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1 | INTRODUCTION

Thiazide and thiazide-like diuretics (thiazides) belong to the most frequently
prescribed drugs worldwide. By virtue of their natriuretic and vasodilating prop-
erties, thiazides effectively lower blood pressure and prevent adverse cardio-
vascular outcomes. In addition, through their unique characteristic of reducing
urine calcium, thiazides are also widely employed for the prevention of kidney
stone recurrence and reduction of bone fracture risk. Since their introduction
into clinical medicine in the early 1960s, thiazides have been recognized for their
association with metabolic side effects, particularly impaired glucose tolerance,
and new-onset diabetes mellitus. Numerous hypotheses have been advanced to
explain thiazide-induced glucose intolerance, yet underlying mechanisms re-
main poorly defined. Regrettably, the lack of understanding and unpredictability
of these side effects has prompted numerous physicians to refrain from prescrib-
ing these effective, inexpensive, and widely accessible drugs. In this review, we
outline the pharmacology and mechanism of action of thiazides, highlight recent
advances in the understanding of thiazide-induced glucose intolerance, and pro-
vide an up-to-date discussion on the role of thiazides in kidney stone prevention.
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the Swiss physician and alchemist Paracelsus for treat-

Before the advent of modern pharmacology, variably effec-
tive treatments for volume overload, historically referred
to as “dropsy,” were largely based on herbal remedies such
as purgatives (e.g., castor oil, tamarind)1 dandelion, fox-
glove, strophanthus seeds, and juniper berries, as well as
dietary restrictions and physical remedies like sweating
and bleeding.”” By the 18th century, mercurial diuretics,
used for treatment of syphilis and already mentioned by

ment of “dropsy” in 1520,” emerged as a significant ad-
vancement in the treatment of volume overload, despite
their narrow therapeutic window and severe and some-
times idiosyncratic side effects.® The discovery of the di-
uretic effect of sulfonamides via proximal tubular carbonic
anhydrase (CA) inhibition in 1937”~° motivated chemists
to synthesize new compounds to inhibit CA, leading to the
detection of acetazolamide (AZM) in 1950 (Figure 1).'*"
CA inhibitors, however, proved insufficiently effective due
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FIGURE 1 Timeline presenting important milestones in thiazide development, mechanism of action, and implementation in clinical

practice. The discovery of the diuretic effect of sulfonamides in 1937 proved catalytic for the synthesis of new diuretics, initially carbonic
anhydrase (CA) inhibitors and then, rather serendipitously, thiazide diuretics (e.g., chlorothiazide) in the late 1950s. In the 1960s, other
thiazide analogs such hydrochlorothiazide (HCT) and thiazide-like diuretics followed. From the 1970s onwards, thiazides were first-line
therapy for hypertension, after a series of important studies, 1979 the Hypertension Detection and Follow-Up Program (HDFP), 1985 the
European Working Party on High Blood Pressure in the Elderly trial (EWPHBP), 1991 the Systolic Hypertension in the Elderly Program
(SHEP). After novel mechanistic results on thiazide action in the distal convoluted tubule (DCT) in 1990, the Antihypertensive and Lipid-
Lowering to Prevent Heart Attack Trial (ALLHAT) study showed noninferiority or superiority of Chlorthalidone (CTD) vs ACE-inhibitors
and calcium channel blockers (CCB), leading to reaffirmation of the important role of thiazides in recent guidelines. In recent years,
Chlorthalidone has proven effective also in patients with chronic kidney disease (CKD), and a comparison of CTD vs HCT showed no
benefit of CTD. Only last year, the 3D structure of the major thiazide target (NCC) with a thiazide bound was elucidated. Created with BioRe

nder.com.

to their physiological limitations.'*'* The search for novel
CA inhibitors led to the rather serendipitous discovery
of thiazide diuretics with the launch of chlorothiazide in
1958,'*'° drugs seemingly targeting for the first time dis-
tal tubules and leading to increased chloride excretion.'
Modifications of the basic benzothiadiazine core led to
the development of hydrochlorothiazide (HCT) and sub-
sequently to more distantly related thiazides-like diuret-
ics such as chlorthalidone, metolazone, and indapamide
(Figures 1 and 2)."

The development of thiazides was the start of a novel
era in diuretic therapy and the treatment of arterial hy-
pertension. Since the 1960s, thiazides have been investi-
gated in numerous randomized clinical trials (RCTs) for
the treatment of arterial hypertension. In these RCTSs,
thiazides were repeatedly shown to improve clinical
outcomes of hypertensive patients and thiazides are still

today recommended as first-line agents for the treat-
ment of arterial hypertension.'® In 1959, Lamberg and
Kuhlbéck reported the observation that thiazides reduce
urine calcium. Soon thereafter, Lichtwitz and colleagues
proposed that this peculiar property might be exploited to
prevent recurrence of calcium-containing kidney stones.*
Several small RCTs thereafter indeed suggested that thi-
azides are effective in the recurrence prevention of cal-
careous nephrolithiasis.23 Based on these trials, thiazides
rapidly became a cornerstone of medical stone prevention.
Yet, the evidence for their effectiveness in kidney stone
prevention has recently been challenged due to method-
ological deficiencies of the RCTs conducted thus far for
this indication.”*** Due to their indications targeting very
common human disorders and their universal availabil-
ity and low cost, thiazides belong to the most widely pre-
scribed drugs worldwide.*
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FIGURE 2 Structure of thiazide diuretics and thiazide-like diuretics. Members of thiazides and thiazide-like diuretics are clinically

used, including their molecular weight. For chlorothiazide, the sulfamoyl group (H,N-SO,, red arrow) and halogen (Chloro-) group (green

arrow) are marked. All thiazides harbor a sulfamoyl group and halogen-like group and both are essential for their pharmacological activity.

Differences between thiazides and thiazide-like diuretics mainly consist in the lack or incompleteness of the benzothiazidine ring in

thiazide-like diuretics.

2 | THE NA*"/CL™
COTRANSPORTER (NCC): THE
CLASSICAL THIAZIDE TARGET

The principal target of thiazides is the Na™/Cl~ cotrans-
porter NCC (also known as SLC12A3) in the distal con-
voluted tubules (DCT) of the kidney.>” NCC inhibition by
thiazides blocks Na* and CI~ reabsorption by the DCT.
Inhibition of NCC in the DCT cannot be fully compen-
sated by other tubular segments, thus resulting in a re-
duction of the extracellular volume and a drop in blood
pressure. Through a still ill-defined mechanism, further
described later in this review, thiazides also reduce urine
calcium, which is exploited in the recurrence prevention
of calcium-containing kidney stones.***’

The interaction of thiazides with NCC has recently
been solved at high resolution.* Polythiazide interacts
with NCC in an outward-open conformation with its
sulfamoyl group forming multiple hydrogen bonds deep
in the binding pocket (Figures 2 and 3.B).* In addition,
the chloro group of polythiazide competes with the CI™
binding site in NCC (Figure 3.B), as already proposed
previously.* All thiazides likely bind to NCC in a similar
fashion by competing with C1~ binding and by preventing
the conformational switch from the outward-facing to the
inward-facing state.*

The phenotype of patients with homozygous inactivat-
ing mutations in the NCC gene (Gitelman's syndrome) or
of mice with targeted disruption of the Nec gene (NCC KO
mice) is very similar to humans treated with thiazides.*”**
Notable exceptions exist with regard to blood K™ and blood
pressure. Indeed, while hypokalemia is an almost universal
finding in patients with Gitelman's syndrome or in patients
treated with high doses of thiazides, NCC KO mice have no
alterations of blood K* or blood pressure compared with
WT mice under a normal rodent diet.*>** When challenged
with a low K diet, however, NCC KO mice displayed sig-
nificantly reduced plasma K* concentrations compared
with WT littermates.* Similarly, only when challenged
with a Na*-deficient diet, NCC KO mice display a reduc-
tion in blood pressure compared with WT mice.*

3 | NONCLASSICAL THIAZIDE
TARGETS

While NCC is the primary site of thiazide action, other thi-
azide targets have been described. Despite considerable
chemical alterations of the original AZM scaffold, all thi-
azides have retained the ability to inhibit CA."*** However,
there is considerable heterogeneity between the different
thiazides with respect to their inhibitory potency toward the

511 SUOLLILLIOD BAIRRID 3Rl (dde 3 Aq peuianch a1 SSP1LE VO 88N J0 S3 I oy AReIq1T2UIIUO AB]1 UO (SUONIPUOD-PUE-SULBYLIC" B W ARe.q1 RUIIUO//'SANL) SUOTIPUOD PUE SULB L 83 395 *[7Z02/50/€0] U0 ARiq178UIIUO AB]1M BQ SILBP3 Y SUSSISZBMUDS Aq SSTYTeUde/TTTT'OT/I0p/L00 A8 |ImAReiq1uI|UO//SdNY WOy popeojumMoq ‘0 ‘9T.T8Y.T



BARGAGLI ET AL.

BB A -TA PHYSIOLOGICA

(A) @ Lumen DCT Interstitium
Na/K
HCT ATPase
* +
\ NCC Kk A;:,F?:/
or® S~ " N.'
o 4
Na* 5 Ca?
@ °
TRPVST - N' \;:,\‘
car ﬂr_' ° |ch1
Mg? I —j_——— ¢ Cl
y TRPM6 /CLCNKB
\\ B-intercalated cell CD
— m H.0 + CO, ©) ®
HCT N 20iC02
Ny AL
HCO; +H*  AZM
HCOg + H* HCT
ok 4K @l _eoH*
nee ©) Nat |NHE3
Na*/K*
ATPase @%9_» o
Interstitium PT Lumen Lumen Interstitium
(B) ©) )
// shear stress "
7 —» Piezo1
7 = i
’ . o ®
. o oas aa l
/ "
7 endothelial cell BKca
NO
®
Caz‘ K'e e K* ‘\\\
iy ®@e | oo R
Cay BKecs ’ Kap  NO
= U »
® e I © ® i
& ® " Y
: 1Ca* 4 cGMP « TNO
J_ l TpH;
' o ‘ . VASO- T @@
X N RELAXATION ”
\
’ !
,’ \ vascular smooth muscle cell
H

currently known CA isoforms.* Clinically, inhibition of CA
isoforms by thiazides has been proposed to contribute to the
reduction of blood pressure by induction of vasorelaxation
and to enhance the (distal tubular) diuretic effect by an ad-
ditional, direct proximal tubular effect.>”8

Eladari and colleagues described an additional thiazide tar-
get in the cortical collecting duct (CCD), the Na*-driven CI~/
bicarbonate exchanger NDCBE (also known as SLC4A8).%*
Microperfusion studies on isolated CCD segments indicated
that a significant fraction of Na* reabsorption in this segment
is amiloride-independent (i.e., independent of the epithelial
Na™ channel ENaC) but thiazide-sensitive.** This concept
was further supported by the finding that HCT increased
renal Na* and CI~ excretion even in NCC KO mice.* Genetic

ablation of NDCBE abolished the thiazide-sensitive Na*
transport in the CCD and supported the notion that NDCBE
is indeed a direct thiazide target, although another group
did not detect NDCBE in the mCCD, the OMCD/IMCD and
failed to detect differences in acid-base status or blood elec-
trolytes.*! Hence, in addition to the DCT and proximal tubule,
thiazides may also inhibit a Na* and C1~ transport pathway in
the CCD. The role of NDCBE in sodium homeostasis is most
striking in conditions, where NCC is inhibited or (geneti-
cally) absent and seems to be important for the prevention
of hypokalemia in this setting. Inhibition of NDCBE by thi-
azides has therefore been implicated in the development of
thiazide-induced hypokalemia.*>** The clinical relevance of
this finding in the context of usual pharmacological thiazide
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FIGURE 3 (A) Action of thiazides along the nephron. Along the nephron, thiazides such as hydrochlorothiazide (HCT) mainly act

in the distal convoluted tubule (DCT) by blocking the sodium chloride cotransporter (NCC). However, as structural analogs of carbonic
anhydrase (CA) inhibitors, here exemplified by acetazolamide (AZM), they retain inhibitory capacity on CA. Recently, an additional

target in p-intercalated cells of the collecting duct (CD), Na*-driven Cl~/bicarbonate exchanger (NDCBE) has been proposed. AE4: anion
exchanger, isoform 4, CD: collecting duct, CLCNKB: chloride voltage-gated channel Kb, NHE3: sodium hydrogen exchanger, isoform 3.
NCX1: Na*/Ca®" exchanger isoform 1, PEN: pendrin (Chloride bicarbonate exchanger), PT: proximal tubule, TRPVS5: transient receptor
potential cation channel subfamily V member 5, TRPMé6: transient receptor potential cation channel, subfamily M, member 6, V-ATPase:
vacuolar H*-ATPase, *In box 2: NCC is only co-expressed with TRPVS in the more distal part of the DCT transitioning to the connecting
tubules (CNT), called DCT2. (B) Position of polythiazide in the binding pocket of its main target, NCC. Polythiazide binds NCC in its
outward-open conformation. The sulfamoyl group (bottom, red, arrow) is essential as it allows multiple hydrogen bonds with residues of the
binding pocket of NCC. The halogen/Chloride group (green) is localized close to the space usually occupied by a C1™ ion (yellow dot/arrow).
The Na™ ion present is seen as a violet dot. Image created using Mol*'%® with and according to the NCC structure'®” and publication®® of
Zhang, Fan, Feng, et al. (PDB ID: 8FHO) deposited at RCSB PDB.'*® (C) Proposed mechanisms of direct vascular effect by thiazides leading
to blood pressure reduction. Multiple pathways were proposed to mediate the long-term blood pressure reduction of thiazide diuretics. The
proposed pathways all lead to relaxation of the vasculature, either by direct action to increase nitric oxide (NO) production via stimulation
of endothelial nitric oxide synthase (eNOS) in endothelial cells (1) or by direct action on vascular smooth muscle cells (2-5). Proposed action
of thiazides on vascular smooth muscle cells (VSMC) are direct inhibition of Ca®*- and voltage-activated K* channels (BK,, 2), leading to
hyperpolarization with attenuation of Ca** entry into cells via Ca** channels and consequently vasodilation due to reduced intracellular
Ca**. Other mechanisms proposed are direct inhibition of voltage-gated Ca** channels (4), inhibition of carbonic anhydrase (CA, 3), leading
to higher pH due to reduced CA function and consequently increased open probability of BK,. Another mechanism proposed is reduction
of Rho and Rho Kinase (5) and consequently reduced Ca**-sensitization of the myofilaments of VSMCs and resulting vasodilation. cGMP:

cyclic guanosine monophosphate, E,,, membrane equilibrium potential. Created with Biorender.com.

doses, however, is currently unknown. Mechanistically, the
chloride bicarbonate exchanger pendrin (SLC26A4) seems
to be coupled to NDCBE to enable NaCl reabsorption (see
Figure 3.A, panel 3).* Single genetic deletions of NCC,* pen-
drin,** or NDCBE> in rodents do not lead to excessive salt
wasting, likely due to compensatory effect by the remaining
transport proteins. The severe salt-wasting phenotypes of
NCC/Pendrin®- and NCC/NDCBE*-double KO mice sup-
port this concept.

4 | COMMON SIDE EFFECTS OF
THIAZIDES

The most frequent side effects of thiazides are electrolyte
disturbances, notably hypokalemia, hyponatremia, and
hypomagnesemia. These electrolyte disturbances are not
off-target effects but rather expected, secondary changes
due to inhibition of renal Na* and C1~ transport. Thiazide-
induced high distal tubular Na* delivery and hypovolemia-
mediated activation of the renin-angiotensin-aldosterone
(RAA) system synergistically stimulate renal K™ secretion.
Especially multimorbid elderly patients*® and patients re-
ceiving high doses of thiazides*’ with a high Na* intake
are prone to develop hypokalemia.*® Another common
side effect of thiazides is hyponatremia.*’ This side effect
is equally dose-dependent and typically encountered in el-
derly patients with low solute intake, impaired osmoregu-
lation, and limited urinary dilution capacity.” Several
mechanisms have been discussed such as the combination

of urinary Na* and K" losses with enhanced ADH-
mediated water reabsorption, and ADH-independent
activation of water reabsorption in the inner medullary
collecting duct.”"** Rodent and human data also suggest
a role for renal prostaglandins in thiazide-induced hy-
ponatremia.****~>* Another conundrum is the paradoxical
antidiuretic effect of thiazides, which is therapeutically
exploited in the treatment of patients with nephrogenic
diabetes insipidus. The most commonly followed expla-
nation is that the mild volume depletion induced by in-
hibition of NCC activates Na* and water reabsorption in
the proximal tubule.”® Another proposed mechanism in-
volves a direct upregulation of aquaporin-2 in the distal
collecting duct.’® An antiaquaretic effect due to inhibition
of proximal tubular CA with activation of tubuloglomeru-
lar feedback has also been postulated.”” Hypomagnesemia
due to renal Mg** wasting, another electrolyte abnormal-
ity frequently observed with thiazide therapy, is likely a
consequence of morphological and functional changes
directly in the DCT when NCC is chronically absent or
inhibited.”®* Other classical side effects of thiazides due
to volume contraction include hyperuricemia/gout and
(reversible) worsening of renal function.

5 | DIRECT THIAZIDE EFFECTS
ON BLOOD VESSELS

While the initial reduction in blood pressure is mediated
by volume contraction and leads to transiently increased
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vascular resistance induced by counterregulatory path-
ways,”® the long-term antihypertensive effect of thiazides
is mediated by multifaceted reduction in total peripheral
vascular resistance, but persisting slight volume contrac-
tion.”*®" Many different pathways and molecular targets
have been proposed to mediate this reduction in vascular
tone (Figure 3.C), which is likely due to direct and indirect
actions on vascular smooth muscle cells.**** One possible
contribution is inhibition of CA (mainly isoform I) in vas-
cular smooth muscle cells (and potentially also endothelial
cells),”” leading to intracellular alkalinization and activa-
tion of Ca**-activated K* channels, consequently resulting
in vasodilation. Other proposed mechanisms include di-
rect activation of Ca®'-activated K* channels (BKc,)*
in vascular smooth muscle or endothelial cells,” Ca**-
desensitization in vascular smooth muscle cells mediated
via Rho-kinases,*”® and Ca2+—antag0nism—like effects (only
indapamide), likely via a different mechanism than classical
Ca®*-antagonists®’~"° (Figure 3.C).

A major limitation of most of these studies is the su-
pratherapeutic thiazide doses used in experiments.®>”*"”
It is currently unclear, whether mechanisms exist that in-
crease the local concentration of thiazides in endothelial
or vascular smooth muscle cells, similar to that observed
in red blood cells due to binding of thiazides to CA.?*%>"*
Clearly, more research is needed to determine the exact
molecular mechanisms responsible for long-term blood
pressure reduction mediated by thiazides.

6 | THIAZIDES IN THE
PREVENTION OF KIDNEY STONE
RECURRENCE

Nephrolithiasis is a common condition in the general
population, with increasing prevalence and incidence
all over the world.”> Notably, a substantial proportion
of first-time kidney stone formers, approximately 35%,
are predisposed to recurrent episodes.”® The socioeco-
nomic ramifications of nephrolithiasis are profound,
encompassing not only the healthcare costs but also the
loss of productivity due to work absenteeism, cumula-
tively exceeding $10 billion annually in the United States
alone.”” Predominantly, kidney stones are composed of
calcium oxalate (CaOx), calcium phosphate (CaP), or a
mixture of both, and to a lesser extent, uric acid.”® From
a physicochemical perspective, the phenomenon of litho-
genic salt formation is mainly explained by the concept
of urine supersaturation. The latter is acknowledged
as the pivotal driver for the nucleation and subsequent
growth of crystalline structures.”””®" The assessment of
urinary supersaturation relative to the crystalline phases
of stone formation is achievable through computational

analyses using programs such as EQUIL2, JESS, and
LithoRisk.** These methodologies evaluate the ionic
equilibrium of lithogenic salts and confront these findings
against established thermodynamic solubility constants
to approximate supersaturation metrics. Specifically, the
supersaturation states of CaOx and CaP drive the crys-
tallization of the corresponding salts in the urines and
are primarily influenced by the urinary concentrations
of calcium, oxalate, phosphate, magnesium, citrate, and
urine pH. Urine supersaturations are highly correlated
with kidney stone composition and well-established
proxies for the risk of recurrent stone formation.®*>-5%
Interventions that reduced stone events closely corre-
lated with reductions in urine supersaturations.>56-8%%

High urine calcium is the most common metabolic
abnormality encountered in patients with calcium-
containing kidney stones and drives both CaOx and CaP
supersaturations.”*®*>  Epidemiological data demon-
strated the association between urinary calcium and
risks of stone formation. Across genders, the lower 95%
confidence interval (CI) for a relative risk of stone forma-
tion exceeding 1 occurs at a urinary calcium excretion of
~200mg (=5mmol)/24h.”"%* Therefore, strategies aimed
at reducing urinary calcium are the mainstay of the man-
agement of calcium nephrolithiasis.

Thiazide diuretics reduce urine calcium and are widely
employed to mitigate the risk of kidney stone recurrence,
but large studies recently challenged this approach.”*
Several mechanisms have been proposed for the thiazide-
induced reduction of urine calcium, with the most com-
pelling evidence for a proximal tubular effect. In a small
prospective study involving individuals treated with a 6-
month regimen of chlorthalidone at a daily dose of 25mg,
the thiazide-like diuretic chlorthalidone led to a decrease
in urine calcium, as well as reductions in both the frac-
tional excretion of calcium and lithium.”® These findings
suggest a decreased delivery of calcium from the proximal
tubule to more distal sections of the nephron.”®*® In sup-
port of these results, micropuncture experiments in mice
demonstrated increased reabsorption of Na* and Ca** in
the proximal tubule during chronic thiazide treatment,
whereas Ca®" reabsorption in the distal convolution ap-
peared unaffected. Second, chronic thiazide administration
still induced hypocalciuria in transient receptor potential
channel subfamily V, member 5 (TRPV5) KO mice, in
which active distal Ca®* reabsorption is abolished due to
inactivation of the epithelial Ca** channel TRPV5.%® Still,
NCC inhibition may lead to augmented distal tubular Ca**
reabsorption and thereby contribute to thiazide-induced
hypocalciuria,29 at least with acute thiazide treatment,”
and increased expression of TRPV5 and calbindin have
been observed in kidneys on mRNA and (for TRPV5) pro-
tein level with thiazide treatment.”’ Additionally, crosstalk
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between Ca®* and Mg®" transport may play a role in in-
creased distal tubular Ca*" reabsorption.”

Although thiazides are associated with a variable but
still significant reduction in urine calcium excretion, this
positive effect might be counteracted by one of its main
and common adverse effects, hypokalemia.'** " The
thiazide-induced hypokalemia in turn causes a deleterious
decrease in urinary citrate excretion, which counteracts
the beneficial effect of urinary calcium reduction.'*>'**
Hypokalemia predominantly arises from augmented dis-
tal Na* delivery and activation of the RAA system, which
facilitates K* secretion in principal cells of the collecting
duct.'® Hypokalemia induces an intracellular acidosis in
proximal tubular cells,'® which stimulates proximal tu-
bular citrate reabsorption and metabolism.'*¢"'%

As a result of all these factors and including difficulties
in achieving a sustained and long-term reduction in salt
intake, thiazides were observed to have a variable effect
on urine supersaturations for CaOx and CaP. Indeed, the
recent state-of-the-art, randomized double-blind placebo-
controlled trial NOSTONE found no consistent changes
in urine supersaturation for CaOx and CaP with any HCT
dosage compared to placebo, accompanied by a tendency to
lower urinary citrate in patients assigned to HCT compared
to placebo. Reduction of urine calcium among patients re-
ceiving HCT in NOSTONE was modest (9-17% compared to
baseline, 15-16% compared to placebo), without any dose-
response effect. Although sodium intake was similar across
all groups, it exceeded the recommended level despite re-
peated dietary instructions by experienced professionals.
This may have mitigated the hypocalciuric effect of HCT
to some extent, but sodium intake in NOSTONE was com-
parable to that of previous thiazide trials for the prevention
of kidney stones.”° Consistent with these biochemical
proxies of stone formation risk in the urine, NOSTONE
failed to demonstrate any benefit of HCT at doses up to
50mg daily in patients with calcium-containing kidney
stones at a high risk of recurrence compared to placebo.
These findings align with a very recent large observational
study reporting a benefit with alkali treatment but not with
thiazides in preventing clinically significant symptomatic
stone events in patients with kidney stones.”* In contrast,
a recent Mendelian randomization study encompassing
1'079'657 individuals found that genetic proxies of thiazide
diuretics were associated with a 15% reduced odds for kid-
ney stones."' A previously not addressed limitation of this
study is that analyzed genetic proxies were selected by their
association with systolic blood pressure and focused only on
SLC12A3 (the gene encoding NCC) and its regulating re-
gions but did not include additional thiazide loci.'*! While
these findings at the population level provide a rationale
for targeting NCC to prevent kidney stone formation, the
recent outcome trial NOSTONE and a large contemporary
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observational study indicate that the currently used strategy
of prescribing thiazides has limited clinical efficacy.”>**

Since thiazide-like diuretics, such as indapamide and
chlorthalidone, are more potent and have a significantly
longer half-life compared to HCT,"'®''? it might be pre-
sumed they can achieve more effective prevention of
stone recurrence. However, this assertion lacks robust
randomized evidence and no head-to-head comparison of
different thiazides for kidney stone recurrence prevention
has been conducted so far.

Available data on long-acting thiazides indapamide
and chlorthalidone are scarce, showing heterogeneous and
variable effects on urine composition and relative super-
saturations. Indeed, no data are available on the effects of
chlorthalidone on urine supersaturation for CaOx and CaP
in humans. For indapamide, a single randomized prospec-
tive study with outdated dietary recommendations showed a
54% reduction in the relative supersaturation for CaOx and a
22% reduction in relative supersaturation for CaP compared
to baseline."'® With respect to urine calcium, indapamide
at doses of 1.5 or 2.5mg reduced urine calcium by 20%-55%
compared with baseline,"'****!"* whereas chlorthalidone
achieved similar reduction rates with doses of 25-100mg
daily."'#*>1 With respect to urine citrate, no change up to a
reduction of 20%-30% has been reported for both indapamide
and chlorthalidone compared with baseline '*!>7118
Based on recent trial data, it seems prudent to recommend
the use of alkali such as potassium citrate as first-line treat-
ment for pharmacologic recurrence prevention of kidney
stones.”'**1%* In patients with calcium kidney stones that
are not responsive, or intolerant to citrate supplementation,
potent long-acting thiazides such as chlorthalidone or in-
dapamide may be tried, despite the lack of data showing an
advantage of these thiazide-like compounds over HCT for
kidney stone recurrence prevention. Collectively, these data
underscore the unmet medical need for additional studies,
including head-to-head comparison of different thiazides
for kidney stone recurrence prevention or for the established
proxies of recurrence risk, urine RSRs. A crossover trial com-
paring hydrochlorothiazide, indapamide, and chlorthalidone
(INDAPACHLOR trial; NCT06111885) that addresses this
critical knowledge gap has recently been initiated.

7 | THIAZIDE-INDUCED
GLUCOSE INTOLERANCE

The association of thiazide use with worsened glucose tol-
erance or new-onset diabetes mellitus has been recognized
almost immediately after their introduction in clinical medi-
cine 60years ago.lzs'128 Numerous observational studies and
randomized trials have since confirmed these initial obser-
vations.'>3* Also, the recent NOSTONE kidney stone trial
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reported a higher rate of adverse events, including newly
diagnosed diabetes mellitus, in patients receiving HCT
compared with patients assigned to the placebo.'*> A large
network meta-analysis of 22 large clinical trials involving
143’153 patients treated with antihypertensive drugs found
that thiazides are associated with the highest risk of incident
diabetes mellitus.'*® Interestingly, patients with Gitelman's
syndrome were also reported to exhibit higher fasting glu-
cose, higher levels of markers of insulin resistance, and at
increased risk for the development of type 2 diabetes com-
pared to heterozygous carriers or healthy noncarriers.*”'**
The persistent concern regarding the metabolic side effects
of thiazides has led numerous physicians to discontinue
the use of these inexpensive, readily available, and effec-
tive medications. The underlying molecular mechanisms
remain unclear,’®® but several hypotheses have been put
forth to explain thiazide-induced glucose intolerance. The
most popular one involves thiazide-induced potassium de-
pletion resulting in decreased insulin secretion from f cells.
Indeed, there is a correlation between the degree of thiazide-
induced hypokalemia and the increase in blood glucose,
and evidence that prevention of hypokalemia by potassium
supplementation or co-administration of potassium-sparing
diuretics attenuates the thiazide-induced increase in blood
glucose.'® However, the evidence supporting the concept
that hypokalemia in the range observed in patients treated
with thiazides (typically 0.2-0.6 mmol/L'*'****") actually de-
creases insulin secretion and thereby promotes hyperglyce-
mia is incomplete.139 Further, a well-designed randomized
controlled trial revealed no significant correlation between
changes in plasma potassium and blood glucose or plasma
insulin in patients treated with HCT, although a significant
increase of blood glucose was noted in participants receiving
HCT."** Similarly, the profound hypokalemia observed in
patients with chronic hyperaldosteronism is not associated
with hyperglycemia.'**!** Other potential mechanisms pro-
posed include direct thiazide-mediated inhibition of insulin
secretion in p cells'**'* and thiazide-induced decreases of
peripheral*****® or hepatic insulin ser1sitivity.149’150

The functional role of the thiazide targets NCC or
NDCBE in f cells had not been studied, yet previous stud-
ies demonstrated that AZM or thiazides at high concentra-
tions attenuated insulin secretion in vitro, suggesting that
inhibition of CA or NDCBE may play a role in thiazide-
induced glucose intolerance.” >

8 | IDENTIFICATION OF THE
MOLECULAR THIAZIDE TARGET
IN g CELLS

We set out to further investigate the molecular mecha-
nisms underlying thiazide-induced glucose intolerance. By

employing intraperitoneal glucose and insulin tolerance
tests, we observed that the administration of HCT to mice
resulted in an acute glucose intolerance accompanied by
a reduction in circulating insulin. However, insulin sen-
sitivity and plasma potassium concentrations remained
unchanged. Consistent with these findings, thiazides fre-
quently employed in clinical practice, such as bendroflu-
methiazide, chlorthalidone, indapamide, metolazone, and
benzoflumethiazide, and HCT, attenuated insulin secretion
dose-dependently in mouse islets and the mouse p-cell line
Min6 within a pharmacologically relevant, submicromolar
range. The inhibitory effect of thiazides on insulin secretion
was CO,/HCO; -dependent, not additive to unselective CA
inhibition with AZM, and independent of extracellular po-
tassium. In contrast, although we discovered that both NCC
and NDCBE are expressed in islets and Min6 cells, islets iso-
lated from NDCBE and NCC KO mice displayed no insulin
secretion deficit. Furthermore, deletion of NCC in mice was
not associated with altered glucose tolerance in vivo, and
HCT attenuated insulin secretion to a similar degree in islets
of NCC KO mice as in islets of WT mice. Collectively, these
results suggested that (i) thiazides target one or several CA
isoform(s) that are critical for insulin secretion and (ii) NCC
and NDCBE are dispensable for insulin secretion in 3 cells.
Subsequent experiments with individual KO of CA isoforms
expressed in Min6 cells demonstrated that cytosolic CA2
and mitochondrial CA5b are critical for insulin secretion
in Min6 cells. However, CA expression analysis of purified
murine  cells revealed that primary f cells only express two
isoforms, mitochondrial CA5b and CA10, a catalytically in-
active and secreted CA isoform. These results strongly in-
dicated that mitochondrial CA5b is the probable target of
thiazides in p cells."** Consonant with such a mechanism,
thiazides are known to efficiently cross lipid bilayer mem-
branes and to exhibit high affinity for CA, resulting in the
intracellular accumulation of thiazides at sites of CA expres-
sion (e.g. erythrocytes).">!*® In addition, HCT and other
thiazides are potent inhibitors of purified human CA iso-
forms (including CA5b) in vitro with inhibitor constants in
the nanomolar range, and co-crystallization studies revealed
direct binding of thiazides to CA isoforms."*”'>®

9 | ROLE OF MITOCHONDRIAL
CA IN INSULIN SECRETION

Mitochondria are impermeant to HCO;, yet a number of
biosynthetic enzymes within mitochondria are highly reli-
ant on HCO;™, including pyruvate carboxylase (PC), which
converts pyruvate and HCO,™ into oxaloacetate (OAA).">
To this end CO,, which freely diffuses into mitochon-
dria, is used by the two mitochondrial CA isoforms, CA5a
and CA5b, to generate HCO,~ (Figure 4). CA5a and CA5b
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exhibit a different tissue distribution, and f cells exclusively
express CA5b.1 52115 g cells exhibit high PC activity, and a
significant proportion of pyruvate that enters mitochondria
is converted to OAA. OAA is a key metabolite in nutrient-
induced insulin secretion, and PC activity correlates strongly
with insulin secretion (Figure 4).'° First, OAA synthesis
by PC (anaplerosis) fuels the tricarboxylic acid cycle (TCA)
leading to an increase of TCA intermediates, which then exit
from mitochondria to the cytoplasm (cataplerosis). Second,
phosphoenolpyruvate (PEP) synthesis via the mitochondrial
GTP-dependent enzyme PCK2 is initiated from OAA. %163
PEP produced from OAA is transported to the cytosol, where
pyruvate kinase (PK) converts ADP and PEP into ATP and
pyruvate, leading to closure of K,rp channels and initiation
of insulin secretion.'**'®® The third OAA-dependent path-
way contributing to nutrient-stimulated insulin secretion is
the pyruvate/malate shuttle, which results in the generation
of cytosolic NADPH via malic enzyme.'**!¢!

10 | THIAZIDES ATTENUATE
OXALOACETATE SYNTHESIS IN B
CELLS

KO of CA5Db or treatment with HCT severely reduced
OAA levels in Min6 cells. This reduction in OAA levels

Insulin
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was not additive to the reduction of OAA levels observed
with PC inhibition by phenylacetic acid or in CO,/
HCO; -free conditions. The decrease in OAA is closely
correlated with the decrease in insulin secretion experi-
ments observed under these conditions. We then per-
formed insulin secretion experiments with islets isolated
from WT and CA5b KO mice. HCT significantly attenu-
ated secretagogue-induced insulin secretion in islets of
WT mice. CA5b KO islets displayed increased basal but
greatly impaired secretagogue-induced insulin secretion
compared with WT islets. In addition, HCT did not affect
insulin secretion of CA5b KO islets. A similar pattern
was observed when we quantified OAA levels in WT and
CA5D KO islets. In glucose tolerance tests, HCT-treated
WT but not CA5b KO mice displayed higher blood glu-
cose and lower serum insulin compared to vehicle-treated
mice. Acid-base parameters and electrolytes were simi-
lar in both groups of mice, and insulin tolerance tests re-
vealed no differences in insulin sensitivity between WT
and CAS5b KO mice. Thus, CA5b KO mice are resistant
to thiazide-induced glucose intolerance, and thiazides do
not affect insulin secretion of CA5b KO islets in vitro.'>*
Together, these results indicate that thiazides induce
glucose intolerance by attenuation of insulin secretion
in p cells through inhibition of mitochondrial CAS5b.
Acute thiazide effects observed occurred in the absence

Thiazides

TCAintermediates «--="""
NADPH <7

FIGURE 4 Thiazides attenuate insulin secretion in f cells (from [154]). Carbonic anhydrase type 5b (CA5b) furnishes HCO;~ which is
used by pyruvate carboxylase (PC) to generate oxaloacetate (OAA). Thiazides inhibit CAS5b, thereby attenuating OAA synthesis. OAA is a
crucial metabolite in nutrient-induced insulin secretion. OAA synthesis by PC (anaplerosis) fuels the tricarboxylic acid cycle (TCA) resulting
in increased TCA intermediate export to the cytoplasm, and activation of the pyruvate/malate shuttle, which yields cytosolic NADPH via
malic enzyme (ME). In addition, OAA also supports phosphoenolpyruvate (PEP) synthesis via the mitochondrial GTP-dependent enzyme

PCK2.
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of changes in extracellular potassium. Yet, it is possible
that other mechanisms, such as potassium depletion or
a decrease in insulin sensitivity, contribute to thiazide-
induced glucose intolerance during chronic adminis-
tration of thiazides. Hence, long-term studies with WT
and CA5b KO mice, treated with thiazides or vehicles
under a range of different potassium diets are needed to
investigate this further. Similarly, a conditional CA5b
KO mouse model would be desirable in these studies to
exclude the possibility that pathways outside the p cells
contribute to thiazide-induced glucose intolerance.

In summary, in this brief review, we outline the phar-
macology and mechanism of action of thiazides, high-
light their usefulness in the treatment of volume overload
states and arterial hypertension, and discuss recent trial
evidence on the utility of thiazides for kidney stone recur-
rence prevention. We examine potential harms associated
with thiazide treatment, such as new-onset diabetes and
hypokalemia/hypocitraturia, and review recent insights
into the molecular mechanisms of thiazide-induced glu-
cose intolerance. Although thiazides come of age, many
questions surrounding their use in clinical medicine, their
mode of action, and the origin of their off-target effects re-
main unanswered and necessitating additional research.
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