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ABSTRACT

Objectives: Glycine acts in an autocrine positive feedback loop in human 3 cells through its ionotropic receptors (GlyRs). In type 2 diabetes (T2D),
islet GlyR activity is impaired by unknown mechanisms. We sought to investigate if the GlyR dysfunction in T2D is replicated by hyperglycemia per
se, and to further characterize its action in 3 cells and islets.

Methods: GlyR-mediated currents were measured using whole-cell patch-clamp in human {3 cells from donors with or without T2D, or after high
glucose (15 mM) culture. We also correlated glycine-induced current amplitude with transcript expression levels through patch-seq. The
expression of the GIyR a1, a3, and B subunit mRNA splice variants was compared between islets from donors with and without T2D, and after
high glucose culture. Insulin secretion from human islets was measured in the presence or absence of the GlyR antagonist strychnine.
Results: Although gene expression of GlyRs was decreased in T2D islets, and 3 cell GlyR-mediated currents were smaller, we found no evidence
for a shift in GlyR subunit splicing. Glycine-induced currents are also reduced after 48 h culture of islets from donors without diabetes in high
glucose, where we also find the reduction of the a1 subunit expression, but an increase in the o3 subunit. We discovered that glycine-evoked
currents are highly heterogeneous amongst P cells, inversely correlate with donor HbA1c, and are significantly correlated to the expression of 92
different transcripts and gene regulatory networks (GRNs) that include CREB3(+), RREB1(+) and ZNF697(-+). Finally, glucose-stimulated insulin
secretion is decreased in the presence of the GlyR antagonist strychnine.

Conclusions: We demonstrate that glucose can modulate GlyR expression, and that the current decrease in T2D is likely due to the receptor
gene expression downregulation, and not a change in transcript splicing. Moreover, we define a previously unknown set of genes and regulons
that are correlated to GlyR-mediated currents and could be involved in GlyR downregulation in T2D. Among those we validate the negative impact

of EIF4EBP1 expression on GlyR activity.

© 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

Pancreatic [ cells are electrically excitable, and insulin secretion is
triggered by the firing of action potentials [1,2]. The main stimulus for
insulin release is glucose, but it is also influenced by other metabolites
present in the plasma, such as amino acids and lipids [3,4], and by
neurotransmitters that are present in the pancreatic islets [5,6]. Those
can be secreted by the autonomic innervation present in the pancreas
[7], or by the islet cells themselves [8]. In type 2 diabetes (T2D), normal
neurotransmitter signalling in islets is impaired [9,10], and some
neurotransmitters have been studied as possible targets for the treat-
ment of this disease [11,12]. Glycine is one of the neurotransmitters
present in the islets, where it is secreted by the o and B cells [13,14].
Glycine is synthesized from serine in a reaction catalyzed by the enzyme
serine hydroxymethyltransferase (SHMT) and then transported from the
cytoplasm into secretory vesicles by the vesicular inhibitory amino acid
transporter (VIAAT) where it is secreted from the [ cell together with

insulin [14]. The reuptake of glycine from the extracellular space into
cells is mediated by the plasma membrane glycine transporters 1 and 2
(GlyT1 and GlyT2) [15]. Both are electrogenic cotransporters, with a
stoichiometry of 2 Na™/1 CI/1 glycine molecule for GlyT1 and 3 Na™/1
CI'/1 glycine for GlyT2. Previous work in mouse islets suggests that the
Na™ uptake driven by glycine through the GlyTs can contribute to B cell
depolarization, and influence intracellular calcium signalling [16].

It is also presumed that the circulating glycine from the plasma can
reach the pancreatic islets, since glycine ingestion raises plasma in-
sulin in humans [17,18]. Interestingly, plasma glycine levels are lower
in people who are overweight and with obesity [19—21], and increases
after weight loss [22]. Glycine is considered a biomarker for T2D, since
its plasma concentrations are inversely correlated with the presence
and with the risk of developing this disease, even after correcting for
BMI [23,24].

The ionotropic glycine receptors (GlyRs) are pentameric ligand-gated
ion channels that can be composed of different combinations of its 5
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subunits (1-4 and B), and are permeable to chloride ions [25].
These subunits can be alternatively spliced, and both different sub-
unit compositions and different subunit splice variants can result in
altered receptor function, or complete inactivity [26—28]. Although
classically known as an inhibitory neurotransmitter, glycine can be
excitatory depending on the chloride balance of the cell [29]. This is
the case with human B cells, where the chloride equilibrium potential
is around —35 mV [30], while the resting membrane potential is —70
mV [2]. Our previous work demonstrated that GlyRs are present in
human B cells and mediate glycine-evoked currents that can
contribute to cell depolarization, increasing insulin secretion [13].
cell calcium responses to GlyR activation are also heterogeneous,
either increasing, decreasing, or having no effect on B cell calcium
levels [13]. The reason behind this heterogeneity and its significance
for B cell function is unknown but could be related to variation in
GlyR activity or expression. Given that pancreatic [ cells are tran-
scriptionally and functionally heterogeneous [31,32], this feature
could extend to their neurotransmitter receptors, which has not yet
been explored.

Importantly, in islets from donors who lived with T2D, immuno-
staining for the GIyR o1 subunit is reduced and glycine-evoked
currents are decreased [13]. The GLRAT gene, which encodes the
o1 receptor subunit, is also one of the top down-regulated genes in
human islets exposed to hyperglycemia [33—36]. The mechanisms
responsible for those changes and their contribution to impaired
insulin secretion in T2D are still unknown. We hypothesized that
hyperglycemia per se is the specific factor responsible for GlyR
dysfunction in T2D. We found that glycine-induced currents are
highly heterogeneous among human f cells, even within the same
donors. To explore molecules and intracellular pathways involved
with GIyR signaling, we sequenced the transcriptome of the B cells
after electrophysiologic recording using patch-seq [37], and found a
previously unknown set of transcripts that correlate with glycine-
evoked current amplitude. We confirmed reduced glycine-evoked
currents in T2D P cells, demonstrated a relationship to donor
HbA1c, and cultured B cells in high glucose (15 mM) to simulate the
chronic exposure to high glucose that happens in diabetes. We found
that 2-day high glucose culture reduces glycine-induced currents,
indicating that hyperglycemia affects GlyRs. Finally, we investigated if
the GlyR dysfunction was mediated by changes in receptor splicing,
by quantifying the mRNA expression of all GlyR subunit splice vari-
ants in T2D islets and after high glucose culture. We uncovered that
GlyR gene expression is overall decreased in T2D and after high
glucose culture, but there is no shift towards the expression of non-
functional receptor subtypes.

2. METHODS

2.1. Cell culture

Human islets were from the Alberta Diabetes Institute (ADI) IsletCore
[38], the Clinical Islet Laboratory at the University of Alberta [39], or the
Human Pancreas Analysis Program [40] (Supplementary Table 1). All
research was performed with the approval of the Human Research
Ethics Board at the University of Alberta (Pro00013094; Pro00001754)
and written informed consent. Islets were handpicked to purity and
cultured in DMEM media (Gibco, Waltham, MA, USA) with 10% FBS
(Gibco) and 100 U/mL Penicillin/Streptomycin (Gibco) at 37 °C with 5%
CO,. For the electrophysiology experiments, islets were dispersed into
single cells using an enzyme-free Hanks’-based cell dissociation buffer
(Gibco) and plated into 35 mm culture-treated Petri Dishes (Corning,
NY, USA).

2.2. Electrophysiology

Single cells dispersed from human islet donors without diabetes were
cultured for 24 or 48 h in DMEM media with 5.5 mM or 15 mM
glucose, while cells from donors with T2D were cultured in the control
glucose concentration (5.5 mM). Glycine-mediated currents were
measured using an EPC-10 amplifier and the PatchMaster software
(HEKA Instruments, Lambrecht/Pfalz, Germany) through the whole-cell
patch-clamp technique, at a holding potential of —70 mV. Glycine
(300 pM) with and without the GlyR inhibitor strychnine (10 uM) were
applied using an SF-77C Perfusion Fast-Step System (Warner In-
struments, Hamden, CT, USA). Cells were continuously perfused with
an extracellular solution containing: 118 mM NaCl, 20 mM
tetraethylammonium-Cl, 5.6 mM KCl, 2.6 mM CaCly, 1.2 mM MgCls,
5 mM HEPES, and 6 mM glucose (pH adjusted to 7.4 with NaOH).
Patch-pipettes were pulled from borosilicate glass (Sutter, Novato, CA,
USA) with a resistance of 3—6 MQ when filled with pipette solution
containing 130 mM KCI, 1 mM MgCl,, 1 mM CaCl,, 10 mM EGTA,
5 mM HEPES, and 3 mM MgATP (pH adjusted to 7.2 with KOH). The
identity of the cells was later confirmed by insulin (Dako anti-insulin,
IR002, Agilent Technologies, 1:5 as primary and Alexa Fluor 438
goat anti-guinea pig, A11073, Invitrogen, 1:200 as secondary) and
glucagon (Mouse anti-glucagon, G2654, Sigma, 1:200 as primary and
Alexa Fluor 594 goat anti-mouse, A-11032, Invitrogen, 1:200 used as
secondary) immunostaining. Analysis was performed using the Fit-
Master software (HEKA Instruments).

2.3. Patch-Seq

Electrophysiology was performed as described above in human islet
cells. Immediately after recording, the patching pipette was replaced
by a thin wall borosilicate glass pipette (Sutter), filled with 0.5 pL of
lysis buffer (5% Poly-ethylene Glycol 8000, 0.1% Triton X-100, 0.5 u/
puL RNAse Inhibitor, 0.5 pM OligodT30VN, dNTPs 0.5 mM/each,
Nuclease Free Water), and the cell was collected by applying negative
pressure through gentle suction. The cell was then transferred into an
8-strip PCR tube on ice containing 3 pL of lysis buffer, and was stored
at —80 °C until single-cell RNA sequencing (SCRNA-seq) was per-
formed using a modified SmartSeq-3 [41] protocol. Libraries were
sequenced with the NextSeq 500 Sequencing System (lllumina). Fastq
files were trimmed using TrimGalore version 0.6.5 with auto-detection
of adapter sequence, then aligned to the GRCh38 human genome,
Ensembl release 104, and counted using STAR version 2.7.11a [42].
Decontamination was performed using decontX from the R package
celda (version 1.20.0). Cell types were identified using the MapQuery
function from the R package Seurat (version 5.1.0), using previously
published PatchSeq data as a reference (GSE124742 [37],
GSE164875(43), and GSE270484; at PancDB; and at https:/explore.
data.humancellatlas.org/projects/8559a8ed-5d8c-4fh6-bde8-
ab639cebf03c). The pySCENIC [44] workflow was run on decon-
taminated counts similarly to previously described [45]. For Spearman
Rank Correlations, transcript expression was normalized to counts per
million (CPM) and transformed into Log,[CPM+1] values. Cells that
had >30% of mitochondrial genes and less than 200 unique tran-
scripts expressed were excluded. Spearman Rank Correlations were
performed between current amplitude and expression level for genes
detected in at least 50% of cells. Cells with no detectable expression of
a given transcript were only excluded from that specific correlation.
Single-cell RNAseq data, SCENIC AUC, and electrophysiology param-
eters were then N-integrated using the R package mixOmics (version
6.28.0) DIABLO workflow [46], comparing beta cells from donors with
T2D to beta cells from non-diabetic donors. Transcripts were selected
based on Spearman Rank correlations >0.1; all electrophysiology
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parameters were included; and SCENIC regulons were selected based
on the features with the greatest variability.

2.4. gPCR

The RNA expression of the GIyR a1 (GLRAT), a3 (GLRA3), and B
(GLRB) subunit splice variants, and of the splicing factors PTBP1,
PTBP2, NOVA1, NOVA2, RBFOX1, RBFOX2, and ELAVL4 genes was
measured through the quantitative PCR (qQPCR) method (primers in
Supplementary Table 2 and Tagman probes in Supplementary
Table 3). Fresh islets were used for high glucose treatment, and
RNA was extracted after islets from donors without diabetes were
cultured in DMEM media (Gibco) in control (5.5 mM) or high (15 mM)
glucose for 48 h. For experiments that quantified gene expression in
T2D, RNA was extracted from snap-frozen islet samples of donors
with and without 72D from the ADI IsletCore. RNA extraction was
performed with the TRIzol reagent (Thermo Fisher) for all samples. To
analyze the quality of the extracted RNA, 1 pL of each sample ob-
tained was quantified with the Nanodrop 1000 instrument (Thermo
Fisher) and the 260/230 and 260/280 values were evaluated. The
cDNA was synthesized from 2 pg of RNA samples with the One
Script Plus cDNA Synthesis Kit (ABM). The gPCR reactions were
made using either the Applied Biosystems™ PowerUp™ SYBR™
Green Master Mix (Thermo Fisher) or the Applied Biosystems Tagman
Fast Advanced Master Mix (Thermo Fisher) with TagMan Assays. The
gene expression was then quantified by the AACq method [47] and
normalized to the housekeeping gene Cyclophilin A (PPIA). Expression
values shown in the graphs are ACq expression, calculated as the
following: ACq = Cq (gene of interest) — Cq (reference gene), ACq
Expression — 2AC0,

2.5. siRNA transfection

Human islets dispersed into single cells from donors without diabetes
were transfected with EIF4EBP1 siRNA (Thermo Fisher, SiRNA ID
s4579) or control siRNA (Accell Non-targeting Control Pool, Horizon
Discovery, Cambridge, UK), together with the Fluorescent-labeled
SiRNA Silencer™ FAM-labeled Negative Control No. 1 siRNA, using
Lipofectamine™ RNAIMAX Transfection Reagent (Thermo Fisher).
Glycine-evoked currents were recorded through whole-cell patch-
clamp after 3 days, as described above, and the identity of the cells
was later confirmed by insulin and glucagon immunostaining. RNA was
extracted from cells 3 days after transfection using TRIzol (Thermo
Fisher), and gPCR was performed to confirm EIF4EBP1 gene knock-
down using TagMan Assays (Thermo Fisher).

2.6. Dynamic glucose-stimulated insulin secretion

Insulin secretion of human islets was evaluated by perifusion with a
Biorep Perifusion Machine (BioRep, Miami, FL, USA). 25 islets per
chamber were perifused at 37 °C with a KRB solution containing:
115 mM NaCl, 5 mM KCI, 24 mM NaHCOs3, 2.5 mM CaCl,, 1 mM
MgCl,, 10 mM HEPES, and 0.1% BSA (pH adjusted to 7.4 with NaOH),
with a step-increase in glucose concentration, both in the absence and
presence of 10 uM strychnine. After a 30-minute pre-incubation with
2.8 mM glucose, the perifusion was performed according to the
following protocol: 10 min 2.8 mM glucose, 10 min 5.6 mM glucose,
10 min 8.4 mM glucose, 10 min 11.2 mM glucose, and 16 min 2.8 mM
glucose. Supernatant samples were collected every 2 min. At the end
of the experiment, islets were collected in 500 pL of acid ethanol
solution (75% ethanol, 23.5% acetic acid, 1.5 % concentrated HCI),
and all samples were stored at —20 °C until insulin measurement. The
secreted insulin and remaining insulin inside the islets (used as the
content) were quantified using an ELISA Kit (Alpco Stellux, Salem, NH,
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USA), and results were calculated as the percentage of secreted insulin
in relation to the content.

2.7. Data analysis

Except for single-cell RNA sequencing analysis, statistical analysis was
performed in GraphPad Prism 9 and data is shown as
mean =+ standard error of the mean (SEM). P values < 0.05 were
considered statistically significant. Statistical difference between two
groups was determined by paired or unpaired t-test, or non-parametric
Mann—Whitney test. Insulin secretion data was analyzed by Two-Way
Mixed ANOVA. Specific statistic tests are described in each figure
legend.

2.8. Data availability

Patch-seq data is deposited on the NCBI gene expression omnibus
(GEQ) with accession number GSE280267. Other data is available upon
request and/or available at www.humanislets.com. Code for scRNA-
seq analyses is available at https:/github.com/caraee/glycine_
patchseq.

3. RESULTS

3.1. Glycine-evoked currents in -cells are decreased in T2D and
GIyR inhibition lowers glucose-stimulated insulin secretion

First, we recorded glycine-evoked currents to evaluate the activity of
the GlyRs in human B cells (Figure 1A,B). The glycine-evoked currents
measured in B cells from donors with T2D were smaller than those in
cells from donors with no diabetes (Figure 1C), confirming our previous
findings [13]. To evaluate the effect of the glycine receptors on insulin
secretion, we perifused human islets from donors without diabetes
with step-increases in glucose both in the absence and presence of the
GlyR inhibitor strychnine (Figure 1D). In the presence of 10 pM
strychnine, glucose-stimulated insulin secretion was still present, but
was decreased compared to controls, indicating that the GlyRs influ-
ence insulin secretion (Figure 1E). This effect of strychnine appears to
require at least some pre-exposure as acute addition during either the
first or second phase of insulin secretion (Supplementary Figure 1) did
not impair secretion.

3.2. Heterogeneous glycine-evoked currents are associated with
different gene transcripts

To further explore the heterogeneity of the GlyRs and uncover tran-
scriptional pathways associated with GlyR signalling and modulation,
we measured single-cell mRNA expression of the [ cells after current
recording with the patch-seq method (Figure 2A), and correlated
transcript levels with glycine-induced current amplitude. We found that
there is a wide variation of glycine-evoked current amplitudes between
B cells, even within the same donors (Figure 2B). We then applied
Spearman Rank Correlations between transcript expression and
electrophysiological parameters to the [ cells that passed quality
control [37,43]. Although we did not detect GlyR subunit expression in
this assay, we found that glycine-evoked currents are significantly
correlated or anticorrelated to the expression of 92 different transcripts
(Supplementary Table 4). Importantly, these did not correlate signifi-
cantly with cell size, and correlations were lost in the presence of the
inhibitor strychnine and mostly recovered upon washout, indicating
true correlation with GIyR activity (Figure 2C). Among correlated
transcripts are several genes known to influence B cell function,
including enzymes (Stearoyl-CoA desaturase - SCD), membrane re-
ceptors (Adhesion GPCR-G1/GPCR56 — ADGRGT), RNA binding pro-
teins (Heterogeneous nuclear ribonucleoprotein K - HNRNPK, Cold
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Figure 1: Blockade of heterogenous glycine-evoked currents in human f3 cells reduces insulin secretion. A: Representative trace recorded (in black) of a glycine (300 uM)-
evoked current, and in gray of glycine with the addition of strychnine (10 uM). B: Glycine-evoked currents measured in human f cells, followed by lgiy inhibition with 10 uM
strychnine and washout glycine current (n = 145 cells from 36 donors). C: Currents from donors with (n = 61 cells from 13 donors) and without T2D (ND, n = 160 cells from 43
donors). Data was compared by the Mann—Whitney test, p = 0.0004. D: Percentage of insulin secretion in relation to the content in human islets, in the absence and presence of
10 puM strychnine (n = 6 donors). E: Area under the curve (AUC) calculated for insulin secretion in the absence (23.83 + 2.43) and in the presence (13.58 + 1.10) of strychnine

(difference calculated by Two-Way Mixed ANOVA, p = 0.035).

inducible binding protein - CIRBP, Polypyrimidine tract-binding protein
1 - PTBP1), translation factors (Translation initiation factor 4E-binding
protein 1 - EIF4EBP1), and proteins related to exocytosis (Syntaxin-1A
STX1A, Chromogranin B — CHGB) (Figure 2D).

Because the Translation Initiation Factor 4E-binding Protein 1
(EIF4EBP1) correlated with glycine-evoked currents, controls trans-
lation initiation, and could in theory impact GlyR protein expression, we
decided to test if knocking down EIF4EBP7 in human [ cells would
result in a change in glycine-evoked current amplitude. We found an
increase in glycine-induced current after EIF4EBPT silencing
(Figure 2E), and confirmed that the average knockdown efficiency in
those samples was 70.38% (Figure 2F), validating the correlation
found in the patch-seq experiment.

To further understand the transcriptional differences between the non-
diabetic and T2D B cells, we applied SCENIC to infer transcription
factor activity and create transcription factor-specific gene regulatory
networks, identifying which regulons (the transcription factor and the
inferred genes in that pathway) are active in each population
(Figure 3A, Supplementary Table 5). In agreement with previous re-
sults, we observed decreased [ cell transcription factor activity with
lower Z and regulon specificity scores in T2D B cells, including

MAFA(+) and FOX01(+) [48]. We did not observe any regulons that
were more specifically active in T2D B cells compared to non-diabetic
B cells. We then performed a multi-omics analysis combining tran-
script expression, transcription factor activity, and electrophysiological
parameters, with the goal of elucidating the relationship between
glycine receptor current amplitude and the overall transcriptional
signature of the cells (Figure 3B, Supplementary Table 6). The mix0-
mics N-integration approach selects features from the multi-omics
data set to maximize differences between the T2D and non-diabetic
B cells within each data type, then can assess how these features
vary in the multi-omics context to establish population signatures,
similar to biomarkers. Despite selecting transcripts identified based on
Spearman Rank Correlation, no transcripts selected by the model were
identified as varying with the electrophysiological parameters in this
context, reflecting the overall similarity in transcript expression be-
tween T2D and non-diabetic B cells and the small sample size.
However, we observed a set of regulons that varied similarly to the
glycine current amplitude, including OVOL2(+), ZFP3(+), ETS1(+),
KLF3(+), and ZNF697(+). We also observed a set of regulons that
were negatively correlated with glycine current amplitude, including
RREB1(-+), CREB3(+), and ELF3(+) (Figure 3C), all of which are less
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Figure 2: Transcripts correlated to glycine-induced current amplitude in human B cells. A: Schematic of Patch-Seq pipeline. B: Distribution of glycine-evoked current
amplitudes in P cells from donors without diabetes (n = 176 cells from 43 donors). C: Heatmap of genes significantly correlated to glycine-evoked currents in human f cells. P
values for each transcript correlation to cell size, glycine-evoked current, glycine-evoked current in the presence of strychnine, and washout glycine current were transformed into
Y = —1*Log(Y). D: Glycine-evoked currents in subpopulation of cells with higher half and lower half expression levels of correlated transcripts. Data was compared by Mann—
Whitney test. E: Glycine-evoked currents measured in cells transfected with control siRNA (n = 17 cells) or EIF4EBP1 siRNA (n = 14 cells from 4 donors). Data was compared by
Mann Whitney test, p = 0.0233, and outliers removed with ROUT test (Q = 0.2%). F: Knockdown efficiency of EIF4EBP1 gene measured by qPCR, normalized by the expression of
the reference gene cyclophilin A (PPIA), and represented as percentage expression of that found in the control siRNA cells. Data was compared by Mann—Whitney test,

p = 0.0286.* P < 0.05 and ** P < 0.01.

active in the T2D B cells compared to non-diabetic B cells. These
relationships were disrupted with the addition of strychnine, and
recovered after washout; glycine current amplitude before and after
washout varied similarly in the multi-omics context.
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3.3. Type 2 diabetes reduces [ cell GlyR expression, but does not
alter subunit splicing

We next investigated if the decreased GlyR currents in T2D are
mediated by changes in the receptor expression or receptor

en access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 5


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

Original Article

A

e T o X%
ZBTB40(+)] ® Toror T ESoa
PURA(+) ° ] %%%%8 $0TXGEL
+) - ANLL >>2>2Z 190 1
PDX1(+) ° BLEJZ5500m2NT
CREB5 (+) | ) ' GG ONWERN ZSFFWE
PBX1 (+)- ® (+)[ [@/@/® D
RUNXA (+)- ® o e S e
NKX2-2(+) [ 3 KLF3:+; P e
ESR1(+) [ ZNFB97(+) : 4 oo
RXRB(+) e IC) 0008 “lo
CREB1(+) | [ ] IGly.v. 90 0000
ZNF148(+)" [ ] 1.Gly.Stryc
TAF6 (+) 8 Z JUN#) [Celeles o @
SIN3A(+)- 16 TBLIXRI(H) e oo oe 0@
E2F6(+) | . TMOSF2 (+)
JUN (+) E2F3(+)
RFX2 (+) -] o TAF1(+)
VEZF1(+)| 1.2 CEBPD(+)
PAX6 (+) | @ NKX3-1(+)
ELF2(+) ZNF444(+) s 0 @ @ ®
FOS(+) Lo ARNT2(+) 0 @ @ @ ® D
MNX1(+)] Y & ELK1(+) @ 0
ONECUT2(+)- PAXG(+) 0000
MAFA(+) b4 ZBTB7A(+) @ oe@+/0[e
JUND (+)- 0.4 ATF3(+) @ eo®
NR3C1(+)- ° Raain e s
CEBPB(+)-| * M§§§‘I’ N .
HEST(+) 1 PURAC) @ 000 ¢
M XD 1 (+) | ® HES1(+) 0000 e DOE0
ZNF639(+) MNX1(+) 0000 00@s 00 - oo
HNF4A(+) CREB3(+) ® 000 °
ZNF580(+) ZNF639(+) 00 00000 °
STAT3(+) NFE2L1(+) 0 0 © @ ® .
ELF3(+) RREB1(+) © 000 ® ®
RREB1(+)] ZNF580(+) © © ©® @ ® °
NFE2L1(+)-| FOSB(+) 00000 CIC)
CREB3(+) | ° ELF2(+) 00 00 ® 00
FOSB(+) | ELF3(+) 0000 ® 00
ZNF444(+)] ° RORC(+) 0000000 - | o
ERF(+)-| . : VEZF1(+) 0/0/0000e - ¢
a a
I b2
C - Correlations
l& 0o age 0
g om g ® Positive Correlation
S OHBER IR 22 ® Negative Correlation
2\ Z S, TE
S ©,

DA
"\\@
<
7,8 %xg‘\
[¢” N
W A
Sr ﬁ\xk\
. 2 *\x\
Znr Bq o X)
%
Nl () ()
40(+)
" ot
MYB (+)
BLIGS )
_o\'q (+) +))
ZNF770(+) (+)
FQ
SOXA(H) +))
78TBIAR) A
JE. (+
e “00 (C(i)
@ +
‘AF B fy)
1‘% 2 ikl
2 &
<9 % T
S 7
<& g
2
<
b
7
¢ v
Ly Q %) - ) % x,
v CHS ) 2 W
VSTl gd B g m SRCME% S Y
~= T vl_‘i‘*’?, %
['4 3 -
Scenic

CEBPD(+)

eolejefe

NKX3-1(+)

ZNF444(+)
ARNT2(+)
ELK1(+)
PAX6(+)
ZBTB7A(+)
ATF3(+)
RXRA(+)
ERF(+)
MAFG(+)
PURA(+)
HES1(+)
MNX1(+)
CREB3(+)
ZNF639(+)
NFE2L1(+)
RREB1(+)
ZNF580(+)
FOSB(+)
ELF2(+)
ELF3(+)
RORC(+)
VEZF1(+)

- 0.8

--0.2

--0.8

Figure 3: SCENIC and Multiomics Analysis. A: Dot plot showing regulon specificity score (RSS; size of dot) and Z score (colour of dot) of regulons found with SCENIC analysis in
human 3 cells of donors with no diabetes (ND) and type 2 diabetes (T2D). Filtered by Z > 1.105 and RSS>0.2. B: Similarity matrix dot plot showing correlation of features that
maximize variation between human B cells of donors with ND and T2D from mixOmics analysis (both size of circle and colour indicate correlation). Correlation index scale is shown
on the right. Filtered to only show features with abs(correlation) > 0.6. C: Circos plot of mixOmics analysis, representing SCENIC regulons that are correlated with electrophysiology
parameters. Features were selected to maximize variance between human f cells of donors with ND and T2D. Connections shown have an absolute correlation >0.7. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

MOLECULAR METABOLISM 96 (2025) 102156 © 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

www.molecularmetabolism.com


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

composition, since the subunit expression could be shifted from
functional to non-functional splice variants in T2D. For that, we
quantified and compared the mRNA expression of all glycine receptor
subunit splice variants in islets from donors with and without T2D, and
after high glucose culture. The expression of the GlyR subunits o1
variant 1, 2, and 3, and a3 variant 1 are all significantly reduced in T2D
islets (Figure 4A). The other variants (a1 variant 4, a3 variant 2, and 3
variants 1 and 3) showed similar levels of expression in nondiabetic
and T2D islets. We also measured the expression of some splicing
factors that could be responsible for GlyR splicing in islets, such as
NOVAT and PTBP2, which regulate GlyR o2 subunit alternative splicing
in neurons [49,50], and PTBP1, NOVA2, RBFOX1, RBFOX2, and
ELAVL4, which are important splicing regulators of both neurons and f3
cells [51,52]. No difference was seen in the RNA expression of the
splicing factor genes NOVAT1, NOVA2, RBFOX1, RBFOX2, ELAVL4,
PTBP1, and PTBP2 (Figure 4B). We confirm GLRAT downregulation in
T2D (but not pre-diabetes) in an analysis using bulk RNAseq data at
www.humanislets.com [53,54] (Figure 5A), together with an inverse
correlation with donor HbA1c (p = 3.9 x 10‘5, p-adj = 0.0275,
coefficient = —10.2). The same is seen for the GLRA3 gene, which
encodes the o3 subunit (Figure 5B), also anticorrelated with donor
HbA1c (p = 0.024, p-adj = 0.361, coefficient = —3.96). Some of the
transcripts correlated to glycine-evoked current amplitude have altered
expression in islets from donors with T2D (Figure 5C—I).

3.4. Hyperglycemia reduces B cell glycine-induced current

To investigate the effect of glycemia on B cell GlyRs, we first
correlated glycine-induced current values of each [ cell with its
donor HbA1c (Figure 6A,B). We found that there is an inverse cor-
relation between current amplitude and donor HbA1c, irrespective of
diabetes status. No correlation was found between current amplitude
and donor age and BMI, and there was no difference in the current
between male and female donors (not shown). Next, to further verify
if the GlyR dysfunction seen in type 2 diabetes could be caused by
hyperglycemia, we measured glycine-evoked current after culturing
human B cells from donors without diabetes in different glucose
concentrations. The glycine-induced current was similar in cells
cultured in 5.5 mM and 15 mM glucose for 24 h (Figure 6C) but
decreased after 48 h of high glucose culture (Figure 6D). This was
mirrored by a reduced expression of the GlyR subunits o1 variants 1,
3, and 4, while the B subunit showed no changes, and both &3
variants were increased (Figure 6E).

4. DISCUSSION

Preserved paracrine and autocrine signaling, along with neurotrans-
mitter input in the pancreatic islets is essential for the physiological
control of insulin secretion, and its dysfunction can contribute to the
pathophysiology of diabetes [8,55]. Glycine was established to act in
an autocrine positive feedback loop in human 3 cells [13], and we
sought to investigate what causes its disruption in T2D and further
characterize its action in 3 cells and the islets. We show that blocking
GlyRs with strychnine reduced insulin secretion in human islets without
the exogenous addition of glycine. This suggests that endogenous
glycine from the islets, secreted from the ot and/or B cells [13,14] has
a tonic effect on glucose-stimulated insulin secretion. The use of
strychnine differentiates the role of GlyRs from the previously proposed
actions of glycine in the P cells as an antioxidant [56] and through the
GlyTs [16]. While a previous work that examined the effect of
strychnine on o cells and glucagon secretion found no change in in-
sulin secretion after blocking the GlyRs with strychnine [57], the
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dosage used was much lower (2 (1M) than what we used in the current
study (10 pM).

Even though some studies have shown that glycine ingestion raises
insulin secretion [17,18] and that there is a negative correlation be-
tween plasma glycine levels and T2D [58], the exact glycine con-
centration in the pancreatic islets and whether it changes according to
plasma glycine remains unknown. Efficient functioning of the glycine
transporters expressed in 3 cells may indeed keep the inter-cellular
glycine concentrations relatively low until its stimulated release, as
suggested to occur within the synapse [59,60]. However, peak glycine
concentration in the synapse following stimulation can reach 1—3 mM
[60]. Although the ICsq of strychnine is in the nM range [61,62] and the
ECs for glycine is higher (in the M range) [63], it remains somewhat
unclear whether strychnine is effectively inhibiting GlyR activity within
intact islets given the high levels of glycine that may be present. If
some time is required for adequate accumulation of strychnine within
intact islets, this could explain our observation that acute treatment of
islets with 10 uM strychnine did not inhibit insulin secretion, while
short pre-treatment was effective.

We showed that glycine-evoked currents in human B cells are
decreased in T2D, confirming previous findings [13]. We then inves-
tigated if in T2D there is a change in which GlyR subunit mRNA splice
variants are expressed, to elucidate if the GIyR dysfunction seen in this
disease is due to the expression of less functional subunit splice
variants. Our data shows that this is not the case, and that GlyR
impairment in T2D is not due to a shift towards expression of less
functional subunit variants, but more likely due to the overall decreased
receptor gene expression. To test if hyperglycemia has a similar effect
we cultured islet cells in 15 mM glucose, a supraphysiological con-
centration to simulate the chronic exposure to high glucose that
happens in T2D, and measured GIyR gene expression and glycine-
evoked currents. We discovered similar results in the gene expres-
sion of the GlyRs after high glucose culture as seen in T2D islets,
where the a1 subunit was overall decreased while the B subunit
remained unchanged. However, contrary to T2D islets, where the a.3
subunit was downregulated, both o3 subunit variants were upregu-
lated by glucose. This change in subunit likely does not result in up or
down-regulated currents, since in recombinant systems heteromeric
a1 and a3 receptors show similar channel conductance [64], and
homomeric o1 and a3 receptors show similar maximal currents
[65,66]. Of note, the GlyRs subunit expression in the islet was highly
variable between the different human donors. One limitation in our
gPCR analysis was our use of only one reference gene, while the use of
2 or more housekeeping genes might have been beneficial for a more
precise report.

Consistent with our findings and the www.humanislets.com datasets
[53,54], the GLRAT gene (which encodes the .1 subunit) was recently
shown to be downregulated in islets from donors with T2D [36], in
addition to having reduced expression after the exposure of islets to
high glucose [33,34] and increased DNA methylation in the CpG sites
[34]. The exact intracellular mechanisms by which glucose causes
these changes and decreases the receptor gene expression are still
unclear. It has also been proposed that glycine receptors are altered in
rat models of streptozotocin-induced diabetes, where GIyR expression
was altered in retinal [67] and spinal cord neurons [68], and glycine
neuronal signaling was impaired by pre-synaptic mechanisms [69],
which suggests a glucose-dependent mechanism common to multiple
cell types.

We found that after 48 h of culture with high glucose, glycine-induced
currents are reduced, which could be attributed to lower receptor
expression. The [ cells cultured in high glucose (15 mM) for 24 h did
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(GlyR a1), p = 0.0003, p-adj = —0.0262, coefficient = —1.15. B: GLRA3 (GIyR &3), p =

0.0266, p-adj = 0.188, coefficient = —0.525. C: STX7A (syntaxin 1A), p = 0.00000122,

p-adj = 0.00219, coefficient = —0.714. D: SCD (stearoyl-CoA desaturase), p = 0.0101, p-adj = 0.107, coefficient = —0.412. E: EIF4EBP1 (eukaryotic translation initiation factor
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adj = 0.214, coefficient = —0.308. I: TPT7 (tumor protein, translationally-controlled 1), p = 0.00438, p-adj = 0.0927, coefficient = 0.365.

not exhibit any difference in current amplitude. Given that the glycine
receptors’ turnover time in the plasma membrane can have a half-life
of 14, 24, or 48 h [70—72], depending on the model used, it is possible
that the 24-hour high glucose treatment was too short to reflect in a
reduced number of receptors in the plasma membrane. Further
establishing a relationship between glycine receptors and glucose is
the inverse correlation found between donor HbA1c and glycine-
induced current, suggesting that the main factor of T2D that is
altering the GlyRs is hyperglycemia.

We found that glycine-induced current values in human 3 cells are
highly variable and searched for molecules that could be involved in

GlyR signaling modulation in {3 cells with the patch-seq technique. One
inherent limitation of single-cell RNA sequencing is that it cannot
capture 100% of a cell’s transcriptome, and especially transcripts with
low expression levels tend to not be detected by the sequencing [73—
75]. Due to that fact, we did not detect the expression of the GlyR
subunit genes themselves in single cells, which limited our ability to
analyze if the cell-to-cell heterogeneity of glycine-evoked currents
resulted from variability in the receptor expression levels of each cell.
We did however find 92 transcripts positively or negatively correlated
to glycine-induced current amplitude, both with previously known and
unknown roles in the B cells. Some of the correlated genes found are

MOLECULAR METABOLISM 96 (2025) 102156 © 2025 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 9

www.molecularmetabolism.com


http://www.humanislets.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com

A *k D *
150 - B 150 — C -30 - ns -50 =
. « ND g % = .
& ™& 5 . s 407
N 3 . < <
S04 . ° S04 . S 20 2 :
g £ £ g 30 )
@ [ H [ o H
= = : £ . =
3 3 3 3 . 3 -20 - :
8 2 50— ; . 2 10 2
N S i . 5 T N S ST X
> > A : 2 = 5‘ 10— o
= - o
0— 0 ';c i 0 .;.
4 56 7 8 910 <65 265 > o > &
& A & L5
HbA1c (%) HbA1c (%) & @ & @
E GLRA1V1 GLRA1V2&3 GLRA1V3 GLRA1V4
*% * %k
ns
0.003 0.005— 0.00008 — 0.0004—
5 g 20047 £ 0.00006— £ 0.0003-
(=] (=] (=]
» 0.002— - - -
] ] 0.003 — ] ]
Q [ [ o
S s S 0.00004— 5 0.0002-—
] & 0.002- o i
& 0.001 3 8 S
3 \ S ed = S 0.00002 S  0.0001-
0.000 ——p————1— 0.000 +———-m— 0.00000 - —p———7— 0.0000 ~—p———7—
Y
& ° o°60 (\"@\ 0090 & 4 o°6)0 & S 060
® » < N ® » ® >
‘00 ’(‘0 ’(‘0 ’(‘0
&S &8 & &
GLRA3V1 GLRA3V2 GLRBV1&2 GLRBV3
0.00015= 0.0008 = - 0.04— s 0.005— "
*
0.004—
5 S 0.0006 S 0.03- £
2 0.00010 G 'm ®
0 ] 0 ] 0.003 -
[ [ [ [
- 5 0.0004— / 5 0.02- s
X X X X
w w w w 0.002 -
g 0.00005 = g 00002 é g 001 /‘ g /
00014 T __—
0.00000 ——p———7— 0.0000 ——p———— 0.00 ~—p——7— 0.000 I I
*éo\ & *60\ & \‘o\ & *60\ &
& 3 & & & & & &
d 9 d K < 9 o &
‘é‘& Q'\\Q: Q;\Q Q“\Q

Figure 6: Glycine-induced currents and GIyR expression after high glucose culture. A: Correlation between donor HbA1c and glycine-induced current measured in each
cell. The correlation was calculated by simple linear regression (p = 0.0139, R squared = 0.02473) and Spearman correlation (P (two-tailed) = 0.0044, r = 0.1820, n = 244
cells). B: Glycine-induced current divided by donor HbA1c of <6.5 (n = 190 cells) and >6.5 (n = 54 cells). Data was compared using the Mann—Whitney test, p = 0.0069. C:
Currents from donors without diabetes cultured in 5.5 mM glucose (control, n = 12 cells from 7 donors) or 15 mM glucose for 24 h (HG 24 h, n = 8 cells from 5 donors). Data was
compared using the Mann—Whitney test, p = 0.1813. D: Currents measured from donors without diabetes cultured for 48 h in 5.5 mM glucose (n = 21 cells from 9 donors) or
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variants in islets after 15 mM glucose culture for 48 h (n = 6 donors, except for GLAB variants 1&2 (n = 4 donors)). Data was compared by paired t test. Data is shown as ACt
expression, calculated using the gene cyclophilin A as housekeeping. * P < 0.05, ** P < 0.01, ns = non significant.

altered by hyperglycemia or T2D, such as Translation initiation factor ~ We confirmed the expected relation between EIF4EBP1 and GlyRs by
4E-binding protein 1 (EIF4EBPT) [76,77], Polypyrimidine tract-binding  silencing its expression in human B cells, which led to increased
protein 1 (PTBP1) [78,79], and Adhesion GPCR-G1/GPCR56 (ADGRG1)  glycine-evoked currents. This confirms a previous finding where a
[80], and therefore could be involved in GlyR downregulation in T2D.  mice knockout of EIF4EBP71 resulted in increased GlyR-mediated
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miniature inhibitory postsynaptic currents (mIPSC) in spinal cord
neurons [81].

The SCENIC transcription factor analysis, coupled with the multi-omics
integration, allows potential insights into the biology driving differences
in glycine receptor activity. Regulons that were positively correlated
with glycine receptor activity, indicating increased regulon activity with
increased glycine receptor activity, included zinc finger proteins, such
as 0VOL2, ZNF697, and ZFP3. Together, these findings highlight how
transcription factor activity and downstream targets may contribute to
glycine receptor function in 3 cells, suggesting potential mechanisms
of B cell dysfunction and stress in the context of T2D. We found that
the activity of RREB1 is strongly linked to glycine receptor activity, with
higher RREB1 activity correlated with lower glycine-induced current.
Recently, RREB1 has been shown to influence beta cell function by
transcriptionally regulating the expression of genes involved in {3 cell
development and function [82]. In this dataset, RREB1 is inferred to
regulate EIF4E, the translation initiation factor that EIF4EBP1 binds to
and inhibits. Future targeted experiments are needed to validate the
roles of RREB1 and the other correlated regulons and transcripts, and
would help clarify the regulatory network influencing glycine receptor
activity in the context of T2D.

In summary, we demonstrate that glucose can modulate the GlyRs, by
reducing their gene expression and consequently decreasing human 3
cell glycine-evoked current. Moreover, we define a previously un-
known set of genes and regulons that are potentially related to GlyR
function and could be involved in GlyR downregulation in T2D.
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