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Abstract:

Background: Thiazide diuretics are associated with glucose intolerance and new onset diabetes
mellitus. Previous studies demonstrated that thiazides attenuate insulin secretion, but the molecular
mechanisms remain elusive. We hypothesized that thiazides attenuate insulin secretion via one of the
known molecular thiazide targets in p-cells.

cells at pharmacologically relevant concentrations: i insulin secretion by thiazides was

ibition with acetazolamide, and independent

puate insulin secretion via inhibition of the mitochondrial CA5b isoform

Conclusions: Thia

in B-cells of mice.

Significance Statement:

Thiazide diuretics (thiazides) are among the most widely prescribed drugs worldwide, but
their use is associated with glucose intolerance and new onset diabetes mellitus. The
molecular mechanisms remain elusive. Our study reveals that thiazides attenuate insulin
secretion through inhibition of the mitochondrial carbonic anhydrase isoform 5b (CA5b) in
pancreatic p-cells. We furthermore discovered that pancreatic f-cells express only one
functional CA isoform, CA5b, which is critical in replenishing oxaloacetate in the
mitochondrial tricarboxylic acid cycle (anaplerosis). These findings explain the mechanism
for thiazide-induced glucose intolerance and reveal a fundamental role of CA5b in
tricarboxylic acid cycle anaplerosis and insulin secretion in p-cells.
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ABSTRACT

Background: Thiazide diuretics are associated with glucose intolerance and new onset
diabetes mellitus. Previous studies demonstrated that thiazides attenuate insulin secretion, but
the molecular mechanisms remain elusive. We hypothesized that thiazides attenuate insulin
secretion via one of the known molecular thiazide targets in p-cells.

Methods: We performed static insulin secretion experiments with islets of wild-type, NCC

(SLC12A3), and NDCBE (SLC4A8) knock-out (KO) mice and with murine Min6 cells with

Vivo.

Results: Thiazides inhibited glucose- and s

and Min6 cells at pharmacologically refevant conceqtrations. Inhibition of insulin secretion
by thiazides was CO,/HCO3™-d
acetazolamide, and indeperde ar potassium. In contrast, insulin secretion was
unaltered in islets of nown molecular thiazide targets NCC or NDCBE. CA
expression profili ent knock-down of individual CA isoforms suggested
mitochondrial CA lecular target. In support of these findings, thiazides
significantly attenuaf€d Krebs cycle anaplerosis through reduction of mitochondrial
oxaloacetate synthesis. CA5b KO mice were resistant to thiazide-induced glucose
intolerance, and thiazides did not alter insulin secretion in CA5b KO islets.

Conclusions: Thiazides attenuate insulin secretion via inhibition of the mitochondrial CA5b

isoform in B-cells of mice.

Copyright © 2023 by the American Society of Nephrology
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INTRODUCTION

Thiazide and thiazide-like diuretics (thiazides) have been the cornerstone for the treatment of
essential hypertension and pharmacologic recurrence prevention of kidney stones for more
than 50 years. Hence, not surprisingly, thiazides belong to the most widely prescribed drugs
worldwide .

Since their introduction into clinical medicine in the 1960ies, thiazides are known to be

associated with metabolic side effects, including glucose intolerance and new onset diabetes

decade ago °.

The classical molecular thi arget is the'Na*/CI" co-transporter NCC (also known as

SLC12A3) in distal cofivoluted tu (DCT) of the kidney'. Biallelic pathogenic variants
in Gitelman’s syndrome which is characterized by
ypomagnesemia and metabolic alkalosis **. In addition to
electrolyte abnormalifies, patients affected by Gitelman’s syndrome were reported to exhibit
an increased prevalence of impaired glucose tolerance *#**. Other molecular thiazide targets
than NCC have been described, including the Na*-driven Cl/bicarbonate exchanger NDCBE
(also known as SLC4A8) and carbonic anhydrase (CA) *>*°. Thiazides were originally
developed by chemical modification of the CA inhibitor acetazolamide (AZM) and retained

the ability to inhibit CA *’. Previous studies demonstrated that AZM or thiazides at high

doses attenuate insulin secretion in vitro, suggesting that inhibition of CA may play a role in

Copyright © 2023 by the American Society of Nephrology
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thiazide-induced glucose intolerance *%°. If NCC or NDCBE are expressed in pancreatic
islets and contribute to insulin secretion has not been explored thus far. The goal of this study
was to elucidate the molecular mechanisms underlying thiazide-induced glucose intolerance.
We hypothesized that thiazides attenuate insulin secretion in B-cells via a known molecular

thiazide target, likely a specific CA isoform.

METHODS

Intraperitoneal glucose (IPGTT) and insulin (IPITT) toleranceste

intraperitoneal injection at time -30.
insulin (IPITT; 0.5 0r 1 U/kg A

intraperitoneal injection attim&©. For serum’insulin measurements tail vein blood sampling

was performed at time =30, 0 and . Vehicle or HCT was applied at time -30 min and

glucose (2 g/kgpwas app e 0 min. Serum insulin was measured with the ultra-

sensitive mouse i n A (CrystalChem, Downers Grove, IL; # 90080).

Isolation of islets and in vitro insulin secretion assays

Pancreata were perfused in situ with collagenase solution and islets isolated exactly as
described ?* %%, After overnight incubation in RPMI medium with 11 mM glucose, islets were
washed twice with KRBH containing (in mM): 115 NaCl, 5 KCI, 25 NaHCOg3, 0.5 NaH,PO,,
1.2 MgSOqy, 2.5 CaCl,, 2 glucose, 10 HEPES pH 7.4 and 0.1 % (w:v) BSA. In case of

experiments without CO,/HCOj3’, the incubation buffer contained (in mM): 140 NaCl, 5 KCl,

Copyright © 2023 by the American Society of Nephrology
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0 NaHCO3, 0.5 NaH2P04, 1.2 MgSQ,, 2.5 CaCl2, 2 glucose, 10 HEPES pH 7.4 and 0.1 %
(w:v) BSA . After washing, islets were placed in 12-well plates (10 islets/well) containing 1
ml of buffer with 2 mM glucose and pre-incubated for 2.5 hrs at 37 °C. Insulin secretion into
the supernatant was then measured for 2 h for all secretagogues except for KCI, which was
for 1 h. Supernatants were then harvested, plates put on ice and total cellular insulin extracted
by addition of acid ethanol (70 % ETOH, 1.5% HCI conc). Secreted and cellular insulin were
determined with the ultra-sensitive mouse insulin ELISA.

Statistical analysis

Data distribution was assessed by D’ Agostino-Pearson tests
deviation from a Gaussian distribution, non-parametric
displayed as median = IQR. Data analysis was do
Software, San Diego, CA, USA). All statisti ‘@ were twg=-sided and p < 0.05 was

considered statistically significant.

RESULTS
Hydrochlorothiazide induces glucose intolerance in mice without affecting insulin

sensitivity

We first assessed s induce glucose intolerance in mice. To this end, intraperitoneal

glucose tolerance testS (IPGTT) were performed in 3 months old male C57BL/6J mice treated
with intraperitoneally injected 1, 2, 5 or 50 mg/kg body weight hydrochlorothiazide (HCT) or
vehicle. As shown in Fig. 1A-H, HCT treated mice exhibited significantly higher glycemic
excursions during IPGTTs compared to vehicle treated mice in a dose-dependent manner.
The lowest HCT dose associated with glucose intolerance was 5 mg/kg (Fig. 1E,F). In all

conditions, body weight was similar in HCT and vehicle treated mice (Fig. SLA-D). After

overnight fasting, IPGTT results were similar compared to 6 h fasted mice (Fig. S2A-C).

Copyright © 2023 by the American Society of Nephrology
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Plasma potassium levels were unaltered in HCT-treated compared to vehicle-treated mice
during the IPGTT (Fig. S2D). Also with a lower glucose challenge (1g/kg instead of 2 g/kg
body weight), HCT treated mice displayed significantly higher glycemia compared to vehicle
treated mice (Fig. S3). To assess the impact of HCT on insulin sensitivity, we performed
intraperitoneal insulin tolerance tests (IPITT). As demonstrated in Fig. 11-L and Fig. S1E,F,
insulin sensitivity, tested by two different insulin doses (0.5 IU/kg and 1 1U/kg body weight,

respectively), was not altered by HCT application. Together these findings reveal that HCT

induces glucose intolerance with maintained insulin sensitivity in n

between mice and humans. To this eng{ we establtshed, the dose-response for the natriuretic

effect of HCT in mice, which r the primary thiazide target NCC in the

DCT. As shown in Fig. S4athee was a dose<dependent increase in urinary Na* excretion.

The 5 mg/kg but not 1 mg/kg HC increased urinary Na" excretion compared to vehicle

treated mice, a fect was higher with 50 mg/kg compared to 5 mg/kg.
Hence, the 5 mg/ se in mice corresponds to a HCT dose typically employed in
humans (12.5 — 50 m@ daily with corresponding steady-state plasma concentrations of 0.02 —

0.2 pM) 23,

Thiazides attenuate insulin secretion in vivo and in vitro
To further investigate the basis of HCT-induced glucose intolerance, we measured serum
insulin levels in mice treated with HCT or vehicle. As depicted in Fig. 2A,B and Fig. S1G,H,

serum insulin levels were significantly lower 2 min after an intraperitoneal glucose challenge

Copyright © 2023 by the American Society of Nephrology
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(2 g/kg body weight) in mice pre-treated with either 5 or 50 mg/kg body weight HCT,
indicating reduced first-phase insulin secretion. This notion is supported by the observation
that HCT-treated mice exhibit hyperglycemia early during the IPGTT, followed by a decrease
in blood glucose that parallels the decrease observed in vehicle-treated mice.

We then assessed the impact of HCT on insulin secretion in primary islets isolated from
C57BL/6J mice and in the murine B-cell line Min6 (Fig. 2C,D, Fig. S5). HCT significantly

attenuated insulin secretion in islets and Min6 cells in vitro at pharmacologically relevant

depolarization-induced insulin secretion by ig. :
Together, these results suggest reduced’insulin sectgtion as mechanism of HCT-induced
glucose intolerance. Q

Thiazides target carb@nic anhydrase in p-cells

To further defi e bas ced insulin secretion by thiazides, we assessed mMRNA

expression of the azide targets including NCC, NDCBE and CA isoforms in Min6

cells and murine islefS (Fig. S7A-D). Transcripts of both NDCBE and NCC were detectable
in Min6 cells and islets. Of the 15 CA isoforms CA1, CA4 and CA5a were not detectable in
both Min6 cells and islets. CA6 and CA7 were expressed in Min6 cells but not islets. We
next assed the impact of genetic NDCBE or NCC deletion in islets on insulin secretion. As
shown in Fig. STE,F, islets isolated of NDCBE and NCC knock-out (KO) mice displayed no

insulin secretion deficit. To assess the role of NCC in systemic glucose homeostasis, we

additionally performed IPGTTs in NCC KO mice. As shown in Fig. S7G,H, genetic loss of

Copyright © 2023 by the American Society of Nephrology
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NCC was not associated with altered glucose tolerance. Furthermore, HCT attenuated insulin
secretion to a similar degree in islets of NCC KO mice as in islets of WT mice (Fig. S71).
We then assessed the role of CA in insulin secretion. Inhibition of CA with the non-specific
CA inhibitor AZM significantly attenuated insulin secretion in both Min6 cells and islets in
vitro (Fig. 3A,B) and induced glucose intolerance in vivo (Fig. 3C-E). Compared to either

AZM or HCT alone, the combination of AZM and HCT did not further attenuate insulin

secretion (Fig. 3F), and HCT had no effect on insulin secretion in a CO,/HCOg3" free

Min6 cells (Fig. 3H, Fig. S7C, Fig. S8Yand perforfed static insulin secretion experiments.

nuated insulin secretion in Min6 cells,

critical but non-re les of these two CA isoforms for insulin secretion in Min6 cells

(Fig. 3I). We then assessed CA isoform mRNA expression in murine islets and purified -
cells. As shown in Fig. 3J,K and Fig. S7D, while many CA isoforms are expressed in islets,
primary B-cells only express the two isoforms CA5b and CA10. These findings, together with

the fact that CA10 is a catalytically inactive and secreted CA isoform, suggest mitochondrial

CABD as the likely target of thiazides in B-cells *.

Copyright © 2023 by the American Society of Nephrology
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Hydrochlorothiazide inhibits oxaloacetate synthesis in f-cells

The two mitochondrial CA isoforms CA5a and CA5b utilize CO,, which freely diffuses into
mitochondria, to produce HCOj3 (Fig. S11). Several mitochondrial enzymes critically depend
on HCOj3" such as pyruvate carboxylase (PC), which generates oxaloacetate (OAA) from
pyruvate and HCO3™ **. B-cells exhibit high PC activity, and a large fraction of pyruvate

entering mitochondria is converted to OAA. PC activity correlates steeply with insulin

secretion and OAA is a central metabolite in nutrient-induced insulin secretion (Fig. S11) *°.

generation of cytosoli 35,36

IC enzyme
In a next step,
of HCT, the PC i
CO,/HCO3". As shown in Fig. 4A, inhibition of glucose-stimulated insulin secretion was
equal with incubation of HCT or PAA, and the combination of both did not result in a further
reduction. Furthermore HCT, PAA or the combination of both had no effect on glucose-
stimulated insulin secretion in CO,/HCOj3 -free conditions. Similarly, in murine islets,
glucose-stimulated insulin secretion was reduced to a similar degree in the presence of HCT

or PAA, and the combination of both HCT and PAA did not result in a further reduction (Fig.

4B).

Copyright © 2023 by the American Society of Nephrology
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We then measured OAA levels in Min6 cells exposed to HCT or PAA during glucose
stimulation. As shown in Fig. 4C, both HCT and PAA attenuated OAA levels in Min6 cells
by a similar magnitude and the combination of both did not result in a further reduction of
OAA levels. Furthermore HCT, PAA or the combination of both had no effect on OAA
levels in Min6 cells in CO,/HCOg3 -free conditions. Finally, we treated Min6 cells with
control or CA5b siRNA, and measured OAA in the presence and absence of CO,/HCO3'.
CAA5Db depletion or HCT were equally effective in reducing OAA levels in Min6 cells, and

this effect was again clearly CO,/HCO3-dependent (Fig. 4D).

vehicle treated CASHPKO mice (Fig. 5C,D, Fig. S9B). Acid-base parameters and electrolytes

were similar in both groups of mice (Table S1). We then performed IPITTSs to assess the
impact of HCT on insulin sensitivity in 3 months old male WT and CA5b KO mice. As
demonstrated in Fig. 5E-H and Fig. S9C,D, insulin sensitivity was similar in all groups of
mice. Furthermore, in WT but not CA5b KO mice, HCT treatment was associated with lower

serum insulin after the glucose challenge compared to vehicle treatment (Fig. 51,J, Fig.

Copyright © 2023 by the American Society of Nephrology
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S9E,F). Together, these in vivo findings demonstrate that genetic deletion of CA5b confers
resistance to HCT-induced glucose intolerance.

To assess the role of genetic CA5b deletion on insulin secretion, we performed static insulin
secretion experiments with islets isolated from WT and CA5b KO mice (Fig. 6A). No CA5b
expression was detectable in islets isolated from CA5b KO mice (Fig. S10A). Furthermore,
expression profiling of other CA isoforms did not reveal differences between WT and CA5b

KO islets (Fig. S10B). As previously observed with islets isolated from C57BL/6J mice,

HCT attenuated insulin secretion in islets isolated from WT litter A5h KO mice

basal or stimulated insdlin secretign A5b KO islets (Fig. 6D). Together these results

demonstrate thagmitoch AA synthesis and insulin secretion capacity of CA5b KO

islets are resistant e on of HCT.

DISCUSSION

Our study reveals that thiazides induce acute glucose intolerance in mice via attenuation of
insulin secretion through inhibition of CA5b in B-cells. HCT and other frequently used
thiazides, such as chlorthalidone, indapamide, metolazone and bendroflumethiazide,
inhibited insulin secretion in a pharmacologically relevant, submicromolar range. CA

expression profiling in Min6 cells and islets and subsequent siRNA knock-down

Copyright © 2023 by the American Society of Nephrology
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experiments of individual CA isoforms in Min6 cells suggested the mitochondrial CA5b
isoform as molecular target of thiazides in f-cells. In support of these results, CA5b KO
mice were resistant to HCT-induced glucose intolerance, and insulin secretion of CA5b-
deficient islets or Min6 cells was unaffected by HCT.

Mitochondrial CA5b provides HCO3™ for anaplerotic OAA synthesis from pyruvate by PC
(Fig. S11) *. Deletion of CA5b or treatment with HCT greatly attenuated OAA levels in

islets or Min6 cells. In line with these findings, purified full length (human) CA5b was

previously shown to be directly inhibited by HCT and other thiazi itro with a Kj in

with exogenous administration of HCO3 demon

other thiazides up to the concentration of

compared to acute kpock-down with siRNA or treatment with thiazides, primarily due to
significantly increased basal insulin secretion in CA5b KO islets. CA5b KO islets were
completely unresponsive to stimulation by high glucose, tolbutamide and high extracellular
K"

In Min6 cells but not WT islets, HCT also slightly reduced basal and high K*-stimulated
insulin secretion. The reason for these differences is not clear at the moment. We speculate

that residual CA5b activity (inhibition, sSiRNA knock-down) versus complete loss of CA5b

Copyright © 2023 by the American Society of Nephrology
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activity (KO model), and acute (inhibition, sSiRNA knock-down) versus chronic CA5b
deficiency (KO model) may play a role.

Interestingly, Min6 cells express several CA isoforms, and seem to depend on cytosolic CA2
activity in addition to mitochondrial CA5b for insulin secretion. In contrast, primary murine
B-cells only express CA5b and CA10. While CA2-positive pancreatic cells are progenitors of
both exocrine and endocrine pancreatic cells, CA2 remains highly expressed in the exocrine

but not endocrine pancreas upon differentiation 2. Likely, immortalization procedures, clonal

mitochondrial CA - Purified CA5a can also be inhibited by thiazides in vitro, but the

Ki values for thiazide$ are much higher compared to CAS5b *’. Nevertheless, an effect of
thiazides on CAba activity with therapeutic doses of thiazides would theoretically still be
possible and should be investigated further.

In the past, several hypotheses have been proposed for thiazide-induced glucose intolerance,

including decreased peripheral ***® or hepatic insulin sensitivity *"

, activation of the
sympathetic nervous and the renin angiotensin system by thiazides ° or attenuation of insulin

secretion due to thiazide-induced hypokalemia *. In our acute model, insulin sensitivity was

Copyright © 2023 by the American Society of Nephrology
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not affected by HCT and not different between WT and CA5b KO mice. Also, we observed
thiazide-induced attenuation of insulin secretion in the absence of changes in extracellular
K.

Our study has also limitations, such as the lack of a conditional CA5b KO mouse model to
exclude the possibility that pathways outside the B-cells contribute to thiazide-induced
glucose intolerance. Also, while insulin tolerance tests did not display differences between

vehicle and thiazide treated groups, we did not perform hyperinsulinemic euglycemic

sulfonylureas compared to islets mice.

In summary, o sults te that thiazides induce glucose intolerance by an

attenuation of insulip’secrgtion in p-cells through inhibition of mitochondrial CA5b.

AUTHOR CONTRIBUTIONS
Patrycja Kucharczyk: Data curation, Formal analysis, Investigation, Methodology, Writing —

review & editing

Giuseppe Albano: Data curation, Formal analysis, Investigation, Methodology, Project

administration, Writing — review & editing

Copyright © 2023 by the American Society of Nephrology



€20¢/LT/€0 uo

8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

Christine Deisl: Data curation, Investigation, Methodology, Writing — review & editing

Tin Ho: Investigation, Writing — review & editing

Matteo Bargagli: Formal analysis, Investigation, Writing — review & editing

Manuel Anderegg: Investigation, Writing — review & editing

Stephan Wueest: Formal analysis, Investigation, Methodology, Supervision, Writing — review

& editing

Daniel Konrad: Formal analysis, Funding acquisition, Methg@ology, Stpervision, Writing —

review & editing

Daniel Fuster: Conceptualization, Data curati mal a is, Funding acquisition,
Investigation, Methodology, Project admifistratien, Resources, Supervision, Writing —

original draft, Writing — review & gdit

ACKNOWLEDGMENI'S

We thank D. Ela offing (transgenic mice) and P. Halban (Min6 cells).

DISCLOSURES

M. Anderegg reports Ownership Interest: small numbers: BioNTech, Moderna, Alnylam
Pharmaceuticals, Bayer AG, Novartis, Roche. D. Fuster reports Consultancy: Otsuka
Pharmaceuticals Switzerland, Alnylam Pharmaceuticals, Kyowa Kirin; Research Funding:
Otsuka Pharmaceuticals Switzerland, Boehringer Ingelheim; Honoraria: Otsuka

Pharmaceuticals Switzerland, Alnylam Pharmaceuticals; and Advisory or Leadership Role:

Copyright © 2023 by the American Society of Nephrology



8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

€20¢/LT/€0 uo

Otsuka Pharmaceuticals Switzerland, Alnylam Pharmaceuticals, Kyowa Kirin. D. Konrad
reports Research Funding: NovoNordisk. The remaining authors have declared that no

conflict of interest exists.

FUNDING
DGF was supported by the Swiss National Science Foundation (# grant 31003A _172974), the

Swiss National Centres of Competence in Research (NCCR TransCure and NCCR

Kidney.CH), the Novartis Research Foundation and by a Medical Resgarch Position Award
of the Foundation Prof. Dr. Max Cloétta. Q

DATA SHARING STATEMENT %

All raw data, processed data and correspon(@m il be made available on Dryad

(https://datadryad.org/stash) upon publication manuscript.

SUPPLEMENTAL MATERIAL

This article contains theffollowi ental material online at XX.

- Supplemental Metho

- Supplemental Body weights of mice of in vivo experiments displayed in Fig. 1.

- Supplemental Figure 2. Glucose tolerance test with hydrochlorothiazide treatment after
overnight fasting.

- Supplemental Figure 3. Glucose tolerance test with hydrochlorothiazide treatment with
reduced dose (1 g/kg) glucose challenge.

- Supplemental Figure 4. Dose-dependence of the natriuretic effect of hydrochlorothiazide in
mice.

- Supplemental Figure 5. Assessment of cell viability in murine islets or Min6 cells treated

with

Copyright © 2023 by the American Society of Nephrology



8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

€20¢/LT/€0 uo

hydrochlorothiazide.

- Supplemental Figure 6. Effect of thiazide diuretics and thiazide-like diuretics on insulin
secretion.

- Supplemental Figure 7. Expression of thiazide targets in Min6 cells and islets and insulin
secretion studies of islets isolated from NCC and NDCBE KO mice.

- Supplemental Figure 8. Knock-down of CA isoforms in Min6 cells by siRNA.

- Supplemental Figure 9. Body weights of mice of in vivo experiments displayed in Fig. 4.

- Supplemental Figure 10. CA isoform expression in islets of WT O mice.

- Supplemental Figure 11. Schematic of a islet B-cell.

- Supplemental Table 1. Acid-base parameters and elecisgl T CA5b KO mice.

&

SUPPLEMENTAL MATERIAL -- http:/links.lww.com/JSN/E387

Copyright © 2023 by the American Society of Nephrology


http://links.lww.com/JSN/E387

8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

€20¢/LT/€0 uo

REFERENCES

1. Duarte JD, Cooper-DeHoff RM: Mechanisms for blood pressure lowering and metabolic
effects of thiazide and thiazide-like diuretics. Expert Rev Cardiovasc Ther, 8: 793-
802, 2010

. Taylor EN, Hu FB, Curhan GC: Antihypertensive medications and the risk of incident type
2 diabetes. Diabetes Care, 29: 1065-1070, 2006

. Bengtsson C, Blohme G, Lapidus L, Lindquist O, Lundgren H, Nystrom E, et al.: Do
antihypertensive drugs precipitate diabetes? Br Med J (Clin Res Ed), 289: 1495-1497,
1984

. Bengtsson C, Blohme G, Lapidus L, Lissner L, Lundgren H: Diajs

N

w

SN

(62}

. Bakris G, Molitch M, Hewkin A, Kipnes M, Sa
glucose tolerance between fixed-dose
with metabolic syndrome. Diabetgs C

. Smith SM, Anderson SD, Wen S,

correlation between thiazi

1 2592-2597, 2006
/T, Cooper-Dehoff RM, et al.: Lack of
hypgrglycemia and hypokalemia: subgroup

()]

Tur

analysis of results fromithe pharmacogenomic evaluation of antihypertensive
armagotherapy, 29: 1157-1165, 2009

. Barzilay JI, Davis BR, Cutler JA, Pressel SL, Whelton PK, Basile J, et al.: Fasting glucose

responses (PEAR) s

\l

levels ard incide s mellitus in older nondiabetic adults randomized to receive
3 differen antihypertensive treatment: a report from the Antihypertensive
and Lipid-Lewering Treatment to Prevent Heart Attack Trial (ALLHAT). Arch Intern
Med, 166: 2191-2201, 2006

. Elliott WJ, Meyer PM: Incident diabetes in clinical trials of antihypertensive drugs: a
network meta-analysis. Lancet, 369: 201-207, 2007

. Carter BL, Einhorn PT, Brands M, He J, Cutler JA, Whelton PK, et al.: Thiazide-induced
dysglycemia: call for research from a working group from the national heart, lung,
and blood institute. Hypertension, 52: 30-36, 2008

10. Nijenhuis T, Vallon V, van der Kemp AW, Loffing J, Hoenderop JG, Bindels RJ:

Enhanced passive Ca2+ reabsorption and reduced Mg2+ channel abundance explains

oo

©

Copyright © 2023 by the American Society of Nephrology



8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

€20¢/LT/€0 uo

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

thiazide-induced hypocalciuria and hypomagnesemia. J Clin Invest, 115: 1651-1658,
2005

Simon DB, Nelson-Williams C, Bia MJ, Ellison D, Karet FE, Molina AM, et al.:
Gitelman's variant of Bartter's syndrome, inherited hypokalaemic alkalosis, is caused
by mutations in the thiazide-sensitive Na-Cl cotransporter. Nat Genet, 12: 24-30,
1996

Ren H, Qin L, Wang W, Ma J, Zhang W, Shen PY, et al.: Abnormal glucose metabolism
and insulin sensitivity in Chinese patients with Gitelman syndrome. Am J Nephrol,
37:152-157, 2013

Yuan T, Jiang L, Chen C, Peng X, Nie M, Li X, et al.: Glucose tg
responsiveness in Gitelman syndrome patients. Endocr GO

Blanchard A, Vallet M, Dubourg L, Hureaux M, Allard 4, Hayma

e and insulin
3-252, 2017
et al.: Resistance

to Insulin in Patients with Gitelman Syndrome a e Infermediate Phenotype

y.JA ephrol, 30: 1534-

in Heterozygous Carriers: A Cross-Section
1545, 2019
Leviel F, Hubner CA, Houillier P, Morla oghrabi’S, Brideau G, et al.: The Na+-
dependent chloride-bicarbonatg’exchanger*8L C4A8 mediates an electroneutral Na+
1627-1635, 2010

Novello FC, Spragu

Interacti apamide and related diuretics with 12 mammalian isozymes and X-
ray crystall@graph{C studies for the indapamide-isozyme Il adduct. Bioorg Med Chem
Lett, 18: 25672573, 2008

Sener A, Jijakli H, Zahedi Asl S, Courtois P, Yates AP, Meuris S, et al.: Possible role of
carbonic anhydrase in rat pancreatic islets: enzymatic, secretory, metabolic, ionic, and
electrical aspects. Am J Physiol Endocrinol Metab, 292: E1624-1630, 2007

Parkkila AK, Scarim AL, Parkkila S, Waheed A, Corbett JA, Sly WS: Expression of
carbonic anhydrase V in pancreatic beta cells suggests role for mitochondrial carbonic
anhydrase in insulin secretion. J Biol Chem, 273: 24620-24623, 1998

Boquist L, Backman AM, Stromberg C: Effects of acetazolamide on insulin release,
serum glucose and insulin, glucose tolerance, and alloxan sensitivity of mice. Med

Biol, 58: 169-173, 1980

Copyright © 2023 by the American Society of Nephrology



8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

€20¢/LT/€0 uo

21. Andrikopoulos S, Blair AR, Deluca N, Fam BC, Proietto J: Evaluating the glucose
tolerance test in mice. Am J Physiol Endocrinol Metab, 295: E1323-1332, 2008

22. Deisl C, Simonin A, Anderegg M, Albano G, Kovacs G, Ackermann D, et al.:
Sodium/hydrogen exchanger NHA2 is critical for insulin secretion in beta-cells. Proc
Natl Acad Sci U S A, 110: 10004-10009, 2013

23. Li DS, Yuan YH, Tu HJ, Liang QL, Dai LJ: A protocol for islet isolation from mouse
pancreas. Nat Protoc, 4: 1649-1652, 2009

24. Salvetti A, Ghiadoni L: Thiazide diuretics in the treatment of hypertension: an update. J
Am Soc Nephrol, 17: S25-29, 2006

25. Picard N, Trompf K, Yang CL, Miller RL, Carrel M, Loffing-Cue et al.: Protein
phosphatase 1 inhibitor-1 deficiency reduces phosphoryla abNaCl

blood pressuf€, serum potassium, and urate. Hypertension, 59: 1104-1109, 2012

30. Reilly RF, Peixoto AJ, Desir GV: The evidence-based use of thiazide diuretics in
hypertension and nephrolithiasis. Clin J Am Soc Nephrol, 5: 1893-1903, 2010

31. Groenland EH, van Kleef M, Bots ML, Visseren FLJ, van der Elst KCM, Spiering W:
Plasma Trough Concentrations of Antihypertensive Drugs for the Assessment of
Treatment Adherence: A Meta-Analysis. Hypertension, 77: 85-93, 2021

32. Collins SC, Hoppa MB, Walker JN, Amisten S, Abdulkader F, Bengtsson M, et al.:
Progression of diet-induced diabetes in C57BL6J mice involves functional
dissociation of Ca2(+) channels from secretory vesicles. Diabetes, 59: 1192-1201,
2010

Copyright © 2023 by the American Society of Nephrology



8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

€20¢/LT/€0 uo

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Sterky FH, Trotter JH, Lee SJ, Recktenwald CV, Du X, Zhou B, et al.: Carbonic
anhydrase-related protein CA10 is an evolutionarily conserved pan-neurexin ligand.
Proc Natl Acad Sci U S A, 114: E1253-E1262, 2017

Shah GN, Rubbelke TS, Hendin J, Nguyen H, Waheed A, Shoemaker JD, et al.: Targeted
mutagenesis of mitochondrial carbonic anhydrases VA and VB implicates both
enzymes in ammonia detoxification and glucose metabolism. Proc Natl Acad Sci U S
A, 110: 7423-7428, 2013

Merrins MJ, Corkey BE, Kibbey RG, Prentki M: Metabolic cycles and signals for insulin
secretion. Cell Metab, 2022

MacDonald MJ: Feasibility of a mitochondrial pyruvate malate sk pancreatic

Biol Chem, 270:

islets. Further implication of cytosolic NADPH in insuli
20051-20058, 1995
Xu J, Han J, Long YS, Epstein PN, Liu YQ: The r

secretion and proliferation in rat pancreatic : ogia, 51: 2022-2030,

ate garboxylase in insulin

736-750
Temperini C, , Scozzafava A, Supuran CT: Carbonic anhydrase inhibitors.
Comparison @f chlorthalidone, indapamide, trichloromethiazide, and furosemide X-

ray crystal structures in adducts with isozyme 11, when several water molecules make

the difference. Bioorg Med Chem, 17: 1214-1221, 2009
Inada A, Nienaber C, Katsuta H, Fujitani Y, Levine J, Morita R, et al.: Carbonic

anhydrase I1-positive pancreatic cells are progenitors for both endocrine and exocrine

pancreas after birth. Proc Natl Acad Sci U S A, 105: 19915-19919, 2008
Aspatwar A, Tolvanen MEE, Barker H, Syrjanen L, Valanne S, Purmonen S, et al.:

Carbonic Anhydrases in Metazoan Model Organisms: Molecules, Mechanisms, and

Physiology. Physiol Rev, 2022

Copyright © 2023 by the American Society of Nephrology



8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

€20¢/LT/€0 uo

44. Pollare T, Lithell H, Berne C: A comparison of the effects of hydrochlorothiazide and
captopril on glucose and lipid metabolism in patients with hypertension. N Engl J
Med, 321: 868-873, 1989

45. Eriksson JW, Jansson PA, Carlberg B, Hagg A, Kurland L, Svensson MK, et al.:
Hydrochlorothiazide, but not Candesartan, aggravates insulin resistance and causes
visceral and hepatic fat accumulation: the mechanisms for the diabetes preventing
effect of Candesartan (MEDICA) Study. Hypertension, 52: 1030-1037, 2008

46. Cooper-DeHoff RM, Wen S, Beitelshees AL, Zineh |, Gums JG, Turner ST, et al.: Impact
of abdominal obesity on incidence of adverse metabolic effects associated with

antihypertensive medications. Hypertension, 55: 61-68, 2010

hypertension. Bmj, 309: 226-230, 1994
48. Rooney DP, Neely RD, Ennis CN, Bell NP, S
action and hepatic glucose cycling in e
324, 1992
49. Zillich AJ, Garg J, Basu S, Bakris

development of diabetes:

Copyright © 2023 by the American Society of Nephrology



FIGURE LEGENDS

Figure 1. Hydrochlorothiazide induces glucose intolerance in mice without affecting
insulin sensitivity. Intraperitoneal glucose tolerance tests of C57BL/6J mice with
corresponding AUCs treated with 1 mg/kg (A,B), 2 mg/kg (C,D), 5 mg/kg (E,F) and 50
mg/kg (G,H) hydrochlorothiazide (HCT) or vehicle in 6 h fasted mice. HCT or vehicle i.p.

(arrow H) was applied at time point -30 min, glucose (2g/kg; arrow G) was applied at time
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point 0 min. Whole blood glucose was measured at indicated time points. Intraperitoneal
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Figure 2. Hydrochlorothiazide attenuates insulin secretion in vivo and in vitro. Serum
insulin of C57BL/6J mice treated with 5 mg/kg (A) or 50 mg/kg (B) HCT or vehicle i.p.
(arrow H) at time point -30 min and glucose (2g/kg; arrow G) at time point 0 min. Data are
shown as median £ IQR. (A,B) Asterisks denote significance for comparisons between
groups of mice at indicated time points (Mann-Whitney test; ***p <0.001). (C) Glucose-
stimulated insulin secretion (20 mM glucose; GSIS) of islets isolated from C57BL/6J mice

incubated with vehicle (DMSO 1:1000) or HCT at indicated concentrations. Each dot

represents islets isolated of an individual mouse. (D) GSIS of Ming bated with
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Figure 3. Hydrochlorothiazide targets carbonic anhydrase in p-ells. (A) Glucose-
stimulated insulin secretion (20 mM glucose; GSIS) of Min6 cells incubated with vehicle
(DMSO 1:1000) or the carbonic anhydrase inhibitor acetazolamide (AZM) at indicated
concentrations. (B) GSIS of islets isolated from C57BL/6J mice incubated with vehicle or
AZM at indicated concentrations. Each dot represents islets isolated of an individual mouse.
(C-E) Intraperitoneal glucose tolerance tests with corresponding AUCs and body weights of
C57BL/6J mice treated with 5 mg/kg AZM. AZM or vehicle i.p. (arrow A) was applied at

in. Whole blood

of Min6 cells

and normalized to GAPDH. Each dot represents 3-
ouse. (K) Assessment of purity of isolated islets and
purified B-cells b expression analysis of amylase (marker of exocrine pancreas),
glucagon (marker ofjé-cells) and insulin (marker of B-cells) in pancreas, islets and purified p-
cells by real-time PCR and normalized to GAPDH. Each dot represents tissue or cells

isolated from an individual mouse.

Min6 cell experiments represent three individual experiments combined. Data are shown as
mean + SD except in panels D,F where median + IQR is displayed. Asterisks denote

significance for the indicated comparisons (ANOVA with Tukey post-hoc test panels A,B,I;
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two-tailed unpaired Student's t-test panel C; Mann-Whitney test panel D; Kruskal-Wallis

with Dunn’s post-hoc test panel F; *p <0.05, **p <0.01, ***p <0.001; ****p <0.0001)
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Figure 4. Hydrochlorothiazide attenuates oxaloacetate synthesis in p-cells. (A) Glucose-
stimulated insulin secretion (20 mM glucose; GSIS) of Min6 cells in the presence (+) or
absence (-) of CO,/HCOg3/, treated with vehicle (DMSO 1:1000), hydrochlorothiazide (HCT),
the pyruvate carboxylase inhibitor phenylacetic acid (PAA) or a combination of PAA and
HCT at indicated concentrations. (B) GSIS of islets isolated from C57BL/6J mice incubated
vehicle, HCT, PAA or a combination of PAA and HCT at indicated concentrations. (C)
Oxaloacetate (OAA) content normalized to protein of Min6 cells stimulated with 20 mM

glucose, in the presence (+) or absence (-) of CO,/HCOj3 and treatg [ er vehicle,

combined. Asterisks dénote signifjcarce for the indicated comparisons (ANOVA with Tukey

post-hoc test; *$&*p < 0.
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Figure 5. CA5b KO mice are resistant to hydrochlorothiazide-induced glucose
intolerance. Intraperitoneal glucose tolerance tests in WT (A,B) and CA5b KO (C,D) mice
with corresponding AUCs treated with 5 mg/kg hydrochlorothiazide (HCT). HCT or vehicle
1.p. (arrow H) was applied at time point — 30 min, glucose (2g/kg; arrow G) was applied at
time point 0 min. Whole blood glucose was measured at indicated time points. Intraperitoneal
insulin tolerance tests in WT (E,F) and CA5b KO (G,H) mice with corresponding AUCs

treated with 5 mg/kg HCT or vehicle i.p. (arrow H) at time point — 30 min and insulin (1

Student's t-test; ****p < 0.0001).

yar
30 2000 30 2000
Aﬂ wper B . (’; - HCT D
= ok - Vehicle — s = Vehicle
E £ 1500 s E £ 1500
E 2 E
20 £ 20 £
Q s ° Q = 2
3 10001 _st5 S Z 1000 C
i fol . A 3
5 10 Q e - 10 o . o
8 2 500 g |t t 2 500
o o H G
o 5 mg/kg HCT o o 5 mg/kg HCT o
30 -15 0 15 30 45 60 75 90 105120 & & 30 -15 0 15 30 45 60 75 90 105120 &® &
Time (min) & s Time (min) & 3
E s F 1s00 G s H 1500
s <+ HCT s <+ HCT
= - Vehicle —~ = - Vehicle ~
£ £ E =
g 10 X 1000 g 10 £ 1000
Y A | g |y 1 : & %
g (v ! z o 4B g |t : N !
=] - >
5 5 Q 500 ° g 5 Q s00 z
8 < * o <
o m
0 5 mg/kg HCT 0 0 5 mg/kg HCT 0
30 -15 0 15 30 45 60 70 90 105120 & & -30 -15 0 15 30 45 60 75 90 105120 & &
Time (min) & b Time (min) & A
| os J o6
= - HCT - - HCT
E ~ Vehicle E - Vehicle
o o
o4 Sk o4
£ £
z Nﬁ 2
1] 0
£ £
£02{ % €02 M
2 H ! 2
K G 3 t t
5 mglkg HCT H G 5 mg/kg HCT
0.0 0 0.0 A
-30 0 2 5 -30 0 2 5
Time (min) Time (min)

Copyright © 2023 by the American Society of Nephrology



€20¢/LT/€0 uo

8L +AWAOANDMMBRAAUAYO/FIAEIDPIASALLIAIPOOAEIEAHIDII/ADAU

MV TXOMADYOIAX 7OHISABZIY103+87NIOITWNOFZTABNHASSHNAYE AQ usel/wod mm sjeunolj/:dny woly pspeojumoq

Figure 6. Hydrochlorothiazide does not attenuate insulin secretion and oxaloacetate

levels in CA5b KO islets. (A) Glucose-stimulated insulin secretion (20 mM glucose) of WT

(filled circles) and CA5b KO (open circles) islets treated with vehicle (DMSO 1:1000) or

hydrochlorothiazide (HCT) at indicated concentrations. (B) Oxaloacetate content normalized

to protein of WT (filled circles) and CA5b KO (open circles) islets stimulated with 20 mM

glucose and incubated with vehicle or HCT at indicated concentrations. Insulin secretion of

WT (C) or CA5b KO (D) islets in the presence of indicated concentrations of glucose (2 or
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