adult population in
industrialized countries. It contributes importantly to morbidity
and mortality. While the pathogenesis of most hypertension
remains enigmatic, molecular insights into renal ion transport
pathways and genetic insights into Mendelian forms of hyper-
tension have begun to open the door of understanding just a bit.
Chlorothiazide is the prototype of the distal convoluted tubule
diuretic. Frequently referred to as “thiazides,” this group in-
cludes not only the true thiazides (hydrochlorothiazide and
many others), but also the quinazolinones such as metolazone,
the substituted benzophenone sulfonamides such as chlortha-
lidone (used in the ALLHAT trial), and the indolines such as
indapamide (2). Although generated empirically without
knowledge of renal ion transport pathways, the distal convo-
luted tubule diuretics are specific inhibitors of a protein that
couples Na and Cl movement across the apical membrane of
distal convoluted tubule cells. This protein, first cloned from
flounder bladder by Gamba et al. (3), is the thiazide-sensitive
Na-Cl cotransporter (NCC, TSC, or NCCT), a member of the
cation-chloride cotransporter gene family (4).

The NCC, like many membrane transport proteins, is gly-
cosylated on asparagine (N) moieties (3,5). N-linked glycosyl-
ation occurs first within the endoplasmic reticulum, generating
a core-glycosylated protein that can be digested with endogly-
cosidase H. As processing continues, some of the sugar moi-
eties are trimmed off the protein, after which it moves to the
golgi apparatus, where it undergoes more extensive terminal
glycosylation (6). Once fully glycosylated, the protein can be
digested with peptide-N-glycosidase F, but not with endogly-
cosidase H. In this issue of JASN, Hoover et al. (7) demonstrate
that glycosylation is essential for normal NCC function. They
first confirmed that NCC is glycosylated in native renal tissue.

They then expressed NCC constructs in which one or both
consensus N-linked glycosylation sequences were mutated.
Mutation of glycosylation sites increased both the chloride and
metolazone affinity of the transporter, suggesting that the sugar
moieties on the native transport protein sterically inhibit di-
uretic access to its binding site. Further, they support a long-
held notion that chloride and distal convoluted tubule diuretics
bind to the same site on the protein (8). The double mutant is
not glycosylated and is not functional; its abundance at the
membrane surface is significantly reduced. The effects of
mutating both glycosylation sites on NCC trafficking resemble
effects observed in humans suffering from Gitelman syndrome.

Gitelman syndrome is autosomal recessive disorder of hy-
pokalemia, metabolic alkalosis, and “normal” blood pressure
(9). Although Gitelman patients have been diagnosed fre-
quently with Bartter syndrome, Gitelman patients typically
manifest hypocalciuria and increased bone density, whereas
Bartter patients frequently demonstrate hypercalciuria and
nephrocalcinosis. Simon et al. (10) showed that mutations of
the NCC (gene symbol: SLC12A3; gene locus:16q13) cause
Gitelman syndrome, a finding confirmed by other laboratories
(11–16). An NCC knockout mouse manifests several of the
phenotypic features of Gitelman syndrome, suggesting that this
disorder reflects loss of NCC function (17). Kunchaparty et al.
(5) showed that Gitelman-causing mutations disrupt NCC
function when expressed in a heterologous system. They dem-
onstrated that many Gitelman mutations disrupt normal NCC
folding, thereby activating the quality control mechanism of
the endoplasmic reticulum. This system recognizes misfolded
proteins and targets them for degradation rather than export to
the golgi, where they are further processed and exported to the
plasma membrane (18). Thus, misfolded NCC proteins remain
inside of cells, where they are inactive, not because they are
incapable of ion transport, but rather because they are not
localized correctly. These results identify Gitelman syndrome
as one of a growing number of diseases associated with protein
processing defects (18).

A simple classification of ion transporter defects can be
modified from that described for defective low-density lipopro-
tein receptors (19). According to this scheme, type 1 mutant
transporters are normally synthesized and reach the cell surface
but are inactive. Type 2 mutant transporters are normally
synthesized, but they do not traffic appropriately to the cell
membrane, primarily because the quality control mechanism
has been activated. Type 3 mutant transporters are ineffectively
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translated or transcribed. Thus, individuals who inherit a type
3 mutation do not generate normal amounts of transporter
protein. According to this scheme, the double mutant described
by Hoover et al. is an example of a type 2 mutation. Berkman
et al. (20) reported preliminary data that more than half of 25
tested Gitelman mutations are of this class, suggesting that, as
for many such diseases, protein misfolding is a predominant
mechanism. De Jong et al. (21), however, recently showed that
NCC misfolding in Gitelman syndrome is not uniformly com-
plete. Some mutant proteins associated with Gitelman syndrome
do reach the plasma membrane to a limited extent and are thus
partially active. These mutations represent a subtype of class 2
mutations; the single glycosylation site mutations described by
Hoover et al. appear to represent mutations that are partially active
for this reason. The observation that such mutations increase
chloride and metolazone affinity is similar to one made in a
preliminary report concerning effects of partially active Gitelman
mutations (22). One Gitelman mutation increased chloride and
metolazone affinity, although it is located in an area that is not
adjacent to a glycosylation site. The mechanistic explanation for
such affects awaits further exploration.

Gitelman syndrome, although less severe than some other
salt-wasting phenotypes, is nearly always symptomatic (23).
Thus, identifying potential therapeutic agents or approaches
designed to alleviate symptoms is a worthy goal. Chemical
chaperones, substances that assist protein folding, are being
examined as potential therapeutic agents for other protein
folding diseases such as cystic fibrosis and diabetes insipidus
(24,25). In view of the fact that other transport proteins that are
misfolded and retained within the cell have been shown to be
active when delivered to the plasma membrane, screening for
effects of chemical chaperones on mutant NCC may be worth-
while.

Perhaps even more significant, however, is the insight into
blood pressure homeostasis derived from studies of NCC dys-
function. Cruz et al. (26) examined 199 members of an Amish
kindred with an especially high incidence of Gitelman syn-
drome. By reducing background genetic variability, they were
able to show the effects of mutant NCC alleles on blood
pressure. When adjusted for age and gender, the diastolic blood
pressure of individuals inheriting two mutant NCC alleles was
8.6 mmHg lower than in their wild type relatives. Although the
blood pressure of heterozygous individuals was not different
from wild-type controls, the 24-h urinary Na excretion was
significantly elevated, suggesting that even one mutant NCC
allele leads to a mild salt wasting phenotype, one that may be
self-corrected by an increased dietary NaCl intake.

The data described above indicate that dysfunction of the
NCC leads to a syndrome that includes not only hypokalemic
alkalosis, but also relative hypotension. This raises the possi-
bility that a syndrome of enhanced NCC activity would be
associated with hypertension. Pseudohypoaldosteronism type
II (PHAII) is a rare autosomal dominant disorder of hyperka-
lemia and hypertension. Lifton and colleagues showed that this
syndrome is linked to mutations in two members of a novel
protein kinase family known as WNK (With No Lysine[K])
(28). These kinases are expressed along the distal nephron both

within the cytoplasm, and in the case of WNK4, at the tight
junction (27). Although the mechanisms by which WNK mu-
tations cause hypertension is not known, Mayan et al. (29)
recently reported data indicating that PHAII resembles the
opposite of Gitelman syndrome. In a kindred that inherited
mutant WNK4, affected members were shown to exhibit not
only hypertension and hyperkalemia, but also hypercalciuria
and low bone mineral density, the opposite of Gitelman pa-
tients. Furthermore, blood pressure of affected individuals was
highly sensitive to thiazide diuretics; whereas thiazides given
to essential hypertensives elicit a 13 and 10 mmHg drop in
systolic and diastolic blood pressure, respectively, the PHAII
patients exhibited a remarkable 45 and 25 mmHg decline.
These authors suggest that marked sensitivity to thiazides in
PHAII implies that the NCC is constitutively activated in these
patients. Recent preliminary data from our laboratory, indicat-
ing that WNK4 inhibits NCC activity suggest a possible func-
tional link between WNK kinases and the NCC (30)

The thiazide diuretics were developed nearly fifty years ago.
They have proven to be remarkably safe and effective antihyper-
tensive agents. Although they reduce mortality in hypertension
(31), concern has been raised about their side effects, including
hyperglycemia, hyperlipidemia, and hypokalemia (32). Although
the clinical implications of these side effects has diminished with
the popularity of low-dose approaches to thiazide use, it is inter-
esting to note that hyperlipidemia and hyperglycemia are not
common features of Gitelman syndrome, a syndrome in which
complete functional NCC absence is observed (9). This suggests
that these side effects may relate to nonspecific effects of DCT
diuretics, unrelated to their ability to inhibit renal NCC action
(33). If this is true, then it may be possible to develop more
specific inhibitors, drugs with fewer side effects or drugs that can
be used in higher doses to further enhance the efficacy of more
recently developed agents. Thus, the distal convoluted tubule
diuretics continue to be clinically useful and scientifically intrigu-
ing. Although their popularity as antihypertensive agents and as
subjects for scientific investigation waned during the early 1990s,
they have recently returned to the forefront in both regards; the
recently reported ALLHAT results cement them as first-line treat-
ment for hypertension in the twenty-first century (34).
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