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Abstract
Aims/hypothesis  Barth syndrome is a mitochondrial disorder caused by Tafazzin (TAZ) mutations, which impair cardiolipin 
remodelling and contribute to systemic metabolic alterations. While islet dysfunction has been implicated in Barth syndrome, 
its underlying mechanisms remain unknown. We aimed to determine how Tafazzin (Taz) deficiency affects mouse pancreatic 
islet metabolism and hormone secretion, and whether systemic signals, such as circulating factors, modulate these effects 
in vivo. In vivo and in vitro models were used to separate direct islet effects from systemic influences of Taz deficiency.
Methods  We used a mouse model of global Taz knockdown (Taz-KD) and combined in vivo and in vitro approaches to assess 
pancreatic islet metabolism, morphology and hormone secretion. Islet function was evaluated under basal and glucotoxic 
conditions. Transcriptomic profiling was performed to identify gene expression changes in isolated islets from Taz-KD 
mice and following in vitro Taz-KD. Additionally, we examined the role of the circulating factor fibroblast growth factor 21 
(FGF-21) in modulating islet function.
Results  Despite impaired cardiolipin remodelling, pancreatic islets from Taz-KD mice maintained insulin secretion, sup-
ported by compensatory mechanisms such as increased glucose uptake, expanded mitochondrial volume and increased 
metabolic parameters. In addition, alpha cell mass and glucagon secretion were significantly increased in Taz-KD islets. 
These islet-specific adaptations occurred alongside improved whole-body glucose tolerance, elevated circulating FGF-21 
levels and enhanced glucose uptake in brown adipose tissue. In contrast, in vitro Taz-KD led to impaired islet function and 
reduced insulin secretion. Transcriptomic analysis revealed distinct gene expression patterns between in vivo and in vitro 
Taz-KD models. While in vivo upregulation of genes related to N-acetylglucosamine biosynthesis and O-GlcNAcylation 
were related to compensatory mechanisms, in vitro Taz-KD affected, among others, the MAPK pathway, contributing to islet 
dysfunction. Notably, islet incubation with FGF-21 was able to restore insulin secretion after in vitro Taz-KD.
Conclusions/interpretation  Our findings demonstrate that while Taz and cardiolipin remodelling are essential for beta 
cell physiology, systemic and islet-specific compensatory mechanisms preserve insulin secretion in vivo in Taz-KD mice, 
alongside increased glucagon secretion. These adaptations probably contribute to the altered metabolic phenotype observed 
in Barth syndrome and highlight a potential role for hormones and circulating factors such as FGF-21 in maintaining islet 
function and glucose homeostasis.
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CL	� Cardiolipin
CT	� Computed tomography
DEG	� Differentially expressed gene
2DG	� 2-Deoxy-d-glucose
Doxy	� Doxycycline
DTT	� Dithiothreitol
ECAR​	� Extracellular acidification rate
ECM	� Extracellular matrix
eIF2α	� Eukaryotic initiation factor 2 alpha 

subunit
ER	� Endoplasmic reticulum
[18F]FDG	� [18F]Fluorodeoxyglucose
FGF-21	� Fibroblast growth factor 21
FPKM	� Fragments per kb of transcript per 

million mapped reads
Fura-2AM	� Fura-2 acetoxymethyl ester
GDF-15	� Growth differentiation factor 15
O-GlcNAc	� O-linked β-N-acetylglucosamine
GO	� Gene ontology
G6PDH	� Glucose 6-phosphate dehydrogenase
GSIS	� Glucose-stimulated insulin secretion
HTRF	� Homogeneous time-resolved 

fluorescence
IHC	� Immunohistochemistry

ISR	� Integrated stress response
KHB	� Krebs–Henseleit buffer
LAMP1	� Lysosomal-associated membrane 

protein 1
LAMP2	� Lysosomal-associated membrane 

protein 2
LC3B1	� Microtubule-associated protein 1 

light chain 3 beta (cytosolic)
LC3B2	� Microtubule-associated pro-

tein 1 light chain 3 beta 
(membrane-bound)

Mito-roGFP2-Orp1	� Mitochondria-redox-sensitive green 
fluorescent protein 2–oxidant recep-
tor peroxidase 1

NAD(P)H	� NADH/NADPH
OCR	� Oxygen consumption rate
OCT	� Optimal cutting temperature
PC	� Phosphatidylcholine
PE	� Phosphatidylethanolamine
PET	� Positron emission tomography
PFA	� Paraformaldehyde
PG	� Phosphatidylglycerol
PINK1	� PTEN-induced putative kinase 1
Prk8	� Parkin
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Prx3	� Peroxiredoxin 3
P/S	� Penicillin/streptomycin
roGFP2-Orp1	� Redox-sensitive green fluorescent 

protein 2–oxidant receptor peroxi-
dase 1

ROS	� Reactive oxygen species
shRNA	� Short hairpin RNA
SRC	� Spare respiratory capacity
STED	� Stimulated emission depletion
Taz	� Tafazzin
Taz-KD	� Taz knockdown
TMRM	� Tetramethylrhodamine methyl ester
wo	� Week(s) old
WT	� Wild-type

Introduction

Barth syndrome (BTHS) is a life-threatening, X-linked mul-
tisystem disorder characterised by pleiotropic phenotypes 
including heart failure, growth delay, skeletal myopathy 
and neutropenia [1]. Individuals with BTHS also show 
changes in whole-body fatty acid, glucose and amino acid 
metabolism [2]. BTHS is caused by mutations in the Tafaz-
zin (TAZ) gene, which encodes Tafazzin (TAZ), a mitochon-
drial phospholipid:lysophospholipid transacylase essential 
for cardiolipin (CL) remodelling [1]. The direct consequence 
of TAZ mutation is the decrease in mature CL and the accu-
mulation of monolysocardiolipin (MLCL), a precursor of 
CL, which has been shown to have a lower affinity for the 
respiratory chain complexes III and IV [3, 4]. Changes in 
CL content or composition, i.e. the identity of the associ-
ated fatty acids, correlate with defective formation of mito-
chondrial supercomplexes, aberrant cristae formation and 
shape, decreased respiration, reduced ATP production and 
increased reactive oxygen species (ROS) production [4–7]. 
Other cellular functions, including mitophagy and apopto-
sis, were also shown to be affected by changes in CL [8]. 
However, the consequences of defective CL remodelling 
are tissue-specific and many are still unknown or unclear, 
with contradictory reports found in the published literature 
[9–11]. For example, increased mitochondrial ROS produc-
tion has been suggested to have a causal relationship with 
cellular dysfunction in BTHS, while others have reported no 
changes and no significant impact in the disease [9, 12–14]. 
We recently showed that mitochondrial calcium uptake is 
strongly decreased in cardiomyocytes from Taz knockdown 
(Taz-KD) mice due to reduced levels of the mitochondrial 
calcium uniporter (MCU). Consequently, Krebs cycle acti-
vation and mitochondrial respiration during β-adrenergic 
stimulation is impaired, leading to a lack of inotropic reserve 
in BTHS cardiomyopathy [7, 9]. We did not observe any 

in vivo changes in cardiomyocyte H2O2 levels, probably due 
to increased antioxidant defence [9], which may be driven by 
eukaryotic initiation factor 2 alpha subunit (eIF2α)/activat-
ing transcription factor 4 (ATF4)-mediated upregulation of 
one-carbon metabolism and a subsequent increase in glu-
tathione production [15].

Metabolic disorders are associated with absolute changes 
in fatty acid levels as well as changes in the relative abun-
dance of fatty acids with different chain lengths and satu-
ration. Changes are also seen in the fatty acid profile and 
abundance of glycerophospholipids, including CL. For 
instance, in a streptozocin (STZ)-induced diabetic mouse 
model, CL content in the myocardium was markedly reduced 
and showed significant remodelling, characterised by a shift 
from 18:2-enriched CL species to those enriched in 22:6 
fatty acids. Similar alterations were observed in the myo-
cardium of obese ob/ob mice [16, 17]. These observations 
suggest a vital role of CL content and fatty acid composition 
in maintaining metabolic functions and a possible role in the 
development of metabolic diseases [17]. Consistent with this 
hypothesis, CL was shown to be important for whole-body 
energy homeostasis by regulating non-shivering thermo-
genesis and CL levels were shown to positively correlate 
with insulin sensitivity [18]. Interestingly, Taz-KD mice are 
resistant to diet-induced obesity and are protected against 
hepatic steatosis [19], again supporting a role of Taz and 
CL in whole-body metabolism. Individuals with BTHS dis-
play recurrent hypoglycaemia and disrupted fatty acid and 
amino acid metabolism [20, 21]. Furthermore, studies on 
both Taz-KD mice and samples from individuals with BTHS 
showed increased glucose utilisation in a number of tissues, 
including lymphocytes and cardiomyocytes, compared with 
healthy control groups [15, 22].

Pancreatic islets are key players in maintaining whole-
body energetic balance and glucose homeostasis, harbouring 
the cells that secrete insulin (beta cells), glucagon (alpha 
cells) and somatostatin (delta cells). Recently, in vivo Taz 
deficiency was reported to lead to decreased islet insulin 
secretion and oxygen consumption, an effect that was sig-
nificant in low-glucose concentrations [23]. However, this 
observation does not appear to be consistent with the occur-
rence of frequent hypoglycaemic episodes in humans and 
raises questions about the role of pancreatic hormones in 
BTHS metabolic phenotypes.

In this study, we systematically investigated the impact 
of Taz-KD on the secretory pathway of pancreatic islets. 
Using an in vivo Taz-KD mouse model, we aimed to explore 
the physiological and metabolic adaptations that arise in 
response to Taz deficiency, with a particular focus on pancre-
atic islet function. Additionally, we examined potential com-
pensatory mechanisms that may influence cellular metabo-
lism, glucose handling and hormonal secretion. To further 
dissect the role of Taz in pancreatic islets, we also employed 
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an in vitro model of islet-specific Taz-KD to assess its effects 
on cellular energy balance and insulin secretion. Through 
these approaches, we sought to gain deeper insights into the 
interplay between mitochondrial function, glucose metabo-
lism and pancreatic endocrine regulation in the context of 
BTHS.

Methods

Animal models and genotyping

All animal experiments were approved by the local authori-
ties (animal experiment approval 08/2018 and 19/2019) and 
in accordance with the Society of Laboratory Animal Sci-
ence (GV-SOLAS) guidelines, following the ‘Replacement, 
Reduction, Refinement’ (3R) principles. Male and female 
mice were used.

shTaz  The Taz-KD mouse model was obtained from The 
Jackson Laboratory (B6.Cg-Gt(ROSA)26Sortm37(H1/tet0−

RNAi:Taz)Arte/ZkhuJ, stock number: 014648). Doxycycline 
(doxy) in a concentration of 625 mg of doxy/kg was added to 
the standard rodent chow (A153D70623, Ssniff, Germany) 
leading to induction of short hairpin RNA (shRNA)-medi-
ated knockdown of Taz, as described previously [24].

shTaz × mito‑roGFP2‑Orp1  The mitochondria-redox-sensi-
tive green fluorescent protein 2–oxidant receptor peroxidase 
1 (mito-roGFP2-Orp1) mouse strain (first described in [25], 
a kind gift of T. Dick [Redox Regulation, DKFZ, Heidel-
berg]), which globally expresses an H2O2 sensor (ROSA26/
CAG-stopfl-mito-roGFP2-Orp1 × CMV-Cre) targeted to the 
mitochondrial matrix, was crossbred with the Taz-KD and 
corresponding wild-type (WT) mice.

Mouse genotypes were confirmed using protocols and 
primers described in the electronic supplementary material 
(ESM). See the ESM for further details.

Pancreatic islet isolation and culture

Pancreatic islets were isolated from mice by collagenase 
digestion via pancreatic duct perfusion, followed by diges-
tion at 37°C and washing in Krebs–Henseleit buffer (KHB). 
Islets were hand-picked under a stereo microscope and cul-
tured in RPMI 1640 medium supplemented with 10% FBS 
and 1% penicillin/streptomycin (P/S) at 37°C and 5% CO2. 
Islets were cultured for 1–3 days for the in vivo model or 
48 h to 1 week for the in vitro model. Islets (smaller than 
150–200 μm) were carefully selected for longer periods of 
culture to avoid central necrosis as shown before [26, 27]. 

Groups of size-matched WT and Taz-KD islets were pre-
pared for experiments. See the ESM for further details.

RNA isolation and quantitative real‑time PCR

Total RNA was extracted from groups of approximately 150 
pancreatic islets using TRIzol reagent and stored at −80°C. 
Isolated RNA was either used for RNA-seq or reverse-tran-
scribed to cDNA. Quantitative real-time PCR was performed 
using TaqMan assays for Taz and Gapdh on a CFX96 Touch 
thermocycler. Primer details are provided in ESM Table 1. 
See the ESM for further details.

Sample preparation for lipidomics and enzymatic 
assays

Groups of 600 islets per lipidomics sample and varying 
amounts for enzymatic assays were collected by pooling all 
pancreatic islets from 2–3 animals with the same genotype 
and sex. After culture, islets were homogenised by disper-
sion in PBS with additional sonication and centrifugation. 
See the ESM for further details.

Lipidomics

Lipid extraction and analysis were performed by Lipotype 
Lipidomics (Dresden, Germany) using established protocols. 
Briefly, lipids were extracted with chloroform/methanol 
in the presence of internal standards covering major lipid 
classes. Extracts were dried and re-suspended in ammonium 
formate-containing solvent. Lipid profiling was conducted 
by high-resolution direct infusion MS (QExactive with 
TriVersa NanoMate) in both ion modes, combining MS and 
MS/MS. Data were processed with LipidXplorer, and only 
species with signal-to-noise >5 and intensities ≥5× above 
blanks were included. See the ESM for further details.

GTT and plasmatic FGF‑21 levels

Mice were fasted for 6 h and then injected intraperitoneally 
with glucose (2.2 mg/g body weight). Blood glucose levels 
were measured at 0, 7, 15, 30, 60 and 120 min using a glu-
cometer. In selected experiments, blood samples were col-
lected at each time point for plasma isolation. Analyses of 
plasma glucagon and insulin levels were performed with the 
corresponding mouse plasma insulin (homogeneous time-
resolved fluorescence [HTRF] insulin mouse serum kit, 
ref.: 62IN3PEF, Cisbio/Perkin Elmer) and glucagon (mouse 
glucagon ELISA kit, ref.: 81518, Crystal Chem) kits. Plasma 
fibroblast growth factor 21 (FGF-21) was measured using 
the mouse FGF-21 ELISA kit by Abcam (Mouse FGF-21 
ELISA Kit ab212160).
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[18F]FDG positron emission tomography

For the analysis of in vivo glucose metabolism in brown 
adipose tissue (BAT), animals were fasted for 12 h prior to 
imaging. Radiotracer administration was performed via i.p. 
injection of 7–15 MBq [18F]fluorodeoxyglucose ([18F]FDG). 
Anaesthesia was initiated 5 min prior to imaging using 2% 
isoflurane. Positron emission tomography (PET) imaging 
was performed using the Inveon PET System (Siemens 
Medical Solutions). Static 30 min PET imaging, focused on 
the upper chest region, was acquired from 60 to 90 min post 
injection. Computed tomography (CT) scans were obtained 
using the U-SPECT system (U-SPECT5/CT E-Class; 
MILabs) for anatomical reference. Following PET and CT 
imaging, postmortem tissue samples of BAT were collected 
and counted using a Wizard Gamma Counter (PerkinElmer, 
Waltham, MA).

Immunohistochemistry

Pancreatic islet cell composition was assessed by immuno-
histochemistry (IHC) in both in vivo and in vitro Taz-KD 
models using cryosections and paraffin-embedded samples. 
For cryosections, pancreases were fixed in 4% paraformal-
dehyde (PFA), cryoprotected in 30% sucrose, embedded 
in optimal cutting temperature (OCT) compound and sec-
tioned at 5 µm. Sections were stained for insulin, glucagon 
or somatostatin, with DAPI for nuclear counterstaining. For 
paraffin sections, fixed whole pancreases or clotted islets 
were processed and stained for alpha, beta and delta cell 
markers, Ki67 and cleaved caspase-3. Imaging was per-
formed using the Axio Observer 7 (Zeiss, Germany), and 
quantification was done with ImageJ (National Institutes 
of Health, USA, version 2.3.0). See the ESM for further 
details.

Static insulin and glucagon secretion

Static hormone secretion assays were performed on iso-
lated pancreatic islets after overnight culture. Islets were 
pre-incubated in low-glucose KHB (2.8 mmol/l) for 45 min, 
followed by incubation in varying glucose concentrations 
(2.8, 5.6, 10, 20 mmol/l) for 1 h at 37°C. Supernatants were 
collected and stored at −20°C for insulin analysis. To assess 
glucagon secretion, islets previously exposed to 20 mmol/l 
glucose were transferred to 0.5 mmol/l glucose KHB for 
1 h, and supernatants were collected. Islet insulin content 
was extracted using an ethanol/HCl solution. Analysis of 
supernatant insulin and glucagon levels was performed using 
HTRF insulin ultra-sensitive (ref.: 62IN2PEG, revvity) and 
HTRF glucagon (ref.: 62CGLPEG, revvity) kits.

Dynamic insulin secretion

Dynamic insulin secretion was assessed using a custom-
built perifusion chamber. Islets were pre-incubated in low-
glucose KHB (2 mmol/l) and perifused at 1 ml/min with 
warmed buffer using a peristaltic pump. Effluent was col-
lected every minute during baseline (2 mmol/l glucose) and 
after stimulation with 20 mmol/l glucose. Following 30 min, 
30 mmol/l KCl was applied, and samples were collected 
every minute. Collected fractions were stored at −20°C. 
The insulin secretion levels were assessed using the HTRF 
insulin ultra-sensitive kit and normalised to DNA content 
using the Pico488 double-stranded DNA quantification kit 
(NBX-76675, Lumiprobe).

Dispersion of pancreatic islets

Isolated pancreatic islets were dispersed by incubation with 
0.05% trypsin–EDTA at 37°C for 2 min. Following enzy-
matic digestion, cells were washed, centrifuged and re-sus-
pended in culture medium based on cell number. Dispersed 
cells were seeded onto coverslips and allowed to attach for 
3–4 h before adding additional medium.

Glucose uptake measurement

Glucose uptake into pancreatic islets was assessed using 
the Glucose Uptake-Glo assay kit (ref.: J1342, Promega). 
Groups of 5–20 islets were washed in glucose-free Flex 
medium (SILAC RPMI 1640 Flex Media, ref.: A2494201, 
Gibco) and imaged for size normalisation using a stereo 
microscope (Stereo microscope 305, Zeiss) with a camera 
(Axiocam 105 colour). Afterwards, pancreatic islets were 
incubated for 1 h (37°C and 5% CO2) in glucose-free Flex 
medium with 20 mmol/l 2-deoxy-d-glucose (2DG) and the 
standard protocol provided by the company was subse-
quently followed. See the ESM for further details.

Western blot

Western blot analysis was performed on lysates from 300 
pooled pancreatic islets per sample. After lysis and protein 
quantification, equal amounts of protein were separated by 
SDS-PAGE, transferred to PVDF membranes and probed 
with specific primary and HRP-conjugated secondary anti-
bodies. Detection was carried out using enhanced chemi-
luminescence, and band intensities were quantified with 
Image Lab software (Bio-Rad, version 3.0.1), normalised 
to β-actin. Taz-KD samples were analysed in a paired design 
against matched WT controls, with WT values set to 100%. 
Variability due to differing culture durations is displayed 
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in the ESM figures. The antibody list is described in ESM 
Table 2. See the ESM for further details.

Hexokinases I–IV (glucokinase assay)

The fluorometric glucokinase activity assay kit (ab273303) 
was used to study hexokinase I–IV activity. If not stated other-
wise, the protocol provided by the manufacturer was followed. 
Groups of 150 freshly isolated pancreatic islets were dispersed 
and homogenised. Background intensity was measured for 
each sample. Fluorescence intensity (excitation wavelength 
[λex]=540/20 nm, beam splitter [BS]=560 nm, emission wave-
length [λem]=590/20 nm) was measured using a Clariostar plate 
reader (BMG Labtech) and the obtained results were normal-
ised by BCA protein assay. See the ESM for further details.

G6PDH enzymatic assay

Activity of glucose 6-phosphate dehydrogenase (G6PDH) 
was assessed using a f luorometric kit from Abcam 
(ab176722). Groups of 50 pancreatic islets were dispersed 
and homogenised. The protocol was performed according to 
the guidelines of the manufacturer. Fluorescence intensity 
(λex=535/20 nm, BS=561 nm, λem=587/20 nm) was meas-
ured using a Clariostar (BMG Labtech) plate reader and 
normalised to protein levels

Measurement of the mitochondrial oxygen 
consumption rate and extracellular acidification 
rate

Mitochondrial respiration and glycolytic activity of whole 
pancreatic islets were assessed using a Seahorse XFe96 Ana-
lyzer. Sensor cartridges were prepared the day prior, and 
plates were coated with poly-l-lysine. Groups of 15 islets 
were seeded per well in Seahorse XF RPMI medium sup-
plemented with 2.8 mmol/l glucose, glutamine and FBS. 
After equilibration, oxygen consumption rate (OCR) and 
extracellular acidification rate (ECAR) were measured using 
the Seahorse XF Cell Mito Stress Test, including sequential 
injections of glucose (2.8, 10 or 20 mmol/l), oligomycin, 
FCCP and antimycin A/rotenone.

Nutrient dependencies and capacities were evaluated 
using the Seahorse XF Mito Fuel Flex Test. Islets were 
sequentially treated with etomoxir, UK5099 and bis-
2-(5-phenylacetamido-1,2,4-thiadiazol-2-yl)ethyl sulfide 
(BPTES) to block fatty acid, glucose and glutamine metabo-
lism, respectively. Measurements were performed in repli-
cates, and data were analysed using Wave (Agilent Technol-
ogies, version 2.6.3) and Prism software (Dotmatics, version 
9.4). See the ESM for further details.

ATP assay

ATP levels in pancreatic islets were measured using the 
CellTiter-Glo luminescent assay. Groups of five, ten or 20 
islets were collected, imaged for size normalisation and pro-
cessed according to the manufacturer’s protocol. Lumines-
cence was recorded with a Clariostar plate reader and ATP 
concentrations were calculated using a standard curve (10 
nmol/l to 10 µmol/l ATP).

Mitochondrial membrane potential measurement

Mitochondrial membrane potential in whole pancreatic 
islets was assessed using tetramethylrhodamine methyl 
ester (TMRM) dye in quenching mode. Isolated islets were 
incubated with 200 nmol/l TMRM in low-glucose KHB (2 
mmol/l glucose) for 45 min at 37°C. After washing, groups 
of 25 islets were transferred to a 96-well plate, and fluores-
cence was recorded using a plate reader. Following baseline 
measurements, islets were stimulated with 20 mmol/l glu-
cose or 100 µmol/l tolbutamide. Carbonyl cyanide m-chloro-
phenyl hydrazone (CCCP) (25 µmol/l) was added at the end 
of each experiment as a depolarising control.

Calcium measurements

Cytosolic, mitochondrial and endoplasmic reticulum (ER) 
calcium dynamics were assessed in pancreatic islets and dis-
persed islet cells using fluorescence-based imaging.

Cytosolic calcium levels were measured in whole and 
dispersed islets using the ratiometric dye Fura-2 acetoxy-
methyl ester (Fura-2AM). Islets were loaded with 5 µmol/l 
Fura-2AM, incubated for 2 h and then starved in low-glu-
cose KHB. Calcium responses were recorded using an Axio 
Observer 7 microscope under basal (2 mmol/l glucose) and 
stimulated (20 mmol/l glucose) conditions, with 30 mmol/l 
KCl or tolbutamide (1–100 µmol/l).

Mitochondrial calcium levels were measured using the 
genetically encoded Mito-Pericam sensor. Dispersed islet 
cells were transduced with Mito-Pericam adenovirus and 
imaged 2–3 days later. Baseline measurements were per-
formed at 2 mmol/l glucose, followed by stimulation with 
20 mmol/l glucose and 30 mmol/l KCl.

ER calcium levels were assessed using the D4ER bio-
sensor, specifically expressed in beta cells via a rat insulin 
promoter. Dispersed islet cells were transduced with D4ER 
adenovirus and imaged 2–3 days later. ER calcium dynam-
ics were recorded under basal and high-glucose conditions, 
followed by thapsigargin treatment (3 µmol/l) to deplete ER 
calcium stores.

See the ESM for further details on calcium measurements.
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Redox histology

MiOxTaz mice (Mito-roGFP2-Orp1 × shTaz) were killed 
by ketamine/rompun injection. Redox histology was per-
formed after cardiac perfusion and pancreas inflation with 
N-ethylmaleimide (NEM) to preserve thiol redox state [25, 
28]. Pancreases were fixed in 4% PFA, cryoprotected in 30% 
sucrose, embedded in OCT and sectioned at 5 µm. Sections 
were stained for insulin and imaged for redox-sensitive 
green fluorescent protein 2–oxidant receptor peroxidase 1 
(roGFP2-Orp1) fluorescence (emission 500–550 nm; excita-
tion 405/470 nm), with islets identified by mCherry. Image 
analysis was performed in ImageJ using an automated script. 
Redox status was quantified as the 405/488 excitation ratio, 
normalised to WT. See the ESM for further details.

H2O2 measurements

roGFP2‑Orp1  After culture, islets were collected and washed 
in KHB containing 10 mmol/l glucose and 0.1% BSA for 
10 min, and 20–25 islets per well were transferred to a U‐
shaped 96‐well plate (TPP, ref.: 92097) in a total volume 
of 160 μl. roGFP2-Orp1 fluorescence (λex1=400/10 nm, 
λex2=482/16 nm, λem=530/40 nm) was measured at 37°C 
and 5% CO2 for 19 h, using a Clariostar microplate reader 
(BMG Labtech).

HyPer7  Mitochondrial HyPer7 H2O2 sensor was used to 
test mitochondrial H2O2 levels in pancreatic islets. Ade-
noviral transduction was performed by adding 0.5 µl of 
adenovirus. At 2 days after transduction, cells were meas-
ured (λex1=405/20 nm, λex2=470/40 nm, BS=505 nm, 
λem=550/100 nm) using an inverted epifluorescence micro-
scope, Axio Observer 7, and a ×10 objective. Different glu-
cose conditions (2 mmol/l and 20 mmol/l) were applied, 
followed by the addition of 25 μmol/l H2O2.

NAD(P)H autofluorescence

The NADH/NADPH [NAD(P)H] levels of WT and 
Taz-KD pancreatic islets were measured in Clariostar 
plate reader experiments (λex=340/10 nm, BS=410 nm, 
λem=450/10 nm) in parallel to other parameters (mitochon-
drial membrane potential and H2O2). In the H2O2 experi-
ment, baseline NAD(P)H autofluorescence at 10 mmol/l 
glucose was monitored over time at 37°C, 18% O2 and 5% 
CO2. In the TMRM experiments, NAD(P)H autofluores-
cence was monitored in 2 mmol/l and 20 mmol/l glucose 
conditions and later normalised to CCCP levels.

Confocal and stimulated emission depletion 
microscopy

Mitochondrial morphology in dispersed pancreatic islet 
cells was analysed using confocal and stimulated emis-
sion depletion (STED) microscopy. After isolation, islets 
were dispersed, seeded on coverslips and stained with 30 
nmol/l MitoTracker Deep Red. Imaging was performed 
in 10 mmol/l glucose KHB using an Abberior Expert 
Line STED microscope with a ×100 silicon immersion 
objective.

Initial confocal scans provided an overview of mitochon-
drial labelling, followed by high-resolution confocal z-stacks 
(voxel size: 80×80×300 nm3) and STED imaging of selected 
regions (voxel size: 20×20×300 nm3). STED acquisition was 
optimised to minimise photobleaching using 775 nm deple-
tion laser settings. Re-excitation signals were recorded and 
subtracted during post-processing.

Image deconvolution was performed using a Wiener filter 
and MATLAB routines. Further image processing, including 
noise reduction, background subtraction and sharpening, was 
conducted in ImageJ. Mitochondrial morphology parameters 
(surface area, volume, number, sphericity and bounding box 
dimensions) were quantified using Imaris software (Oxford 
Instruments, version 9.6.0). Mitochondria were categorised 
into three size classes based on surface area. Additionally, 
nearest neighbour analysis was performed to assess mito-
chondrial network connectivity. See the ESM for further 
details.

MitoTracker for mitochondrial volume

Mitochondrial volume in dispersed pancreatic islet cells was 
assessed using MitoTracker Deep Red staining. Dispersed 
islet cells were incubated with 50 nmol/l MitoTracker in 
RPMI medium (0.1% FCS) for 30 min at 37°C, followed 
by washing and nuclear staining with 5 µg/ml Hoechst 
33342. After washing, imaging was performed in KHB 
buffer. Mitochondrial volume was quantified by normalis-
ing MitoTracker fluorescence to Hoechst signal intensity.

Citrate synthase assay

The colorimetric Citrate Synthase Assay Kit (ab239712) 
was used to determine the mitochondrial mass. A Clariostar 
plate reader was used to measure the absorbance (λex=412 
nm). The citrate synthase activity was normalised by protein 
content.
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In vitro doxy model

To induce the Taz-KD in vitro after pancreatic islet isola-
tion, doxy (doxycycline-hyclate D9891-5G, Merck/Sigma 
Aldrich) was dissolved in ddH2O and a final concentration 
of 1 µg/ml was added to the culturing medium (RPMI 1640, 
21875034, Gibco, 10% FBS and 1% P/S). We found 1 µg/ml 
doxy to be optimal based on pancreatic islet function (cyto-
solic calcium levels) and Taz mRNA reduction. The culture 
medium was renewed every day. In vitro experiments were 
performed after 48 h and 7 days of doxy treatment. FGF-21 
(Thermo Fisher catalogue no. 100-42-25UG, 50 nmol/l) was 
added to the cell culture when specified.

RNA‑seq

Total RNA was isolated from pancreatic islets, diluted in 
RNase-free water and quality-controlled using agarose 
gel electrophoresis, Bioanalyzer 2100 and Qubit 2.0 fluo-
rometry. RNA samples were submitted to Novogene for 
sequencing.

mRNA was enriched using poly(A)-tail selection, frag-
mented and reverse-transcribed into cDNA. Library prepara-
tion included end-repair, adaptor ligation and PCR amplifi-
cation with indexed primers. Final libraries were validated 
for concentration and fragment size and sequenced on the 
Illumina Novaseq X platform using paired-end 150 bp reads.

Gene expression levels were quantified as fragments per 
kb of transcript per million mapped reads (FPKM) values. 
Gene ontology (GO) enrichment analysis was performed to 

identify biological processes associated with differentially 
expressed genes (DEGs). The Z scores were calculated 
from FPKM data to compare gene expression across sam-
ple groups (WT and Taz-KD, in vivo and in vitro). A delta 
Z score (ΔZ score) was computed to quantify expression 
differences between in vivo and in vitro conditions. See the 
ESM for further details.

Statistical analysis

GraphPad Prism software version 9.4 was used for statistical 
analysis. The presented values are shown in mean ± SEM. 
Details on the statistical analysis are in the figure legends. 
Mice were assigned to experimental groups based on their 
genotype (WT or transgenic), which was predetermined; 
therefore, no randomisation was performed. For FGF-21 
treatment, islets were randomly allocated to treated or con-
trol groups within each genotype. For IHC experiments, 
group identities were anonymised using numbered labels.

Results

Taz‑KD alters CL level and profile, and impacts levels 
of other phospholipids in pancreatic islets

Male and female mice expressing an shRNA were used 
to attenuate Taz expression. Taz-KD mice and WT litter-
mates were fed with doxy-containing chow to either induce 
Taz-KD or serve as a control (Fig. 1a, ESM Fig. 1a). Taz-
KD mice were smaller and had decreased body weight at 
20 weeks (Fig. 1b, c) and 50 weeks, but not at 10 weeks 
old (wo) (ESM Fig. 1b), compared with WT littermates. 
Efficient Taz-KD was confirmed in the heart and isolated 
pancreatic islets of 20 wo Taz-KD mice, with a more pro-
nounced reduction in the heart (~90%) than in pancreatic 
islets (~64%) (Fig. 1d, e, ESM Fig. 1c, d).

To evaluate the effect of Taz-KD on the lipid composi-
tion of pancreatic islets, we performed lipidomic analysis 
on islets isolated from 20 wo Taz-KD and WT mice. As 
expected, levels of tetralinoleoyl cardiolipin (CL 72:8), the 
predominant CL species, as well as total CL content were 
significantly reduced in Taz-KD islets when normalised to 
total protein (Fig. 1f, g). In addition, the relative abundance 
of different CL species (normalised to total lipid amount) 
was altered in pancreatic islets from Taz-KD mice compared 
with WT littermates (Fig. 1h). We found a decrease in CL 
species with shorter acyl-chain lengths and an increase in 
CL species with longer acyl-chain lengths (Fig. 1i), indicat-
ing defective remodelling. Furthermore, the full lipid class 
profile of Taz-KD mice revealed a reduction of phosphati-
dylcholines (PCs) and an increase in phosphatidylethano-
lamines (PEs) and phosphatidylglycerols (PGs), which are 

Fig. 1   CL reduction and phospholipid alterations in Taz-KD pan-
creatic islets. (a) Schematic illustration of shTaz mouse model with 
20 weeks of doxy feeding. Pancreatic islets are isolated and cultured 
in RPMI 1640 with 10% FBS and 1% P/S, and experiments are per-
formed after overnight culture. Created with BioRender.com. (b) 
Representative image of a 20 wo Taz-KD mouse compared with a 
WT littermate. (c) Body weight of Taz-KD and WT at 20 wo, N=22. 
Taz gene expression in heart (d) and pancreatic islet (e) tissue. 
GAPDH was used as control, N=3. CL levels of the main species CL 
72:8 (f) and total CL amount (g) of Taz-KD and WT pancreatic islets 
at 20 wo normalised to protein concentration. (h) CL species profile 
of Taz-KD and WT pancreatic islets at 20 wo normalised to total 
lipid amount, N=4 (WT), N=3 (Taz-KD); some replicates are below 
the limit of detection. (i) Quantification of the acyl chain length of 
all CL species (short: C70–C72; and long: C74–76), N=4. (j) Lipid 
concentration of the phospholipids PC, PE and PG of Taz-KD and 
WT pancreatic islets at 20 wo normalised to total lipid amount, N=4. 
The whole lipid class profile is presented in ESM Fig.  1e. (k) Vol-
cano plot of all detected lipid species of Taz-KD and WT pancreatic 
islets at 20 wo. Statistical analysis showed that ten lipid species are 
significantly (p<0.05) downregulated and 31 are upregulated in Taz-
KD. The lipid classes CL, PC, PE and PG are highlighted. All signifi-
cantly altered lipid species are listed in ESM Fig. 1f. Data represent 
mean ± SEM (indicated by error bars); N numbers indicate number 
of animals; statistical significance was determined by unpaired Stu-
dent’s t test: *p<0.05, **p<0.01, ***p<0.001
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precursors and/or involved in CL biosynthesis and remodel-
ling [29] (Fig. 1j, ESM Fig. 1e). Overall, lipidomic analysis 
revealed a significant decrease in ten lipid species and an 
increase in 31 species in Taz-KD pancreatic islets, as illus-
trated in the volcano plot highlighting the most affected lipid 
classes (Fig. 1k, ESM Fig. 1f). The complete lipidomics data 
are found in an online depository (Mendeley https://​doi.​org/​
10.​17632/​gm7z5​8b95v.1).

In summary, knockdown of the transacylase Taz affects 
the lipidome of pancreatic islets, particularly altering the 
CL profile, reducing CL content and changing PC, PE and 
PG content.

Taz‑KD increases glucose uptake and diverts 
flux to glycolysis and hexosamine biosynthesis 
without affecting ATP levels

To determine whether altered CL and lipid profiles affect 
Taz-KD islet function, we assessed key steps of glucose 
metabolism linked to insulin secretion (Fig. 2a). Pancreatic 
islets from 20 wo Taz-KD mice exhibited increased glucose 
uptake compared with WT (Fig. 2b), without changes in 
GLUT2 and GLUT1 protein levels (Fig. 2c, ESM Fig. 2a). 
Basal (ESM Fig. 2b) and glucose-stimulated NAD(P)H lev-
els (Fig. 2d) were also elevated in Taz-KD islets, independ-
ent of hexokinases I–IV and G6PDH activity (ESM Fig. 2c, 
d). Despite increased glucose uptake and NAD(P)H levels, 
mitochondrial membrane potential and ATP production 
upon glucose stimulation were similar between Taz-KD and 
WT islets (Fig. 2e, f).

To evaluate mitochondrial function, we measured 
OCR and ECAR in isolated WT and Taz-KD pancreatic 
islets from 20 wo mice using a Seahorse XFe96 Analyzer 
(Fig. 2g). Under low glucose (2.8 mmol/l), Taz-KD islets 
showed increased basal OCR, greater glucose response and 
elevated spare respiratory capacity (SRC), proton leak and 
maximum respiration compared with WT (Fig. 2h–l, ESM 
Fig. 2e, f). These differences were not observed at 10 or 20 
mmol/l glucose. ATP-coupled OCR remained unchanged 
(ESM Fig. 2g). Basal and non-mitochondrial respiration 
were similar between groups (ESM Fig. 2h, i).

ECAR measurements showed no significant differences 
under basal or glucose-stimulated conditions (fold-change) 
(ESM Fig. 2j). However, during the mitochondrial stress 
test (ESM Fig. 2k–m), ECAR was slightly elevated in Taz-
KD islets following stimulation with 20 mmol/l glucose 
when normalised to baseline (ESM Fig. 2m). As previously 
reported in beta cells, oligomycin treatment reduced ECAR, 
probably due to low lactate dehydrogenase expression and 
minimal lactate production [30, 31]. To better resolve subtle 
shifts in metabolic phenotype, we generated an ‘energy map’ 
by plotting ECAR against OCR. This analysis revealed a dis-
tinct shift in Taz-KD islets towards a more glycolytic pheno-
type under high-glucose conditions (Fig. 2m), characterised 
by increased ECAR and unchanged or slightly reduced OCR.

To further explore downstream effects of increased glu-
cose flux, we examined alternative metabolic routes. We 
observed enhanced protein O-GlcNAcylation in Taz-KD 
islets, as detected by IHC and western blot analysis (Fig. 2n, 
ESM Fig. 2n).

Fuel flexibility analysis (Mito Fuel Flex Test) showed 
no major differences in metabolic substrate dependency 
between WT and Taz-KD islets, aside from a slight increase 
in OCR following BPTES addition in Taz-KD islets (ESM 
Fig. 2o–q). ECAR measurements under these conditions 
were also unchanged (ESM Fig. 2r–s).

Fig. 2   Increased glucose uptake and amplified metabolic parameters 
in Taz-KD pancreatic islets with no effects on ATP levels. (a) Sche-
matic figure of glucose metabolism in pancreatic islet cells. Created 
with BioRender.com. (b) Glucose uptake of 20 wo WT and Taz-KD 
pancreatic islets, indicated by the levels of 2DG6P. N=5 (WT), N=6 
(Taz-KD). (c) Representative western blot (left) and quantification 
(right) of GLUT2 normalised to β-actin in pancreatic islets of 20 wo 
Taz-KD mice, N=6. (d) NAD(P)H autofluorescence measurement of 
20 wo WT and Taz-KD pancreatic islets in 2 mmol/l and 20 mmol/l 
glucose, normalised to CCCP, N=4 (WT), N=6 (Taz-KD). (e) Kinetic 
measurement of mitochondrial membrane potential of 20 wo WT 
and Taz-KD pancreatic islets using TMRM in quenching mode (200 
nmol/l) in the presence of 2 and 20 mmol/l glucose. To uncouple the 
mitochondria, 25 µmol/l CCCP was added as a control at the end of 
the experiment, N=4. (f) ATP concentration of 20 wo WT and Taz-
KD pancreatic islets using the CellTiter-Glo assay, N=6 (WT), N=5 
(Taz-KD). (g) Schematic protocol of OCR and computable param-
eters during mitochondrial stress test using Seahorse. Created with 
BioRender.com. (h–j) OCR kinetics of 20 wo WT and Taz-KD pan-
creatic islets in response to (h) 2.8 mmol/l, (i) 10 mmol/l and (j) 20 
mmol/l glucose stimulation followed by the addition of inhibitors of 
the respiratory chain complexes (Oligo, Ant A and Rot) and uncou-
pler (FCCP), n=11 (WT), n=13 (Taz-KD), n number of experi-
ments include N=5 (WT) and N=4 (Taz-KD). (k, l) Quantification of 
response to glucose (k) and SRC (l) separated by glucose concentra-
tions (2.8, 10 and 20 mmol/l), n=11 (WT), n=13 (Taz-KD), n number 
of experiments include N=5 (WT) and N=4 (Taz-KD). (m) Relation-
ship between the normalised OCR and ECAR presented as an energy 
map in 20 mmol/l glucose. (n) Representative IHC images (left) and 
intensity quantification (right) of 20 wo WT and Taz-KD pancreatic 
islets stained against O-GlcNAc protein modification (red), insulin 
(green) and DAPI (blue), N=4; (WT), N=3 (Taz-KD) . Scale bar, 
50 µm. (o) Representative ratiometric image (ImageJ Lookup table: 
‘Fire’) of mito-roGFP2-Orp1/WT (left) and mito-roGFP2-Orp1/Taz-
KD (right) pancreatic islets at 20 wo. Scale bar, 100 µm. Normalised 
percentage change in ratio of the redox state of the mito-roGFP2-
Orp1 sensor in pancreatic islets of 20 wo mito-roGFP2-Orp1/WT 
and mito-roGFP2-Orp1/Taz-KD mice. DTT was used as a reductive 
control (blue). N=7 (WT), N=7 (Taz-KD), N=8 (DTT). Ox=oxidised, 
Red=reduced. (p) Ex  vivo redox change in ratio of the redox state 
of the mito-roGFP2-Orp1 sensor in pancreatic islets of 20 wo mito-
roGFP2-Orp1/WT and mito-roGFP2-Orp1/Taz-KD mice, N=4 (WT), 
N=4 (Taz-KD). Data represent mean ± SEM (indicated by error 
bars); N numbers indicate number of animals; statistical significance 
was determined by unpaired Student’s t test: *p<0.05, **p<0.01, 
***p<0.001. Ant A, antimycin A; a.u., arbitrary units; 2DG6P, 
2-deoxy-d-glucose 6-phosphate; G, glucose; α-KG, α-ketoglutarate; 
OAA, oxaloacetate; Oligo, oligomycin; Rot, rotenone; SucCoA, suc-
cinyl-CoA
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In summary, Taz-KD increases glucose uptake in pan-
creatic islets without altering ATP levels. Despite minimal 
changes in standard metabolic readouts, Taz-KD islets adopt 
a more glycolytic phenotype under high-glucose conditions 
and divert excess glucose into the hexosamine pathway, lead-
ing to increased protein O-GlcNAcylation.

Taz‑KD does not lead to in vivo H2O2 production 
in pancreatic islets

While increased ROS levels have been reported in tissues 
from individuals with BTHS and cell models [12], previous 
studies, including ours, showed unchanged ROS levels in 
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Taz-KD mouse hearts due to enhanced antioxidant defences 
[9, 32]. Given that pancreatic islets have low antioxidant 
capacity [33] and ROS have been proposed as metabolic cou-
pling factors for insulin secretion [34, 35], we investigated 
islet ROS levels in Taz-KD mice. To this end, we crossbred 
Taz-KD and WT mice with a transgenic line expressing 
the mitochondrial H2O2 sensor mito-roGFP2-Orp1 (ESM 
Fig. 2t). We confirmed sensor expression and functional-
ity, showing dose-dependent oxidation by exogenous H2O2 
(25–100 µmol/l) and full reduction with dithiothreitol (DTT) 
(ESM Fig. 2u). Using redox histology [25, 28], we analysed 
in vivo mitochondrial H2O2 levels in pancreatic islets from 
20 and 50 wo Taz-KD mice and found a significant reduction 
in the mito-roGFP2-Orp1 sensor (Fig. 2o, ESM Fig. 2v), 
demonstrating a decreased mitochondrial redox state in 
pancreatic islets of Taz-KD mice. Ex vivo measurements of 
mito-roGFP2-Orp1 showed no differences between geno-
types in either basal fluorescence or maximal response to 
exogenous H2O2 (Fig. 2p). Analysis of different redox pro-
teins showed that while peroxiredoxin 3 (Prx3) protein levels 
were marginally increased in Taz-KD mice, catalase levels 
were decreased (ESM Fig. 2w, x). Glutathione peroxidase 
4 (GPX4), NADPH oxidase 4 (NOX4) and nuclear factor 
erythroid 2-related factor 2 (NRF2) protein levels were 
unchanged among the genotypes (ESM Fig. 2w, x). Finally, 
we evaluated key proteins involved in the integrated stress 
response (ISR) and found no differences in ATF4, total and 
phosphorylated eIF2α, or growth differentiation factor 15 

(GDF-15) protein levels in islets from 20 wo Taz-KD mice 
(ESM Fig. 2y, z).

In summary, Taz-KD pancreatic islets did not exhibit 
excessive ROS production but rather displayed a reduced 
mitochondrial redox state with an increased abundance of 
Prx3.

Taz‑KD enhances cytosolic calcium without early 
secretory defects but increases age‑related 
glucotoxic vulnerability

To investigate the downstream effects of increased glucose 
uptake in Taz-KD islets, we assessed key parameters of beta 
cell function. We monitored cytosolic calcium dynamics 
using the ratiometric indicator Fura-2AM. Interestingly, 
although we observed similar cytosolic calcium levels in 
Taz-KD and WT pancreatic islets under both low- and high-
glucose conditions, Taz-KD pancreatic islets displayed a 
faster calcium influx upon glucose stimulation (Fig. 3a, 
ESM Fig. 3a). The calcium handling inside other organelles 
plays a crucial role in regulating the cytosolic calcium con-
centration upon stimulation with glucose [36–38]. There-
fore, we dispersed WT and Taz-KD pancreatic islets and 
used adenoviral vectors to express ER- and mitochondrial 
matrix-targeted calcium sensors to investigate calcium han-
dling in these cellular compartments (ESM Fig. 3b). The 
response of mitochondrial (ESM Fig. 3c) and ER calcium 
(ESM Fig. 3d) to glucose stimulation was similar in Taz-
KD and WT pancreatic islet cells. Finally, we investigated 
the cytosolic calcium response in dispersed pancreatic islet 
cells of WT and Taz-KD. Interestingly, the accelerated cyto-
solic calcium influx/mobilisation observed in intact Taz-KD 
pancreatic islets was lost following islet dispersion, with no 
difference detected between dispersed Taz-KD and WT islet 
cells (ESM Fig. 3e). This finding highlights the critical role 
of beta–beta and alpha–beta cell crosstalk in mediating the 
observed phenotype [39–41].

We then tested secretory function upon different glucose 
concentrations in isolated pancreatic islets from 20 wo WT 
and Taz-KD mice. Analysis of static glucose-stimulated 
insulin secretion (GSIS) revealed no difference in insulin 
secretion (Fig. 3b) and insulin content at a range of differ-
ent glucose concentrations (ESM Fig. 3f). Moreover, we 
performed a dynamic insulin secretion analysis to investi-
gate the different phases of insulin secretion. We observed 
no difference in first- and second-phase insulin secretion 
dynamics between WT and Taz-KD pancreatic islets (ESM 
Fig. 3g, h), either following glucose stimulation or after islet 
depolarisation.

Finally, islets from 20 and 50 wo WT and Taz-KD mice 
were cultured for 19 h under glucotoxic conditions (20 
mmol/l glucose). In islets from 20 wo mice, insulin secre-
tion was comparable between genotypes (Fig. 3c). However, 

Fig. 3   Faster cytosolic calcium mobilisation and increased gluca-
gon secretion in Taz-KD pancreatic islets. (a) Left, cytosolic cal-
cium levels of 20 wo WT and Taz-KD pancreatic islets in 2 mmol/l 
and 20 mmol/l glucose concentration, monitored by Fura-2AM ratio 
(340/380 nm). Right, quantification of the inflection point, reflecting 
the timing of cytosolic calcium mobilisation upon glucose stimula-
tion (20 mmol/l), N=10 (WT), N=6 (Taz-KD). (b) Quantification 
of static ex vivo GSIS of 20 wo WT and Taz-KD pancreatic islets at 
2.8, 5.6 and 20 mmol/l glucose concentrations, N=16 (WT), N=17 
(Taz-KD). (c, d) Insulin secreted in the medium from (c) 20 or (d) 
50 wo WT and Taz-KD islets upon 20 mmol/l glucose. 20 wo N=6 
(WT), N=5 (Taz-KD), 50 wo N=4 (WT), N=5 (Taz-KD). (e) Gluca-
gon secretion of 20 wo WT and Taz-KD pancreatic islets. N=7 (2.8 
mmol/l, WT), N=6 (20 mmol/l, WT), N=7 (0.5 mmol/l, WT), N=4 
(2.8 mmol/l, Taz-KD), N=5 (20 and 0.5 mmol/l, Taz-KD). (f) Rep-
resentative images of 20 wo WT (left) and Taz-KD (right) pancreas 
cryoslices, with IHC showing pancreatic islets stained against insulin 
(green) and glucagon (red) (top panel) or insulin (green) and soma-
tostatin (magenta) (bottom panel) together with DAPI (blue). The 
glucagon–insulin and somatostatin–insulin double stainings for each 
genotype represent the same pancreatic islet at a different cutting 
depth. Scale bar, 100 µm. (g–i) Quantitative ImageJ analysis of alpha 
(g), beta (h) and delta (i) cell number of IHC on cryoslices and count-
ing DAPI spots of WT and Taz-KD pancreatic islets at 20 wo normal-
ised to pancreatic islet area, N=5. Data represent mean ± SEM (indi-
cated by error bars); N and n numbers indicate number of animals and 
experiments, respectively; statistical significance was determined by 
unpaired Student’s t test or two-way ANOVA for glucagon secretion: 
*p<0.05, **p<0.01, ***p<0.001. G, glucose
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in 50 wo mice, Taz-KD islets displayed reduced accumulated 
insulin in the culture medium compared with WT controls 
(Fig. 3d).

In summary, Taz-KD in islets accelerates glucose-stimu-
lated calcium influx while maintaining insulin secretion at 
younger ages. However, under prolonged high-glucose expo-
sure insulin secretion is impaired in aged (50 wo) Taz-KD 
islets, suggesting an increased vulnerability to glucotoxic 
stress over time.

Taz‑KD increases pancreatic islet glucagon secretion 
and alpha cell number

We next asked whether Taz-KD might lead to changes in 
glucagon secretion. Interestingly, we observed increased 
glucagon secretion in Taz-KD pancreatic islets (Fig. 3e) and 
no significant differences in islet glucagon content (ESM 
Fig. 3i). To investigate the origins of altered glucagon secre-
tion in Taz-KD mice, we analysed pancreatic islet cell com-
position (Fig. 3f–i, ESM Fig. 3j). Taz-KD islets showed an 
increased number of glucagon-positive alpha cells (Fig. 3f, 
g), with no changes in insulin-positive beta cells (Fig. 3f, 
h) or somatostatin-positive delta cells (Fig. 3f, i). This dif-
ference in alpha cells was not observed at 10 weeks (ESM 

Fig. 3k). In addition, pancreatic and duodenal homeobox 1 
(PDX1) expression was unchanged between WT and Taz-KD 
islets at 20 weeks (ESM Fig. 3l). Proliferation (Ki67, ESM 
Fig. 3m) and apoptosis (cleaved caspase-3, ESM Fig. 3n) 
markers in alpha and beta cells were also similar in both 
groups.

In summary, Taz-KD pancreatic islets displayed increased 
alpha cell number with higher glucagon secretion, which 
was not associated with changes in proliferation (Ki67) or 
apoptosis (cleaved caspase-3) rate.

Increased mitochondrial volume in pancreatic islets 
of Taz‑KD

Taz-KD has been associated with impaired mitophagy in 
various tissues [8, 42, 43]. To assess mitochondrial dynam-
ics in Taz-KD pancreatic islets, we analysed mitochondrial 
volume and morphology. Confocal microscopy revealed 
increased MitoTracker intensity in Taz-KD islet cells, indi-
cating increased mitochondrial volume (Fig. 4a, b), sup-
ported by elevated citrate synthase activity (Fig. 4c).

STED microscopy was used to study the mitochon-
drial network morphology of pancreatic islet cells in 
greater detail. STED microscopy resolves mitochon-
drial ultrastructure with a greater detail and sharpness, 
allowing for a more accurate determination of mitochon-
drial volume. As expected, STED microscopy reported a 
38.75 ± 3.86% decrease in total mitochondrial volume and 
a 30.69 ± 11.24% increase in mitochondrial number com-
pared with that suggested by confocal microscopy (ESM 
Fig. 4a–c). After imaging and 3D rendering, we classified 
mitochondria into three different categories based on sur-
face area: small (Class A): 0.3–3 µm2; medium (Class B): 
3–10 µm2; and large (Class C): >10 µm2. We observed an 
increase in large (Class C) and a decrease in small (Class A) 
mitochondria in Taz-KD pancreatic islet cells (Fig. 4d, e). 
A nearest neighbour analysis showed a decreased frequency 
of mitochondrial neighbours in Taz-KD islet cells (Fig. 4f), 
which is consistent with the decrease in overall mitochon-
drial number due to a more connected mitochondrial net-
work in Taz-KD (ESM Fig. 4d). Individual mitochondria 
of Taz-KD displayed increased volume and surface area but 
decreased sphericity (Fig. 4g–i) due to the shift towards big-
ger mitochondria, as the single mitochondrion morphology 
in separated classes remained unchanged (ESM Fig. 4e). A 
bounding box analysis confirmed the enlargement of Taz-KD 
mitochondria, which is not directed, but instead similar on 
each axis (x, y and z) (Fig. 4j, k, ESM Fig. 4f).

Western blot analysis showed decreased microtubule-asso-
ciated protein 1 light chain 3 beta (LC3B2 [membrane-bound] 
and LC3B1 [cytosolic]) protein levels in Taz-KD islets, with 
an unchanged LC3B2/LC3B1 ratio (Fig. 4l, ESM Fig. 4g, 
h). Lysosomal-associated membrane protein 1 (LAMP1) 

Fig. 4   Increased single mitochondrial dimensions lead to overall 
increase in mitochondrial volume but decrease in number. (a, b) Rep-
resentative images of dispersed pancreatic islet cell cluster of 20 wo 
WT and Taz-KD mice and mitochondrial volume quantification (b) 
using confocal microscopy with MitoTracker Deep Red and DAPI. 
Scale bar, 10 µm. N=8 (WT), N=9 (Taz-KD). (c) Citrate synthase 
activity assay of 20 wo WT and Taz-KD pancreatic islets to deter-
mine mitochondrial mass normalised to protein content, N=5 (WT), 
N=6 (Taz-KD). (d) Representative 3D rendering images of the mito-
chondrial network from single dispersed pancreatic islet cells of 20 
wo WT and Taz-KD mice, classified according to their surface area 
into three different classes: Class A: 0.3–3 µm2 (blue); Class B: 3–10 
µm2 (magenta); Class C >10 µm2 (green). The respective confocal 
microscopy image is shown in the upper right. Scale bar, 2 µm. (e, f) 
Mitochondrial density analysis (e), including the mitochondrial num-
ber per pancreatic islet cell in separate classes (Class A, Class B and 
Class C), and (f) a frequency distribution histogram using a nearest 
neighbour analysis testing for neighbouring mitochondria in a radius 
of 2.5 µm from WT and Taz-KD dispersed pancreatic islet cells. The 
frequency distribution histogram displays the fractions of WT and 
Taz-KD mitochondria that have a certain number of neighbours. N=3 
(WT), N=4 (Taz-KD). (g–i) Single mitochondrion analysis of volume 
(g), surface area (h) and sphericity (i) from 20 wo WT and Taz-KD 
dispersed pancreatic islet cells, N=3 (WT), N=4 (Taz-KD). (j) Sche-
matic figure of object-oriented bounding box analysis in 3D (x, y and 
z). (k) Quantification of bounding box in single mitochondria from 
20 wo WT and Taz-KD dispersed pancreatic islet cells. (l–p) Rep-
resentative western blot and quantification of LC3B2 (l), LAMP1 
(m), LAMP2 (n), PINK1 (o) and Prk8 (p) normalised to β-actin 
in pancreatic islets of 20 wo Taz-KD mice, N=5 (LC3B2), N=7 
(LAMP1), N=6 (LAMP2), N=8 (PINK1), N=10 (Prk8). Data repre-
sent mean ± SEM (indicated by error bars); N numbers indicate num-
ber of animals; statistical significance was determined by unpaired or 
paired (western blot) Student’s t test: *p<0.05, **p<0.01

◂



	 Diabetologia

was increased and lysosomal-associated membrane protein 
2 (LAMP2) decreased in Taz-KD (Fig. 4m, n, ESM Fig. 4j). 
Autophagy-related 7 (ATG7) (ESM Fig. 4i), PTEN-induced 
putative kinase 1 (PINK1) and parkin (Prk8) levels were 
unchanged (Fig. 4o, p, ESM Fig. 4j). No differences were 
observed in mitofusin 1/2 protein expression (ESM Fig. 4k, l).

Together, these data indicate that Taz-KD islets dis-
play altered mitochondrial morphology and increased vol-
ume, accompanied by changes in some autophagy-related 
proteins.

In vivo Taz‑KD leads to improved whole‑body 
glucose tolerance, increased glucose uptake 
with preserved plasma insulin and glucagon 
secretion, and elevated levels of plasma FGF‑21

To assess the impact of Taz-KD on whole-body glucose 
homeostasis, i.p. GTTs were performed. Taz-KD mice showed 
significantly lower blood glucose levels at 60 and 120 min 
compared with WT at both 20 and 50 weeks (Fig. 5a, ESM 
Fig. 5a). Plasma insulin and glucagon levels were overall 
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Fig. 5   Improved glucose tolerance in GTT results from increased 
peripheral glucose uptake. (a) Blood glucose levels (left) and quanti-
fied AUC (right) of Taz-KD and WT mice at 20 wo during i.p. GTT, 
N=24 (WT), N=22 (Taz-KD). (b, c) Plasma insulin (b) and plasma 
glucagon (c) normalised to body weight of 20 wo WT and Taz-KD 
mice during i.p. GTT, N=7 (WT) and N=8 (Taz-KD). (d) Representa-
tive PET/CT images of BAT [18F]FDG uptake in WT and Taz-KD 

mice at 20 wo, presented as percentage of injection dose (%ID). (e) 
Quantification of BAT [18F]FDG uptake normalised to lung uptake in 
WT and Taz-KD mice, N=5 (WT), N=4 (Taz-KD). (f) Plasma levels 
of FGF-21 in WT and Taz-KD mice at 20 wo, N=6. Data represent 
mean ± SEM (indicated by error bars); N numbers indicate number 
of animals; statistical significance was determined by unpaired Stu-
dent’s t test: *p<0.05
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comparable between Taz-KD and WT mice during the GTT 
(Fig. 5b, c, ESM Fig. 5b, c), indicating preserved hormone 
secretion. However, plasma glucagon levels in Taz-KD mice 
displayed an altered profile, peaking at 15 min post injection, 
whereas WT mice showed a decline (Fig. 5c, ESM Fig. 5c). 
These data suggest improved glucose tolerance in Taz-KD 
mice, probably due to accelerated glucose clearance [19].

To further investigate glucose clearance, glucose uptake 
in BAT was assessed by [18F]FDG PET/CT imaging. Taz-
KD mice exhibited significantly higher glucose uptake in 
BAT at 20 weeks (Fig. 5d, e, ESM Fig. 5d). Since FGF-21 
is a key regulator of glucose uptake and energy metabolism 
and was found to be elevated in individuals with BTHS [44], 
we next measured its circulating levels. Plasma FGF-21 lev-
els were elevated in Taz-KD mice at 12 and 20 weeks, but 
not at 50 weeks (Fig. 5f, ESM Fig. 5e). FGF-21 gene expres-
sion was increased in heart and skeletal muscle, with no 
changes in liver and pancreatic islets (ESM Fig. 5f).

In summary, Taz-KD mice displayed enhanced glucose 
tolerance, increased BAT glucose uptake, preserved insulin 
and glucagon secretion, and elevated plasma FGF-21 lev-
els. These adaptations occurred despite decreased islet CL 
levels and lipid profile alterations, indicating compensatory 
changes in islet cell composition, mitochondrial morphology 
and metabolism that preserved islet function.

In vitro Taz‑KD leads to loss of pancreatic islet 
function

To determine whether the effects observed in vivo were 
adaptive, we used an in vitro approach to assess the direct 
impact of Taz-KD in pancreatic islets. Islets from Taz-
shRNA and WT mice (fed a control diet) were cultured 
with doxy to induce Taz-KD (Fig. 6a). Taz expression was 
reduced by ~62% (after 48 h and 1 week) (Fig. 6b, ESM 
Fig. 6a), similar to in vivo levels. In contrast to in vivo find-
ings, no changes in alpha, beta or delta cell composition 
were observed after 1 week of doxy treatment (ESM Fig. 6b, 
c). Lipidomic analysis confirmed reduced CL species (72:6, 
72:7, 74:8, 74:9) in Taz-KD islets (Fig. 6c, ESM Fig. 6d).

Functionally, in  vitro Taz-KD reduced ATP levels 
(Fig. 6d) without affecting calcium influx (ESM Fig. 6e). 
GSIS (20 mmol/l) was impaired after 1 week, primarily dur-
ing the second phase of secretion (Fig. 6e, f), while glucagon 
secretion remained unchanged (Fig. 6g). Mitochondrial mass 
(Fig. 6h) and O-linked β-N-acetylglucosamine (O-GlcNAc) 
levels (ESM Fig. 6f) were similar between groups.

Metabolic analysis showed decreased mitochondrial 
membrane potential (Fig. 6i, ESM Fig. 6g) and NAD(P)
H levels (Fig. 6j, ESM Fig. 6h) upon glucose administra-
tion after 1 week of Taz-KD in vitro. Mitochondrial H2O2 
production was increased after 48 h and 1 week of in vitro 
Taz-KD (Fig. 6k, ESM Fig. 6i, j). Basal OCR was decreased 

after 48 h, with no significant changes after 1 week of Taz-
KD (Fig. 6l, m, ESM Fig. 6k, l).

To test for potential protective effects of circulating 
factors, islets were co-cultured with doxy and FGF-21 
for 1 week. FGF-21 treatment restored GSIS in Taz-KD 
islets (Fig. 6n) and slightly increased islet insulin content 
(Fig. 6o), without affecting glucose uptake (ESM Fig. 6n). 
Insulin secretion remained elevated after normalisation to 
insulin content (ESM Fig. 6m), suggesting FGF-21 enhances 
beta cell secretory capacity.

In conclusion, in vitro Taz-KD impairs mitochondrial 
metabolism and insulin secretion, while FGF-21 treatment 
rescues beta cell function.

In vivo and in vitro transcriptomics show differently 
regulated pathways

To explore mechanisms underlying adaptive (in vivo) vs 
deleterious (in vitro) responses to Taz-KD, we performed 
bulk mRNA-seq of pancreatic islets. In vivo, 66 genes were 
downregulated and 98 upregulated in Taz-KD islets com-
pared with WT (Fig. 7a). Downregulated genes included 
ApoE, Taz and mt-ND4l (purine nucleotide metabolic and 
biosynthetic processes) and immune regulators Cd74, H2-
Ab1 and H2-Aa (Fig. 7b). Upregulated genes were associ-
ated with N-acetyl-glucosamine metabolism (Gnpnat1) and 
O-linked glycosylation (B3gnt9, Galnt17, Gcnt7) (Fig. 7c).

In vitro, 315 genes were downregulated and 137 upregulated 
after 1 week of doxy-induced Taz-KD (Fig. 7d). Downregulated 
genes included Pdgfra, Fbln2 and Col1a1 (MAPK activity, cell 
adhesion, extracellular matrix [ECM] organisation) (Fig. 7e), 
while upregulated genes were related to chromosome segrega-
tion and cell cycle regulation (Fig. 7f). Ten DEGs overlapped 
between both models, including downregulation of Taz, Wnt7a 
and Leprotl1, while degradation-related genes Ubc and Derl3 
showed opposing regulation (ESM Fig. 7a).

Comparison of Z scores highlighted genes most simi-
larly or differentially regulated between models (Fig. 7g). 
Differentially regulated genes included those involved in 
O-linked glycosylation (Galnt17, Gxylt2, Entpd4b), cata-
bolic pathways (Ubc, Derl3, Qrich2), ribosomal proteins 
(Rps27rt, Cirbp), ion transport (Slc8a2, Smoc1, Scn4a) and 
antioxidant/one-carbon metabolism (Cth). Similarly regu-
lated genes involved cell fate (Wnt7a, Emp1, Spc25), signal-
ling (Leprotl1, Serpine1, Pear1), protein binding (Spc25, 
Rec8, Crip2, Frmd8), growth factors (Pdgfb, Tgfbi) and 
ECM (Lamb1, Ccn1).

In summary, in vivo Taz-KD led to downregulation of 
genes related to catabolic processes, autophagy and protein 
modification, suggesting adaptive mechanisms. In contrast, 
in vitro knockdown induced MAPK signalling, ECM down-
regulation and cell cycle activation, probably contributing 
to islet dysfunction.
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Discussion

BTHS is caused by mutations in the TAZ gene that impair 
CL remodelling and classically manifests with cardiomyopa-
thy. However, individuals with BTHS also experience endo-
crine and metabolic disturbances such as recurrent hypogly-
caemia and delayed growth [45]. Despite CL importance in 
cellular metabolism, its impact on pancreatic islets has been 
largely overlooked [46, 47]. To date, only a single study has 
examined pancreatic islet dysfunction in the context of Taz 
deficiency [23]. Our work addresses this gap of knowledge, 
revealing how pancreatic islet function is maintained in a 
mouse model of BTHS with global Taz-KD and the conse-
quences for whole-body glucose metabolism.

Although our findings complement previous work, nota-
ble differences exist between our study and that of Cole 
et al [23]. Discrepancies between the studies may originate 
from variations in diet composition, which affect doxy con-
sumption and overall metabolic status. Furthermore, Cole 
et al employed C57BL/6J mice, which lack nicotinamide 

nucleotide transhydrogenase (NNT) among other differences 
[48, 49], whereas our study used C57BL/6N mice, known 
for more robust insulin secretion, redox homeostasis and 
mitochondrial function [50].

Taz gene expression in pancreatic islets in our model is 
reduced by approximately 64%, while Taz-KD in the heart 
reaches ~90% with a clear heart failure phenotype, as we 
have shown previously [9]. Although the effect in islets is 
milder, we believe it mimics the clinical scenario observed 
in human carriers of Taz loss-of-function mutations, who 
show mild or no endocrine symptoms, while still recapitulat-
ing the cardiac dysfunction characteristic of BTHS. Notably, 
certain human missense mutations, especially those outside 
the HX4D domain, also result in milder BTHS manifesta-
tions [51]. In addition, similar degrees of knockdown in vitro 
are sufficient to trigger defects in insulin secretion, suggest-
ing that the long-term in vivo environment permits adaptive 
processes that are not apparent in short-term in vitro studies.

The in vivo environment probably includes the influence 
of circulating factors. Consistent with findings in humans 
[44], our data demonstrate that Taz-KD in mice leads to 
elevated plasma FGF-21 levels. FGF-21 is a key metabolic 
regulator involved in lipid oxidation, glucose homeostasis 
and mitochondrial function [52, 53]. Alongside increased 
FGF-21, we observed improved glucose tolerance, which, 
as shown in this study, is not driven by increased plasma 
insulin levels but instead probably reflects enhanced insulin 
sensitivity in peripheral tissues such as BAT (this study), the 
heart, skeletal muscle and lymphocytes [10, 15].

The mechanisms underlying metabolic substrate utilisation 
and adaptive responses to meet energy demands in BTHS 
remain poorly understood. As we did not observe clear acti-
vation of the ISR in islets of 20 wo Taz-KD mice, despite 
evidence of ISR activation in the heart [15], we propose that 
mitochondrial inefficiency may trigger transient or tissue-
specific stress responses. These early adaptations probably 
contribute to the systemic metabolic remodelling observed in 
Taz-KD mice, including elevated FGF-21 levels and increased 
glucose uptake across multiple tissues. The precise molecular 
mediators linking mitochondrial dysfunction to these systemic 
responses remain unclear but may include upregulation of 
glucose transporters in target tissues, an increased insulin-
to-glucagon ratio and other circulating factors such as GDF-
15, which has also been shown to be elevated in individuals 
with BTHS [44]. Interestingly, we show that FGF-21 is able 
to rescue insulin secretion after Taz-KD in vitro. In diabetic 
model mice, FGF-21 was shown to improve insulin secretion 
by activating extracellular signal-regulated kinase 1/2 and 
Akt signalling pathways [54]. Furthermore, FGF-21 has been 
shown to mitigate oxidative stress in cardiomyocytes [53, 55, 
56] and could also play a role in the protective effect observed 
in vitro, as we observed that H2O2 levels are increased after 
48 h and 1 week of Taz-KD.

Fig. 6   In vitro, Taz-KD leads to impaired beta cell function. (a) Sche-
matic illustration of Taz-KD in vitro model: WT (control littermates 
from shTaz crossing with C57Bl6N) and shTaz mice are fed with 
control chow. After islet isolation, islets are treated with 1 µg/ml doxy 
in culture. Created with BioRender.com. (b) Fold expression levels 
of Taz gene in WT and Taz-KD pancreatic islets of in  vitro model 
after 0 h, 48 h and 1 week in doxy culture, N=5 (0 h), N=3 (48 h, 
1 week). (c) CL species profile of Taz-KD and WT pancreatic islets 
after 1 week of doxy incubation, N=3; some replicates are below 
the limit of detection. (d) ATP levels of WT and Taz-KD pancreatic 
islets after 1 week of doxy incubation using the CellTiter-Glo assay 
and normalised to islet size, N=6. (e) Quantification of static GSIS 
of WT and Taz-KD pancreatic islets after 1 week of doxy incubation 
in 2.8, 5.6 and 20 mmol/l glucose, N=6. (f) Dynamic GSIS of WT 
and Taz-KD pancreatic islets after 1 week of doxy incubation, follow-
ing the insulin levels at 2 mmol/l glucose, 20 mmol/l glucose and 30 
mmol/l KCl conditions, N=3. (g) Glucagon secretion of WT and Taz-
KD pancreatic islets after 1 week of doxy incubation in 0.5 mmol/l 
glucose, N=4 (WT), N=5 (Taz-KD). (h) Quantification of mito-
chondrial volume of WT and Taz-KD pancreatic islets after 1 week 
of doxy incubation using MitoTracker Deep Red and DAPI, N=4. (i) 
Mitochondrial membrane potential via TMRM, (j) NAD(P)H levels 
via autofluorescence and (k) H2O2 levels (normalised to 25 μmol/l 
H2O2) via Mito-HyPer7 sensor of WT and Taz-KD pancreatic islets 
after 1 week of doxy incubation, N=3. OCR kinetics after 48 h (l) and 
1 week (m) in Taz-KD pancreatic islets in response to 10 mmol/l glu-
cose stimulation followed by the addition of inhibitors of the respira-
tory chain complexes (Oligo, Ant A and Rot) and uncoupler (FCCP), 
N=4 (48 h), N=3 (1 week). (n) Insulin secretion in 20 mmol/l glucose 
in WT and Taz-KD pancreatic islets after 1 week of doxy incuba-
tion with or without 50 nmol/l FGF-21, n=5–12 wells with five islets 
each, N=4 animals (o) Insulin content was measured at the end of the 
insulin secretion assay. n=5–12 wells with five islets each, N=4 ani-
mals. Data represent mean ± SEM (indicated by error bars); N num-
bers indicate number of animals, n indicates number of experiments. 
Statistical significance was determined by unpaired Student's t test or 
(e, n, o) one-way ANOVA followed by Tukey’s multiple comparison: 
*p<0.05, **p<0.01. Ant A, antimycin A; G, glucose; Oligo, oligo-
mycin; Rot, rotenone
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Notably, hypermetabolism and increased FGF-21 are fre-
quently associated with mitochondrial disorders [57, 58] and 
recent studies have shown that FGF-21 can modulate mito-
chondrial bioenergetics and dynamics by inhibiting mito-
chondrial fission and oxidative stress [53, 59]. Furthermore, 
an increase in mitochondrial volume has been recognised 
as an effective strategy to sustain respiration, reduce ROS 
accumulation and promote cell survival under conditions of 
stress and proliferation [58, 60, 61].

Taz-KD resulted in altered islet cell composition, char-
acterised by an increased alpha cell number and elevated 
glucagon secretion. The underlying cause of alpha cell 
expansion remains unclear. However, similar increases in 
alpha cell mass have been reported in mouse models of mito-
chondrial dysfunction with reduced complex I expression 
[62]. Whether this reflects enhanced neogenesis or beta to 
alpha cell transdifferentiation is unknown, as we detected 
no significant changes in proliferation or cell death mark-
ers. Notably, beta to alpha cell transdifferentiation has been 
described in models of diabetes and insulin resistance [63], 
suggesting it may contribute in this context. Increased alpha 
cell numbers were also reported in the only other study 
investigating pancreatic islets in Taz-KD mice, although that 
study described reduced glucagon content [23].

The impact of lipid composition on alpha cell function 
remains unclear. In individuals with BTHS, cardiac meta-
bolic shifts from fatty acid oxidation to glycolysis elevate 
circulating NEFAs [10]. It is plausible that increased NEFAs 
contribute to the altered glucagon phenotype observed in 
Taz-KD mice. Recent studies suggest that alpha cells depend 
on fatty acid oxidation for ATP production under low-glu-
cose conditions [64]; thus, elevated NEFAs and hypoglycae-
mia may enhance alpha cell activity and glucagon secretion.

Additionally, increased hepatic glycogenolysis and ele-
vated blood glucose during exercise have been reported in 
Taz-KD mice [11], potentially driven by higher glucagon 
levels. Beyond glycaemic control, glucagon promotes lipoly-
sis and may contribute to the lean phenotype of Taz-KD 

mice, as well as stimulate hepatic FGF-21 secretion [65]. 
It is therefore tempting to hypothesise that elevated gluca-
gon secretion significantly shapes the metabolic profile 
of BTHS. Moreover, chronically increased glucagon may 
impact cardiac function [66, 67] and pancreatic islet physi-
ology through paracrine signalling [40, 68–70]. Increased 
alpha cell number might also be responsible for some of the 
metabolic effects observed, such as increased glucose uptake 
and increased respiration. Altogether, these findings high-
light the need to investigate alpha cell mass and glucagon 
regulation in individuals with BTHS to better understand 
their contribution to disease progression.

Excessive mitochondrial fusion or fission has been impli-
cated in pancreatic beta cell gain or loss of function [71, 
72]. CL serves as a signalling platform and was shown to be 
important for proper mitochondrial function and dynamics 
(reviewed in [73]). Here, we show for the first time in pan-
creatic islets that CL remodelling is important for regulation 
of mitochondrial mass, as demonstrated by increased mito-
chondrial volume in Taz-KD islets. Consistent with previous 
studies in other BTHS cell types [8, 43], we observed that 
Taz-KD alters the expression of autophagy and mitophagy 
markers, which may contribute to changes in mitochondrial 
network dynamics. Under conditions of mitochondrial stress 
or damage, CL can be externalised to the outer mitochon-
drial membrane, serving as a signal for the recruitment of 
mitophagy-related proteins including LC3B2, a key compo-
nent of autophagosome formation. However, the functional 
relevance of these changes should be interpreted with caution, 
as we did not assess autophagic flux, which is essential for 
definitive conclusions. Additionally, mitochondrial morphol-
ogy is influenced by various lipid species, including PG and 
PC, both of which were found to be elevated in Taz-KD islets. 
Moreover, recently Taz-KD has been suggested to affect mito-
chondria–ER contact sites [74], which may further contribute 
to alterations in the mitochondrial lipid profile [75].

Our findings reveal increased O-GlcNAcylation in Taz-
KD islets, a dynamic, reversible post-translational modi-
fication essential for cellular signalling, metabolism and 
mitochondrial quality control, including mitophagy [76]. 
Alongside phosphorylation, O-GlcNAcylation is a key regu-
latory mechanism, particularly relevant in beta cells due to 
their high O-GlcNAc transferase expression and sensitivity 
to nutrient flux. It has been linked to beta cell adaptation 
in prediabetic states [77] and modulation of autophagy, as 
shown in diabetic hearts where elevated O-GlcNAcylation 
promotes mitochondrial elongation [78, 79]. In beta cells, 
increased O-GlcNAcylation has been reported to preserve 
insulin secretion during hyperglycaemia, possibly through 
enhanced Ins1/Ins2 gene expression via epigenetic regula-
tion [80]. Further studies are needed to clarify its specific 
targets and functional role in Taz-KD islets.

Fig. 7   Transcriptomics reveals differently regulated pathways of 
in vivo and in vitro Taz-KD. (a) Bulk mRNA-seq analysis of Taz-KD 
and WT pancreatic islets using the in vivo model. Volcano plot illus-
trates the upregulation of 98 genes and downregulation of 66 genes 
(p<0.05) with a selection of highlighted genes. Identified relevant GO 
pathways with genes that are downregulated (b) or upregulated (c) in 
Taz-KD. N=3. (d) Bulk mRNA-seq analysis of Taz-KD and WT pan-
creatic islets using the in vitro model with 1 week of doxy incubation. 
Volcano plot illustrates the upregulation of 137 genes and downregu-
lation of 315 genes (p<0.05) with a selection of highlighted genes. 
Identified relevant GO pathways with genes that are downregulated 
(e) or upregulated (f) in Taz-KD. N=3. (g) Comparison of DEGs from 
in vivo and in vitro Taz-KD. The ΔZ score represents the deviation of 
gene expression of Taz-KD in vivo and Taz-KD in vitro. ΔZ score=0 
reflects the same gene expression in in  vivo and in  vitro Taz-KD. 
High ΔZ score reflects a high variation in gene expression in in vivo 
and in vitro Taz-KD. N numbers indicate number of animals
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Among the limitations of our study, we acknowledge that 
while the use of intact islets preserves physiological cell–cell 
interactions, it limits cell-type-specific resolution. Altered 
islet composition in Taz-KD mice (particularly increased 
alpha cell numbers) may influence metabolic readouts. 
Future studies employing beta cell-specific Taz-KD models 
combined with cell-type-resolved metabolic flux analyses 
will be essential to disentangle these contributions.

In summary, our study demonstrates that pancreatic islet 
function is largely preserved in a mouse model of BTHS, 
despite marked cellular, morphological, transcriptional and 
metabolic adaptations. These adaptations probably repre-
sent compensatory mechanisms in response to impaired CL 
remodelling. Our findings provide new insights into how 
defective CL remodelling affects islet biology and systemic 
metabolism. Notably, we show that plasma FGF-21 levels 
and glucagon secretion are elevated in Taz-KD mice, suggest-
ing a broader metabolic impact of BTHS beyond cardiac dys-
function. As therapeutic advances improve life expectancy in 
individuals with BTHS, understanding the secondary meta-
bolic consequences in non-cardiac tissues becomes increas-
ingly relevant. Given the central role of pancreatic islets in 
energy homeostasis, our work highlights the importance of 
CL remodelling in islet function and offers new perspectives 
for the study of metabolic diseases such as diabetes.
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