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Introduction
Pancreatic β cells exert tight transcriptional control over key cel-
lular processes (e.g., glucose metabolism, mitochondrial func-
tion, ER homeostasis) in order to facilitate the efficient coupling 
of glucose uptake, oxidation, mitochondrial metabolism, and 
glucose-stimulated insulin secretion (GSIS; ref. 1). However, the 
development of type 2 diabetes mellitus (T2DM) is associated 
with perturbations of the β cell’s transcriptional landscape, result-
ing in aberrant regulation of GSIS partly attributed to loss of mito-
chondrial function, which is a major component of β cell failure 
in T2DM (2–6). Therefore, identifying novel genetic/phenotypic 
alterations in T2DM β cells can greatly enhance our understanding 
of the pathophysiology.

Recent studies suggest that genetic and phenotypic chang-
es in T2DM β cells resemble those of cancer cells, which have 
been postulated to provide β cells a survival advantage at the 
expense of insulin secretory function (5–8). A hallmark feature 
of the cancer cell phenotype is a “reverse pH gradient” charac-
terized by acidification of the extracellular environment with 
concomitant intracellular alkalinization (increased pHi; ref. 
9). Indeed, the alkaline pHi of cancer cells is integral in facil-
itating metabolic adaptions through increased intracellular 

HCO3
– buffering capacity, permitting reliance of cancer cells 

on nonoxidative glycolysis and lactate production and leading 
to diminished mitochondrial function (9, 10). In addition, the 
alkaline pHi of cancer cells also contributes to the regulation 
of enzymatic activity, the epigenetic control of global gene 
expression, and the promotion of DNA synthesis in response 
to various growth factors (9, 11, 12). Consequently, cancer 
cells maintain an alkaline pHi by upregulating expression of 
ion pumps/transporters that facilitate cellular H+ efflux (e.g., 
Na+/H+ exchanger; NHE1) and HCO3

– influx (e.g., Na+-coupled 
HCO3

– cotransporter, SLC4/NBC family of bicarbonate trans-
porters; refs. 9, 10, 13–16).

Interestingly, a recent single-cell transcriptomic study 
of the human endocrine pancreas identified SLC4A4 (gene 
encoding Na+/HCO3

– cotransporter, NBCe1) as one of the few 
unique genes enriched in immature/dedifferentiated T2DM 
β cells and repressed in nondiabetic (ND) adult β cells (17). 
The SLC4 transporter family encodes 10 human gene prod-
ucts, all of which function to transport HCO3

– along with Na+ 
(or exchange Cl–; ref. 18). Specifically, NBCe1 is a polytopic 
membrane protein that primarily functions to mediate uni-
lateral movement of 1 Na+ ion and 2 HCO3

– ions across plas-
ma membranes, and the directionality of transport is deter-
mined by membrane potential and concentrations of Na+ and 
HCO3

– (19, 20). Importantly, NBCe1 plays an integral role in 
pHi regulation, and consequently, increased NBCe1 expression 
and activity are associated with intracellular alkalinization as 
commonly occurs in cancer cell lines (9, 10, 16, 21, 22), includ-
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to repress GSIS (25). Moreover, decreasing islet cell pHi with 
dimethyl amiloride was demonstrated to augment time-de-
pendent potentiation of insulin secretion and improve glucose 
metabolism in T2DM rodent models (24, 26, 27).

ing tumoral β cells (23). Indeed, previous studies reported the 
importance of pHi for proper regulation of GSIS (24, 25); in 
isolated rodent islets, cytosolic acidification (decreased pHi) 
was shown to enhance GSIS and alkalinization was shown 

Figure 1. SLC4A4 expression is induced in human islets in type 2 diabetes. (A) SLC4A4 expression in human nondiabetic (ND) and type 2 diabetic (T2DM) 
β and α cells from GSE83139. *FDR < 0.05 (Benjamini-Hochberg method; n = 38–100 cells). (B) Meta-analysis of SLC4A4 expression in ND and T2DM human 
islets from 5 whole-gene array studies. FDR < 0.05, denotes statistical significance (Benjamini-Hochberg method). (C) SLC4A4 expression in ND and T2DM 
isolated human islets. **P < 0.01 denotes statistical significance (unpaired, 2-tailed t test; n = 6 independent ND and T2DM islet shipments). (D) Analysis of 
GSE38642 using Pearson’s correlation of SLC4A4 with key transcripts associated with regulation of β cell identity, function, or failure (correlation coefficient; 
|R| = 0.5 to 1; FDR < 5%; n = 51 islet samples). (E) Network analysis illustrating the interaction between enriched KEGG pathways (P < 0.05) from genes with 
statistically significant correlation with SLC4A4. (F) Representative examples of ND and T2DM human islets (n = 3 islet shipments/condition) immunostained 
for NBCe1 (red), insulin (green), and glucagon (white) and imaged at 40× original magnification. Scale bars: 10 μm. (G) Intracellular pH (pHi) in ND, T2DM, and 
T2DM human islet cells exposed to NBCe1 inhibition (30 μM S0859). ***P < 0.001 denotes statistical significance (1-way ANOVA with Tukey’s method for 
multiple comparisons; n = 86–158 independent cells from 2 ND and 3 T2DM islet shipments). (H) Glucose-stimulated insulin secretion (GSIS) at 16 mM and 4 
mM glucose in T2DM human islets exposed to (a) vehicle, (b) chronic NBCe1 inhibition (30 μM S0859) for 72 hours, or (c) acute NBCe1 inhibition (30 μM S0859 
in glucose KRBH buffer). Islets exposed to chronic NBCe1 inhibition were not exposed to S0859 during GSIS. **P < 0.01, ***P < 0.001 denotes statistical signif-
icance (unpaired, 2-tailed t test; n = 6–7 independent experiments from 3 islet shipments). All values are represented as mean ± SEM. 
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treatment with the NBCe1 inhibitor (Figure 1H; P < 0.001, 16 mM 
vs. 4 mM glucose). In addition, the reduction of pHi with a perme-
able weak acid (butyrate) also augmented GSIS response in T2DM 
islets, confirming intracellular acidification as a strategy to enhance 
GSIS in T2DM (Supplemental Figure 2). Importantly, S0859 treat-
ment did not affect GSIS in ND islets (Supplemental Figure 3). Tak-
en together, these data suggest that SLC4A4 expression is induced 
in human islets in T2DM where its expression and activity are asso-
ciated with loss of β cell transcriptional identity, intracellular alka-
linization, and β cell dysfunction.

Obesity and T2DM are characterized by marked expression of the 
Na+-HCO3

– cotransporter, NBCe1, in human β cells. To extend our 
findings, we next used immunofluorescence coimmunostaining of 
human pancreatic autopsy specimens to assess NBCe1 expression 
patterns in β (and α) cells of lean ND (BMI < 29.5 kg/m2), obese 
ND (BMI ≥ 29.5 kg/m2), and obese T2DM (BMI ≥ 29.5 kg/m2) age-
matched individuals (Supplemental Table 2). To be included in 
the analysis, pancreatic tissue must have been obtained within 6 
to 8 hours of death to avoid confounding effects of tissue autol-
ysis and linked to a comprehensive, longitudinal medical record 
that included documented diabetes status. Consistent with gene 
expression data, we observed minimal NBCe1 immunoreactivity 
in β cells of lean ND individuals but demonstrated robust expres-
sion in β cells from obese ND and obese T2DM individuals (Fig-
ure 2A). Objectively, we found a significant increase in insulin+, 
NBCe1+ immunoreactivity in obese T2DM individuals (Figure 2B; 
P < 0.01 vs. lean ND). There was no significant change in NBCe1 
expression in glucagon-positive α cells between lean ND and 
obese T2DM patients (Figure 2B; P > 0.05 vs. lean ND). Moreover, 
expression of NHE1, a key pHi regulator (encoded by SLC9A1), 
was unchanged in T2DM β or α cells compared with ND (Supple-
mental Figure 1D). Given our previous observation that SLC4A4 
mRNA was increased in parallel with loss of key genes regulating β 
cell identity (e.g., NKX6.1, MAFA, and UCN3), we sought to iden-
tify whether these changes were mirrored at the protein level in 
human β cells. We observed that β cell NBCe1 induction occurred 
in conjunction with the nuclear to cytoplasmic redistribution of 
NKX6.1 in T2DM β cells (Figure 2C), a marker of β cell failure 
and loss of transcriptional identity in T2DM (33). Consistent with 
previous work in human pancreatic autopsy specimens (34), we 
observed that 67% of T2DM β cells had cytoplasmic NKX6.1 and 
NBCe1 immunoreactivity (Figure 2D; P < 0.001 vs. ND), while 
60% of ND β cells had negligible NBCe1 and nuclear NKX6.1 
immunoreactivity (Figure 2D; P < 0.001 vs. T2DM).

Diabetogenic stressors induce SLC4A4 expression and increase 
pHi in mouse and human islets. Next, we set out to identify which 
cellular stressors commonly associated with β cell failure in T2DM 
contribute to the induction of SLC4A4/NBCe1 in β cells (Figure 
3). Existing literature shows that the SLC4A4 promoter contains 
pH-dependent domains for several transcription factors common-
ly associated with β cell failure in T2DM, such as stress-associated 
jun-proto-oncogene (cJUN), proinflammatory NF-κB, DNA dam-
age–associated tumor protein p53 (TP53), and TGF-β signaling-in-
duced Smad4 (12, 13). We extended these findings by performing 
unbiased network analysis illustrating the interaction between 69 
potential transcription factors predicted to bind to the promot-
er of SLC4A4 by the ENCODE project (Figure 3A). Consistently, 

Despite increased insights into the regulation of β cell tran-
scriptional identity in T2DM, the contribution of HCO3

– buffer-
ing, pHi regulation, and SLC4A4/NBCe1 misexpression to β cell 
functional failure in T2DM remains unexplored. Correspondingly, 
our study provides evidence that induction of SLC4A4/NBCe1 is 
a notable feature of human β cells in T2DM, where its expression 
promotes pHi alkalinization and impaired mitochondrial function 
and contributes to β cell functional failure and glucose intolerance.

Results
SLC4A4 expression is induced in human islets in T2DM and its 
expression is associated with β cell dysfunction. Wang et al. (17) 
through single-cell RNA-Seq of the human endocrine pancreas 
identified SLC4A4 (gene encoding Na+-coupled HCO3

– cotrans-
porter NBCe1) as one of the unique genes enriched in immature 
(child) and adult T2DM β cells (Figure 1A; FDR < 0.05 vs. ND; 
NCBI’s Gene Expression Omnibus [GEO] GSE83139; ref. 17). We 
confirmed the induction of SLC4A4 expression in T2DM human 
islets by performing a meta-analysis of 5 independent cohorts that 
examined differential gene expression in human ND vs. T2DM 
islets (GEO GSE38642; ref. 28, GEO GSE25724; ref. 29, GEO 
GSE20966; ref. 30, GEO GSE76894; ref. 31, GEO GSE76895; ref. 
31 and Figure 1B; FDR < 0.05 vs. ND). To further confirm these 
observations, we independently procured ND and T2DM human 
islets (Supplemental Table 1; supplemental material available 
online with this article; https://doi.org/10.1172/JCI142365DS1) 
and observed an approximately 3-fold increase in SLC4A4 mRNA 
in T2DM islets (Figure 1C; P < 0.01 vs. ND). Meanwhile, mRNA 
levels of SLC9A1 (NHE1), the primary Na+/H+ exchanger and 
another key regulator of pHi, were unchanged in ND versus T2DM 
β cells and whole islets (Supplemental Figure 1, A–C; P > 0.05 ND 
vs. T2DM). We next examined how the islet’s transcriptional iden-
tity changes in concert with rising SLC4A4 mRNA levels (Figure 
1, D and E). Indeed, in a large data set with 51 islet donors with 
known HbA1c (GEO GSE38642; ref. 28), SLC4A4 mRNA showed 
a robust positive correlation (Pearson correlation |R| > 0.5; FDR < 
0.05) with the expression of transcripts (e.g., ALDH1A3, PFKFB3, 
LDHA) collectively annotated to Kyoto Encyclopedia of Genes 
and Genomes (KEGG) biological pathways associated with β cell 
failure (e.g., HIF1α signaling, NF-κB signaling, glycolysis). In con-
trast, SLC4A4 expression negatively correlated with transcripts 
(e.g., NKX6.1, MAFA, UCN3) and pathways regulating β cell secre-
tory function and identity (e.g., insulin secretion, oxidative phos-
phorylation; Figure 1E).

Since SLC4A4 encodes an electrogenic Na+-HCO3
– cotrans-

porter (NBCe1) critical for pHi regulation (18), we next assessed 
whether increased SLC4A4 mRNA affects pHi and GSIS in human 
T2DM islets. First, we confirmed increased β cell immunoreactivity 
for NBCe1 in isolated human islets of patients with T2DM (Figure 
1F). Next, we measured pHi using carboxy-seminaphthorhodoflu-
or-5 (SNARF5), a ratiometric/fluorescent pH sensor (24, 32). T2DM 
islet cells exhibited significantly higher pHi (+0.1 pH unit vs. ND 
cells), mirroring pHi changes reported in noncancerous versus can-
cer cells (Figure 1G; P < 0.001 vs. ND cells). Notably, treatment of 
T2DM islets with a known NBCe1 inhibitor, S0859 (31), resulted in 
intracellular acidification (Figure 1G; P < 0.0001 vs. T2DM cells) 
and corresponding restoration of GSIS after either chronic or acute 
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quently used a mouse β cell line (MIN6) to screen common β cell 
stressors as potential mediators of Slc4a4 induction in β cells (Fig-
ure 3B). Our results showed that the exposure of MIN6 cells to 
either the pharmacological ER stress inducer thapsigargin and/or 

pathway analysis of the transcription factors predicted to regulate 
SLC4A4 expression revealed enrichment (P < 0.05) for pathways 
associated with β cell stress and functional failure (e.g., apoptosis, 
TGF-β signaling, ER stress, inflammation; Figure 3A). We subse-

Figure 2. NBCe1 expression is increased in T2DM β cells and is associated with loss of β cell identity. (A) Representative examples of human pancreatic 
sections immunostained for NBCe1 (red), insulin (green), glucagon (white), and nuclear marker DAPI (blue) and imaged at 20× magnification. Human 
pancreas was obtained at autopsy from lean, nondiabetic (lean ND); obese nondiabetic individuals (obese ND); and patients with documented obesity and 
T2DM (obese T2DM). Scale bars: 20 μm in all images. Images are representative of n = 6–8 independent autopsy specimens per group. (B) Mean NBCe1 
expression in β and α cells from lean ND, obese ND, and obese T2DM individuals as represented by the percentage of NBCe1 and insulin (top) or glucagon 
(bottom) double-positive pixels. **P < 0.01 denotes statistical significance versus lean ND (1-way ANOVA with Dunnett’s method for multiple compari-
sons; n = 6–8 independent autopsy specimens per group). (C) Representative images of human pancreatic sections from lean ND and obese T2DM indi-
viduals immunostained for NBCe1 (red), insulin (gray), and NKX6.1 (green) and imaged at 63× magnification. Scale bars: 20 μm in all images. Images are 
representative of n = 5 independent autopsy specimens per group. (D) Fraction of β cells from lean ND and obese T2DM individuals expressing cytoplasmic 
NKX6.1 and NBCe1 (top) and fraction of β cells expressing nuclear NKX6.1 in the absence of NBCe1 relative to background (bottom). ***P < 0.001 denotes 
statistical significance vs. lean ND (unpaired, 2-tailed t test; n = 5 independent autopsy specimens per group). All values are represented as mean ± SEM.
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mouse and human islets to either thapsigargin or palmitate result-
ed in the increase in Slc4a4 mRNA and corresponding intracellular 
alkalinization (P < 0.05 vs. vehicle; Figure 3, C and D). Consistent 

saturated fatty acid palmitate resulted in robust induction in Slc4a4 
mRNA (~3-fold vs. vehicle, P < 0.05; Figure 3B). We followed up 
on these studies to demonstrate that exposure of primary isolated 

Figure 3. Diabetogenic stressors induce Slc4a4 expression and increase pHi in mouse and human islets. (A) Network analysis illustrating interaction between 
69 transcription factors predicted to bind to promoter of SLC4A4 (ENCODE project). Key transcription factors associated with β cell stress are highlighted (left). 
Bar graph highlighting top 10 enriched biological pathways from transcription factors predicted to bind to promoter of SLC4A4 (right). (B) Heatmap visualization 
of Slc4a4 expression in MIN6 cells in response to 2, 4, 8, and 24 hours of diabetogenic stressors: vehicle (DMSO), 200 nM doxorubicin, 1 μM tunicamycin, 1 μM 
thapsigargin, 250 μM H2O2, Cytomix (0.2 ng/mL IL-1β, 10 ng/mL TNF-α, 10 ng/mL IFN-γ), 4 ng/mL TGF-β, or 0.5 mM palmitate. Data normalized for vehicle with 
β-actin as control (n = 3–4 independent experiments per treatment/time point). (C and D) Slc4a4 expression (left) and corresponding pHi (right) in (C) C57B6J 
isolated mouse islets or (D) ND human islets in response to 1 μM thapsigargin, 0.5 mM palmitate, or vehicle for 8 and 24 hours. *,#P < 0.05 denotes statistical sig-
nificance versus vehicle (2-way ANOVA with Dunnett’s method for multiple comparisons; n = 3 independent experiments per condition for Slc4a4 mRNA and n = 
27–62 independent islet cells per condition for pHi). (E) Slc4a4 expression in isolated C57B6J mouse islets exposed to control or 60% HFD for 8–10 weeks (unpaired, 
2-tailed t test, n = 3–5 mice per group) (86). (F) pHi in isolated mouse islets exposed to control or 60% HFD for 8 to 10 weeks. *P < 0.05 denotes statistical signifi-
cance (unpaired, 2-tailed t test, n = 49–79 independent islet cells per group). (G) Representative images of pancreatic sections and individual islets immunostained 
for NBCe1 (red), insulin (green), and glucagon (white) and imaged at 40× original magnification from C57B6J mice exposed to control or 60% HFD for 8 to 10 weeks. 
Scale bars: 10 μm. Images representative of n = 3 mice per group.
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Figure 4. Generation and validation of a β cell–selective Slc4a4-null mouse model. (A) Targeting strategy for β cell–selective deletion of Slc4a4 
(left). Representative PCR analyses of tail DNA using primers for identification of Slc4a4 floxed allele and Cre recombinase (right). (B) Diagram 
of study design indicating that 2-month-old control (β-Slc4a4+/+ Slc4a4fl/fl+/+ and +/+Ins2Cre/+) and β cell Slc4a4-KO (β-Slc4a4–/– Slc4a4fl/flIns2Cre/+) 
mice were treated for 8 weeks with either chow diet or 60% HFD. In vivo characterization of glucose metabolism occurred at 0, 4, and 8 weeks. 
Islets were isolated from the mice for functional and transcriptomic profiling; pancreata were isolated for morphological assessment. (C) Slc4a4 
expression from β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) pancreatic islets exposed to either 8 weeks of chow or HFD. ***P < 
0.001 denotes statistical significance versus β-Slc4a4+/+ chow (unpaired, 2-tailed t test; n = 6 mice per genotype and diet) (top). pHi measured in 
β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) islet cells exposed to either 8 weeks of chow or HFD. *P < 0.05, **P < 0.01 denotes 
statistical significance (1-way ANOVA with Tukey’s method for multiple comparisons; n = 62–87 independent cells from n = 2 mice per genotype 
and diet) (bottom). (D) Representative examples of pancreatic sections and individual islets immunostained for insulin (green), glucagon (white), 
NBCe1 (red), and DAPI (blue) imaged at 20× original magnification obtained from β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) mice 
exposed to 8 weeks of chow or HFD. Scale bars: 20 μm. Images are representative of n = 3 mice per genotype and diet. (E) Percentage change in 
body mass from baseline of β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) mice exposed to either 8 weeks of chow or HFD. *P < 0.05 
denotes statistical significance versus β-Slc4a4+/+ chow (2-way ANOVA with Dunnett’s method for multiple comparisons; n = 5–7 mice per genotype 
and diet). All values are represented as mean ± SEM.
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with these observations, we also demonstrated that exposure to 
lipotoxicity in vivo (e.g., 60% HFD) led to the induction of Slc4a4/
NBCe1 expression and increased islet pHi (P < 0.05 vs. control low-
fat diet, Figure 3, E–G). Cumulatively, these studies suggested that 
the induction of β cell Slc4a4 and consequent cytosolic alkaliniza-
tion was driven by exposure to lipotoxicity/ER stress.

Generation and validation of a β cell–selective Slc4a4-null mouse 
model. To elucidate the functional role of Slc4a4/NBCe1 in β cells in 
response to lipotoxicity-driven obesity and T2DM, we utilized a pre-
viously validated Slc4a4fl/fl mouse with LoxP sites targeting exon 12 of 
Slc4a4 (35, 36) (Figure 4A). The wild-type and floxed alleles were iden-
tified by a 178 bp and 223 bp product, respectively, via PCR analysis 
(Figure. 4A). We subsequently generated β cell–selective Slc4a4-KO 
(β-Slc4a4–/–) mice through crossing of Slc4a4fl/fl mice with rat insulin 

2 promoter–Cre (RIP-Cre) mice (Figure 4A). β-Slc4a4–/– (Slc4a4fl/fl 

Ins2Cre/+) and corresponding β-Slc4a4+/+ controls (Slc4a4fl/fl+/+ and 
+/+Ins2Cre/+) were subjected to 8 weeks of either a standard chow diet or 
a diabetogenic 60% HFD to model obesity-induced glucose intoler-
ance and β cell dysfunction (Figure 4B). In line with our previous obser-
vations, expression of both Slc4a4 and NBCe1 was robustly increased 
in HFD-fed mice (Figure 4, C and D; P < 0.05 vs. β-Slc4a4+/+ chow). 
Importantly, we found no detectable NBCe1 expression in β-Slc4a4–/– 
chow and/or HFD β cells as well as an approximately 80% reduction in 
islet Slc4a4 mRNA (Figure 4, C and D; P < 0.05 vs. β-Slc4a4+/+ chow), 
thus confirming the validity of the generated β-Slc4a4–/– mouse model.

Importantly, to account for potential recombination in the 
hypothalamus and the expression of passenger human growth 
hormone cDNA in RIP-Cre mice (37, 38), we (a) confirmed lack 

Figure 5. Selective deletion of Slc4a4 in β cells protects against high-fat diet–induced glucose intolerance and β cell dysfunction in mice in vivo. (A) Glu-
cose tolerance (left), glucose tolerance AUC (center), and corresponding insulin response expressed as the plasma insulin AUC normalized to basal insulin 
secretion in pM divided by the glucose tolerance AUC in mM (right) of 2-month-old control β-Slc4a4+/+ (+/+Ins2Cre/+and/or Slc4a4fl/fl+/+) and β-Slc4a4–/– mice 
(Slc4a4fl/flIns2Cre/+) (n = 5–7 mice per group). (B and C) Glucose tolerance (left), glucose tolerance AUC (center), and corresponding insulin response (right) of 
control β-Slc4a4+/+ (+/+Ins2Cre/+ and/or Slc4a4fl/fl+/+) and β-Slc4a4–/–(Slc4a4fl/flIns2Cre/+) mice exposed to either 4 weeks (B) or 8 weeks (C) of chow diet or HFD 
(n = 5–11 mice per group). For glucose tolerance, *P < 0.05 denotes statistical significance versus β-Slc4a4+/+ chow (2-way ANOVA with Dunnett’s method 
for multiple comparisons). For glucose tolerance AUC and insulin response, *P < 0.05 denotes statistical significance (1-way ANOVA with Dunnett’s meth-
od for multiple comparisons) as indicated in the text. All values are represented as mean ± SEM.
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temic (renal HCO3
– absorption) and intracellular pH, we also con-

firmed that blood pH, along with blood ion and gas concentrations, 
were comparable between the diet and genotype groups (Supple-
mental Table 3; P > 0.05 β-Slc4a4+/+ vs. β-Slc4a4–/– chow and HFD). 
These data illustrated that this β cell Slc4a4-KO did not affect renal 
homeostatic function as observed with renal Slc4a4/NBCe1 dele-
tion (41, 42). Importantly, we also confirmed reduction in islet cell 
pHi in β-Slc4a4–/– mice (Figure 4C; P < 0.05 vs. β-Slc4a4+/+ chow and 
HFD). Overall, we were able to successfully delete Slc4a4/NBCe1 
in mouse β cells without altering systemic pH and/or hypothalamic 

of changes in NBCe1 in the hypothalamus (Supplemental Fig-
ure 4) and (b) utilized 2 sets of genetic controls (Slc4a4fl/fl+/+ and 
+/+Ins2Cre/+) for in vivo studies. Consistent with previous studies, 
only male mice exhibited metabolic dysfunction in response to 
HFD (39, 40); thus, we carried out subsequent work in male mice 
only (Supplemental Figure 5). Both β-Slc4a4+/+ and β-Slc4a4–/– 
male mice exposed to the HFD exhibited comparable body mass 
gain and corresponding induction of insulin resistance (Figure 4E 
and Supplemental Figure 6; P > 0.05 between genotypes). Since 
Slc4a4/NBCe1 plays an integral role in the regulation of both sys-

Figure 6. Selective deletion of Slc4a4 in β cells enhances β cell function. (A) Glucose-stimulated insulin secretion (GSIS) at 16 mM and 4 mM glucose con-
centrations in islets from β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) mice exposed to 8 weeks of chow or HFD. *P < 0.05 denotes statistical 
significance (1-way ANOVA with Tukey’s method for multiple comparisons; n = 5–9 independent experiments from 3–5 mice). (B) Fold change in insulin secretion 
(16 mM vs. 4 mM glucose) (left) and insulin content (right) in β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) chow and HFD islets. *P < 0.05, **P 
< 0.01, ***P < 0.001 (1-way ANOVA with Tukey’s method for multiple comparisons; n = 5–9 independent experiments from 3–5 mice). (C) Slc4a4 expression in 
islets isolated from β-Slc4a4+/+ (Slc4a4fl/fl+/+) mice exposed to 8 weeks of HFD after knockdown of Slc4a4. Islets were infected (96 hours) with control human 
adenovirus expressing eGFP (Ad5eGFP) or Ad5eGFP and Cre recombinase (Ad5Cre-eGFP). *P < 0.05 denotes statistical significance (unpaired, 2-tailed t test; n = 3 
independent experiments from 3 mice). (D) Assessment of GSIS in Slc4a4fl/fl+/+ HFD islets infected with Ad5eGFP or Ad5Cre-eGFP; *P < 0.05 (unpaired, 2-tailed t 
test; n = 5 independent experiments from 3 mice). (E) Fold change in insulin secretion (16 mM vs. 4 mM glucose) (left) and insulin content (right) in Slc4a4fl/fl+/+ 
HFD islets infected with Ad5eGFP or Ad5Cre-eGFP. *P < 0.05 (unpaired, 2-tailed t test; n = 5 independent experiments from 3 mice) (F) β Cell mass (left) and α cell 
mass (right) in β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) mice exposed to chow or HFD. *P < 0.05 (unpaired, 2-tailed t test; n = 4–6 mice per 
group). (G) β Cell proliferation (left) and apoptosis (right) in β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) mice exposed to chow or HFD. *P < 0.05 
(unpaired, 2-tailed t test; n = 4–6 independent experiments). Values represented as mean ± SEM.
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vs. β-Slc4a4–/–). After 4 and 8 weeks of the HFD, β-Slc4a4+/+ mice 
exhibited glucose intolerance evident by an approximately 50% 
increase in glucose AUC during i.p. glucose tolerance testing 
(ipGTT) (Figure 5, B and C; P < 0.05 vs. β-Slc4a4+/+ chow). How-
ever, HFD-fed β-Slc4a4–/– mice demonstrated the same degree 
of glucose tolerance as their chow-fed counterparts, indicating 
protection from HFD-induced glucose intolerance (Figure 5, B 
and C; P > 0.05 vs. β-Slc4a4–/– chow-fed and P < 0.05 vs. HFD-fed 
β-Slc4a4+/+). Enhanced glucose tolerance in HFD-fed β-Slc4a4–/– 
mice was attributed to preservation of the in vivo insulin response 
at weeks 4 and 8 (Figure 5, B and C) rather than alterations in insu-
lin sensitivity (Supplemental Figure 6).

NBCe1 expression, allowing us to probe the role of this transport-
er in the regulation of β cell functional and transcriptional identity 
under diabetogenic conditions in vivo.

Selective deletion of Slc4a4 in β cells confers protection from 
HFD-induced glucose intolerance and β cell dysfunction. We next 
addressed whether β cell–selective deletion of Slc4a4/NBCe1 con-
fers protection against HFD-induced glucose intolerance and β cell 
dysfunction (Figure 5). Prior to administration of the HFD (e.g., 
week 0), β-Slc4a4+/+ versus β-Slc4a4–/– mice displayed comparable 
glucose tolerance and insulin secretory response, thus confirm-
ing absence of potential “off-target” metabolic effects of Slc4a4 
deletion using the RIP-Cre model (Figure 5A; P > 0.05 β-Slc4a4+/+ 

Figure 7. Selective deletion of Slc4a4 in β cells preserves expression of genes regulating β cell identity and function after exposure to a high-fat 
diet. (A) Volcano plot identifying differentially expressed genes (FC > 1.2; FDR < 0.05) from RNA-Seq performed on islets of β-Slc4a4+/+ (Slc4a4fl/fl+/+) 
and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) mice exposed to 8 weeks of an HFD (n = 3 independent samples per genotype). (B) Network analysis illustrating the 
interaction between significantly enriched (P < 0.05) KEGG pathways of differentially expressed genes identified in β-Slc4a4+/+ (Slc4a4fl/fl+/+) (top) and 
β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) (bottom) HFD islets. Key pathways associated with β cell function, identity, and stress are highlighted. (C) Gene set enrich-
ment analysis of islet transcriptome in β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) HFD islets for β cell identity (KEGG – maturity onset 
of diabetes in the young pathway; P < 0.001) (D) Heatmap visualization of transcriptional changes of genes encoding β cell identity and dedifferentiation 
in β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) HFD islets. (E) Representative examples of islets immunostained for insulin (red), Nkx6.1 
(white), Aldh1a3 (green), and DAPI (blue) imaged at 20× obtained from β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) mice exposed to 8 
weeks of an HFD. Scale bars: 20 μm in all images. Images are representative of n = 3 mice per group.

https://www.jci.org
https://doi.org/10.1172/JCI142365
https://www.jci.org/articles/view/142365#sd


The Journal of Clinical Investigation   R E S E A R C H  A R T I C L E

J Clin Invest. 2021;131(17):e142365  https://doi.org/10.1172/JCI1423651 0

tion: increased basal nonstimulatory insulin release, attenuated 
insulin response to glucose, and consequently, impaired glucose 
stimulation index (Figure 6, A and B; P < 0.05 for basal insulin 
release and stimulation index for β-Slc4a4+/+ chow vs. β-Slc4a4+/+ 
HFD mice). Importantly, β cell deletion of Slc4a4 attenuated 

To examine in vitro β cell function, we utilized GSIS during 
islet static incubations and islet perifusion assays from chow- and 
HFD-fed β-Slc4a4–/– and control β-Slc4a4+/+ mice (Figure 6, A–E 
and Supplemental Figure 7). Islets isolated from HFD-fed control 
β-Slc4a4+/+ mice exhibited characteristic features of β cell dysfunc-

Figure 8. Selective deletion of Slc4a4 in β cells preserves mitochondrial function and area after exposure to a high-fat diet. (A) Gene set enrichment 
analysis of islet transcriptome in β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) HFD islets for KEGG oxidative phosphorylation pathway (P 
< 0.001). (B) Heatmap visualization of transcriptional changes of genes encoding mitochondrial complexes in β-Slc4a4+/+ and β-Slc4a4–/– HFD islets. (C) 
Representative examples of mouse pancreatic sections immunostained for the outer mitochondrial membrane receptor Tomm20 (red), insulin (green), and 
nuclear marker DAPI (blue) obtained from β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) mice exposed to 8 weeks of HFD and imaged at 20× 
magnification. Scale bars: 20 μm in all images (left). Quantification of mitochondrial area per β cell as represented by the fraction of Tomm20+ pixels rela-
tive to the number of insulin+ β cells (right). *P < 0.05 denotes statistical significance (unpaired, 2-tailed t test; n = 5 mice per group). (D) Oxygen consump-
tion rate (OCR) normalized to basal OCR measured by Seahorse XFe24 in isolated islets from β-Slc4a4+/+ (Slc4a4fl/fl+/+) and β-Slc4a4–/– (Slc4a4fl/flIns2Cre/+) 
mice exposed to 8 weeks of HFD. *P < 0.05 denotes statistical significance (unpaired t test with Holm-Sidak method for multiple comparisons; n = 9–10 
independent experiments from ≥4 mice/group). (E) Glucose-stimulated OCR was calculated as the ratio of 16 mM glucose AUC to basal 4 mM glucose AUC 
(left). Basal OCR quantified as mean OCR in 4 mM glucose normalized to islet number (right). *P < 0.05 denotes statistical significance (unpaired 2-way t 
test; n = 9–10 independent experiments from ≥4 mice/group). All values reported are represented as mean ± SEM.
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toward lactic acid production (6, 8, 43). Since decreased pHi pro-
motes mitochondrial oxidative phosphorylation partly through 
the regulation of NBCe1 activity (44), we hypothesized that the 
enhancement in β cell function in HFD-fed β-Slc4a4–/– islets was 
due, in part, to maintenance of mitochondrial function and oxi-
dative phosphorylation. GSEA revealed oxidative phosphoryla-
tion as a significantly enriched pathway in β-Slc4a4–/– HFD tran-
scripts with a normalized enrichment score of 1.33 (Figure 8A; P 
< 0.001). Indeed, transcripts regulating mitochondrial complexes 
I, III, IV, and V were enriched in β-Slc4a4–/– HFD islets (Figure 8B; 
FDR < 0.05 vs. β-Slc4a4+/+ HFD), which was confirmed by qRT-
PCR (Supplemental Figure 10; P < 0.05 vs. β-Slc4a4+/+ HFD). 
Interestingly, key transcripts regulating mitochondrial function 
were also enriched in isolated T2DM human islets treated in vitro 
with NBCe1 inhibitor S0859 (Supplemental Figure 10; P < 0.05 
vs. vehicle). Consistent with changes to β cell function and islet 
transcriptome, we also observed an increase in β cell mitochon-
drial area/network in β-Slc4a4–/– versus β-Slc4a4+/+ HFD-fed mice, 
which was assessed with Tomm20 immunostaining (Figure 8C; P 
< 0.05 vs. β-Slc4a4+/+ HFD). Moreover, β-Slc4a4–/– HFD islets were 
also characterized by enhanced glucose-stimulated oxygen con-
sumption rate (OCR) and a significant reduction (~60%) in basal 
OCR (Figure 8, D and E; P < 0.05 vs. β-Slc4a4+/+ HFD).

Discussion
The etiology of β cell dysfunction in T2DM can be distilled to the 
loss of GSIS in response to the exposure of metabolic, oxidative, 
and inflammatory stressors (45, 46). Although a number of key 
signaling cascades have been identified to mediate these effects, 
the root consequence of these stressors can be traced to repro-
gramming of the tightly controlled β cell transcriptional landscape 
through dysregulation of key transcription factors associated with 
the β cell’s core identity (6, 33, 34, 43, 47). Indeed, studies have 
demonstrated that central to mature β cell function is the activa-
tion of key machinery associated with glucose sensing, oxidative 
metabolism, and insulin biogenesis/secretion with simultaneous 
repression of ubiquitously expressed genes that would otherwise 
impede these processes (48, 49). However, the functional decline, 
transcriptional reprogramming, and dedifferentiation associat-
ed with the T2DM β cell is not without purpose. For instance, the 
well-characterized transcriptional and metabolic shift from oxi-
dative to glycolytic metabolism in T2DM β cells provides a flexible 
survival advantage in response to diabetogenic stressors such as 
hypoxia, ER stress, and aberrant Ca2+ signaling (50–52). Although 
great strides have been made in characterizing key transcription-
al and functional changes in the T2DM β cell, further studies are 
needed to advance our understanding of these processes.

Herein, the current investigation aimed to delineate the role of 
a previously uncharacterized transcript enriched in T2DM β cells, 
SLC4A4, and its protein product, the electrogenic Na+-HCO3

– cotrans-
porter NBCe1. Although there are limited reports characterizing 
changes in HCO3

– transport in T2DM β cells, there is accumulating 
evidence that SLC4A4/NBCe1 plays a key role in the development 
and progression of cancer (22, 52). These data become relevant as 
studies suggest that the transcriptional and functional alterations in 
T2DM β cells resemble changes observed in cancer cells (5–7), thus 
providing β cells a survival advantage at the expense of reduced 

HFD-mediated insulin secretory dysfunction, highlighted by 
a complete reversal of basal insulin hypersecretion and corre-
sponding increase in the glucose stimulation index in HFD-fed 
β-Slc4a4–/– versus control β-Slc4a4+/+ mice (Figure 6, A and B and 
Supplemental Figure 7; P < 0.05 for basal insulin release and stim-
ulation index for β-Slc4a4+/+ vs. β-Slc4a4–/– HFD mice). To further 
confirm the beneficial effects of Slc4a4 deletion on β cell function, 
we used an adenovirus for Cre recombinase (Ad5Cre-eGFP) to achieve 
the recombination of Slc4a4 floxed alleles in islets isolated from 
HFD-fed Slc4a4fl/fl mice independent of RIP-Cre–driven recom-
bination (Figure 6, C–E). Consistently, addition of an adenovirus 
for Cre recombinase (versus Ad5eGFP control virus) resulted in a 
robust suppression of Slc4a4 mRNA and corresponding enhance-
ment of GSIS response in islets isolated from HFD-fed Slc4a4fl/fl  
mice (Figure 6, C–E; P < 0.05 for glucose stimulation index for 
Ad5Cre-eGFP vs. control Ad5eGFP). Finally, enhanced β cell func-
tion and glucose tolerance in HFD-fed β-Slc4a4–/– mice were not 
attributed to alterations in the endocrine cell numbers signified by 
comparable β and/or α cell mass, proliferation, apoptosis, and in 
vitro islet response to KCl stimulation in β-Slc4a4–/– versus control 
β-Slc4a4+/+ mice (Figure 6, F and G and Supplemental Figure 8).

Selective deletion of Slc4a4 in β cells preserves expression of genes 
regulating β cell identity and function after exposure to the HFD. To 
examine how changes in the transcriptional landscape relate 
to enhanced β cell function in β-Slc4a4–/– HFD mice, we per-
formed RNA isolation followed by RNA-Seq from β-Slc4a4+/+ and 
β-Slc4a4–/– HFD islets (Figure 7 and Supplemental Figure 9; n = 
3 biological repeats per condition, GEO GSE179284). RNA-Seq 
revealed approximately 1000 differentially expressed transcripts 
annotated to divergent (KEGG) biological pathways in β-Slc4a4+/+ 
and β-Slc4a4–/– HFD islets (Figure 7, A and B and Supplemen-
tal Table 4). Specifically, β-Slc4a4+/+ HFD islets differentially 
expressed transcripts enriched for pathways regulating β cell dys-
function and stress (e.g., MAPK signaling, p53 signaling, FOXO 
signaling), while β-Slc4a4–/– HFD islets were enriched for pathways 
important for the regulation of β cell function and identity and mito-
chondrial function (e.g., insulin secretion, MODY, oxidative phos-
phorylation; Figure 7B). Further probing of these transcriptomic 
changes by gene set enrichment analysis (GSEA) revealed that 1 
of the top 2 enriched pathways in β-Slc4a4–/– HFD islets regulated 
β cell identity with a normalized enrichment score of 1.37 (Figure 
7C; P < 0.001). These findings, confirmed by quantitative real-time 
PCR (qRT-PCR), demonstrated significant enhancement in mRNA 
expression of key β cell identity transcription factors, Nkx6.1, Mafa, 
and Pdx1, in β-Slc4a4–/– HFD mice (Figure 7D and Supplemental 
Figure 10; P < 0.05 vs. β-Slc4a4+/+ HFD). Moreover, genes associ-
ated with β cell stress and loss of transcriptional identity (e.g., Iapp, 
Aldh1a3) were markedly suppressed in β-Slc4a4–/– HFD mice (Fig-
ure 7D and Supplemental Figure 10; P < 0.05 vs. β-Slc4a4+/+ HFD). 
Utilizing immunofluorescence analysis, we confirmed reduction 
of Nkx6.1 and increase in Aldh1a3 immunoreactivity in β-Slc4a4+/+ 
HFD β cells compared with β-Slc4a4–/– HFD (Figure 7E).

Selective deletion of Slc4a4 in β cells preserves mitochondrial 
function and area after exposure to HFD. Previous studies have 
suggested that loss of β cell identity and function is strongly asso-
ciated with diminished mitochondrial function and consequent 
divergence of glycolytic flux from oxidation phosphorylation 
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(10, 53, 54). In addition, changes in pHi may also contribute to epi-
genetic reprogramming of global gene expression as well as reg-
ulation of DNA and protein synthesis (9, 11, 12). Finally, it is also 
plausible that increased expression of SLC4A4/NBCe1 may affect 
β cell transcriptome/function independent of pHi alterations. 
For example, members of the SLC4 family of transporters (e.g., 
SLC4A1/Band 3) play a role in the regulation of cellular shape, 
membrane stability, and cytoskeleton dynamics, all of which are 
critical determinants of the cell differentiation process (63).

Overall, we currently have limited insight into how HCO3
– 

transport and in turn pHi regulation are altered in T2DM β cells. 
While classical studies pioneered by Henquin and colleagues 
have elucidated that extracellular glucose induces acute/transient 
(e.g., 0–10 minutes) intracellular alkalinization, likely through 
HCO3

–-mediated transport mechanisms, previous work has mainly 
focused on the acute role of insulin secretagogues on islet pHi (64, 
65). Our current work builds on early studies that demonstrated β 
cell alkalinization in islets of multiple mouse models of T2DM and 
the corresponding enhancement of insulin secretion after adminis-
tration of pHi-lowering agents (26, 27). Interestingly, it was recently 
noted that chronic hyperglycemia in vitro induces β cell alkaliniza-
tion (66). Collectively, our current studies support the notion that 
the diabetogenic state is associated with β cell cytosolic alkaliniza-
tion, which we have now shown is attributed in part to the induction 
of SLC4A4/NBCe1 expression/activity in T2DM. Moreover, our 
studies also demonstrated that the induction of SLC4A4/NBCe1 in 
β cells is driven by exposure to specific diabetogenic stressors such 
as ER stress/lipotoxicity. Importantly, these observations are con-
sistent with the analysis of the SLC4A4 promoter landscape and 
previous studies that examined mechanisms regulating transcrip-
tional control of SLC4A4/NBCe1 expression (12, 13).

Pharmacological inhibition of NBCe1 with S0859 was able to 
lower pHi and enhance GSIS in T2DM human islets. Thus, inhibition 
of NBCe1 may be considered as a potential strategy to counteract β 
cell failure in T2DM. Indeed, NBCe1 inhibition has been shown to 
be an effective cardioprotective agent in animal and cell models of 
ischemia/reperfusion injury (67) and prevents malignant dediffer-
entiation of glial cells (68). Although the potency, NBCe1 selectivity, 
and pHi-lowering capacity of S0859 has been extensively studied 
and validated (69), the pharmacological action of S0859 in human β 
cells/islets has not been formally studied. Additionally, the system-
ic role of NBCe1 in global acid-base homeostasis impedes systemic 
delivery of NBCe1 inhibitors as a potential treatment option for β cell 
failure in T2DM (19). In this regard, efforts in β cell–targeted drug 
delivery using glucagon-like peptide-1 fusion peptides, for instance, 
could allow for selective targeting of pH-regulating pathways as a 
novel therapeutic target in T2DM (70). In summary, here we pro-
vided evidence of changes to Na+ HCO3

– cotransport via NBCe1 in 
T2DM β cells and demonstrated that inhibition of this pathway may 
provide a promising therapeutic approach to address β cell dysfunc-
tion in response to obesity and T2DM.

Methods
Human pancreas and islet studies. Human pancreas was procured 
from the Mayo Clinic autopsy archives with approval from the 
Institutional Research Biosafety Board. Isolated human islets were 
obtained from Prodo Laboratories or the Integrated Islet Distribu-

insulin secretory function. For example, 2 recently identified cancer 
pluripotency genes (e.g., PFKFB3 and ALDH1A3) are characteristi-
cally induced in T2DM β cells where they purportedly contribute to 
impaired GSIS (5, 8). Consistently, the upregulation/activation of key 
HCO3

– transporters (e.g., NBCe1) and acid extruders (e.g., NHE1, 
MCT1) in cancer promotes increased glycolytic flux, lactate genera-
tion, and in turn proliferative capacity through (a) increased cellular 
buffering (known as “buffering power”) to neutralize an increase in 
metabolic acid formation and (b) increased activity of key glycolytic 
enzymes (e.g., LDHA, PFK) due to a more permissive alkaline envi-
ronment (10, 53, 54). Although counterintuitive, activation of these 
key transporters has been shown to create a “reverse pH gradient” 
whereby H+ created in glycolytic metabolism and lactate produc-
tion acidify the extracellular space, with pHi becoming increasingly 
alkaline through continued H+ export and HCO3

– import (9, 21, 55). 
Indeed, T2DM β cells exhibit these transcriptional and phenotypical 
metabolic changes, yet there has been little study into whether there 
are concomitant changes in pHi regulation and potential functional 
consequences of such changes in T2DM.

In our study, we found that SLC4A4/NBCe1 induction in T2DM β 
cells was associated with basal intracellular alkalinization and β cell dys-
function. Both were reversed by pharmacological inhibition of NBCe1 
in T2DM and genetic deletion of Slc4a4 in response to diet-induced 
obesity. This is consistent with a series of eloquent studies from the Pis-
ton group demonstrating that diabetic mouse islets had alterations in 
pH regulation, notably basal intracellular alkalinization in diabetic KK 
islets (26). Moreover, intracellular acidification via pharmacological 
inhibition of Na+/H+ exchange was able to restore GSIS in diabetic mice 
in vivo and in vitro through enhanced time-dependent potentiation 
(24, 26, 27). In addition, the recent observation that the alkaline pH–
activated 2-pore domain of the TALK-1 K+ channel limits insulin secre-
tion, and its activation is associated with T2DM risk, further supports 
these findings (56). The β cell–selective NBCe1 deletion (β-Slc4a4–/–) 
appears to protect against β cell dysfunction in diet-induced obesity 
and likely T2DM. These protections are through enhancement of mito-
chondrial subunit gene expression and oxidative glucose metabolism 
and were associated with suppression of markers of dedifferentiation 
and increased glycolytic flux, such as Aldh1a3 and Adh7. This model is 
consistent with findings that failing, immature, dedifferentiating, and 
T2DM β cells exhibit downregulation in the expression of many genes 
and proteins (e.g., NDUFA, COX, ATP6V) key to mitochondrial func-
tion (3, 57, 58). Interestingly, SLC4A4 transcript levels are also induced 
in immature β cells (~4.2-fold vs. mature β cells), Aldh+ β cells (~4.0-fold 
vs. Aldh– β cells), and stem cell–derived β cells (~2.7-fold vs. human β 
cells), all models of reduced mitochondrial function (8, 59, 60).

It is important to note that the elucidation of mechanisms 
underlying β cell dedifferentiation in T2DM remains an area 
of active investigation. Indeed, several molecular mechanisms 
mediating dedifferentiation of β cells have been proposed, which 
include (but are not limited to) cellular hypoxia (5), mechanical 
stress (61), and DNA methylation (62). Our current data suggest 
that the induction of Slc4a4/NBCe1 plays a contributory role in 
the β cell dedifferentiation process, likely through β cell alkalini-
zation. Although additional studies are warranted, β cell alkalin-
ization may permit metabolic switching from mainly oxidative 
metabolism to increased glycolytic flux and lactate production by 
increasing β cell buffering capacity in response to metabolic stress 
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Adenoviral infection of mouse islets. Isolated mouse islets were 
washed with 1× PBS and infected with 2 × 107 PFU per 100 islets 
of either (a) Ad5 expressing eGFP reporter and Cre recombinase 
(Ad5Cre-eGFP; Vector Biolabs) to delete Slc4a4 in vitro or (b) control 
human adenovirus type5 expressing eGFP reporter (Ad5eGFP). After 24 
hours, islets were washed in standard RPMI 1640 media and incubat-
ed for an additional 72 hours at 37°C and 5% CO2.

Intracellular pH measurement. Isolated islets were recovered over-
night in standard conditions and subsequently transferred to basal 
KRBH. A pH-sensitive dye, SNARF5 (Invitrogen, Thermo Fisher Sci-
entific), was added at a concentration of 5 μM for 1 hour at 37°C and 
5% CO2. Islets were immediately monitored using an LSM510 confo-
cal laser-scanning microscope (Zeiss) on a warmed and humidified 
stage (37°C; 5% CO2). Images were obtained by collecting emission 
fluorescence in the bandwidth ranges of 580 to 620 nm and 630 to 
670 nm, from an excitation with an argon laser at 514 nm. ImageJ 
(NIH) was used to calculate the fluorescence ratio from well-loaded 
cellular regions of interest in the islet. Absolute pHi was obtained by 
calibrating known pHi (pH 6 to 8) to a given islet cell fluorescence ratio 
using a 20 μM nigericin and 100 mM K+ solution (32).

Mouse histological studies. Mice were euthanized, and the pancre-
as and brain were subsequently extracted, fixed in 4% paraformalde-
hyde, and embedded in paraffin. Sections were then immunostained 
for insulin (Abcam, ab7842 or R&D Systems, MAB1417), glucagon 
(Abcam, ab92517), Aldh1a3 (Novus Biologicals, NBP2-15339), Nkx6.1 
(Developmental Studies Hybridoma Bank, F55A12), mitochondri-
al membrane marker Tomm20 (GeneTex, GTX32928), replica-
tion marker Ki67 (BD Pharmingen, 550609), and apoptosis marker 
TUNEL (Roche, 12156792910). Blinded slides were viewed, imaged, 
and analyzed using an Axios Observer Z1 microscope (Carl Zeiss 
Microscopy) and ZenPro software (Carl Zeiss Microscopy). β Cell and 
α cell mass were calculated as the fraction of insulin/glucagon-positive 
pancreatic area multiplied by the pancreatic mass. β Cell replication 
and apoptosis were quantified as the fraction of Ki67/TUNEL-positive 
β cells per total β cell number. β Cell mitochondrial area was quantified 
as the number of Tomm20-positive pixels per total β cell number.

Cell culture and in vitro treatment with diabetogenic stressors. Mouse 
INsulinoma 6 cells (AddexBio, MIN6) were cultured in DMEM con-
taining 4.5 g/L glucose and supplemented with 15% FBS, 1 mM sodium 
pyruvate, and 50 μM β-mercaptoethanol. For treatment of MIN6 cells, 1 
× 106 cells were seeded and allowed to recover overnight. Subsequently, 
the media was replaced with either media containing vehicle (DMSO) 
or the following: 200 nM doxorubicin (Tocris Bioscience, 225210), 1 
μM tunicamycin (MP Biomedicals, 150028), 1 μM thapsigargin (Milli-
poreSigma, T9033), 250 μM H2O2 (MilliporeSigma, H1009), Cytomix 
containing 0.2 ng/mL IL-1β (R&D Systems, 201-LB-005/CF), 10 ng/
mL TNF-α (R&D Systems, 210-TA-020/CF), 10 ng/mL IFN-γ (R&D 
Systems, 585-IF-100/CF), 4 ng/mL TGF-β (R&D Systems, 240-B-002/
CF), or 0.5 mM palmitate (MilliporeSigma, P9767) for 2, 4, 8, or 24 hours 
prior to RNA isolation. For treatment of isolated mouse and human 
islets, islets were recovered overnight in standard media. Groups of 100 
to 150 mouse and human islets were handpicked and then treated with 
either media containing vehicle (DMSO), 1 μM thapsigargin, or 0.5 mM 
palmitate for 8 or 24 hours prior to RNA isolation or pH imaging.

Mitochondrial function measurement. Isolated islets were recovered 
overnight in standard conditions, and 50 islets per well were seeded onto 
an Islet Capture XF24 plate (Agilent Technologies). Prior to the assay, 

tion Program. Pancreatic sections and/or isolated islets were immu-
nostained for insulin (Abcam, ab7842), NBCe1 (Santa Cruz Bio-
technology, sc-515543; antiserum K1A; ref. 71), glucagon (Abcam, 
ab92517; MilliporeSigma, G2654), NKX6.1 (Developmental Studies 
Hybridoma Bank, F55A12), and NHE1 (Santa Cruz Biotechnology, 
sc-136239), with Vectashield-DAPI mounting medium (Vector Lab-
oratories). Blinded slides were viewed, imaged, and analyzed using 
an Axios Observer Z1 microscope (Carl Zeiss Microscopy) and Zen-
Pro software (Carl Zeiss Microscopy). NBCe1 expression was quan-
tified using ImageJ (NIH) as the fraction of either NBCe1-insulin or 
NBCe1-glucagon double-positive pixels per the total number of insu-
lin- or glucagon-positive pixels following background subtraction. To 
quantify the percentage of insulin-positive β cells with nuclear and/
or cytoplasmic NKX6.1 localization, at least 250 β cells per pancre-
atic section were examined in detail and counted at 20× magnifi-
cation for the presence of NKX6.1 immunoreactivity specifically in 
the nucleus (nuclear) or with the presence of cytoplasmic NKX6.1 
(cytoplasmic). These cells were then subclassified depending on the 
presence or absence of NBCe1 following background subtraction. 
For NBCe1 inhibitor studies, groups of 150 to 200 manually picked 
human islets were treated with either vehicle (DMSO) or 72 hours 
of chronic 30 μM S0859 treatment (Biovision, 9425). Groups of 10 
to 15 islets were then subjected to a GSIS assay, which was assessed 
by static incubation in Krebs Ringer bicarbonate buffer (KRBH; pH 
7.4) at basal (4 mM glucose per 30 minutes) and hyperglycemic con-
ditions (16 mM glucose per 30 minutes) containing either vehicle 
(DMSO) or 30 μM S0859.

Animal models. Floxed Slc4a4 mice were obtained from the Uni-
versity of Cincinnati (35) and crossed with mice expressing Cre driven 
by RIP (The Jackson Laboratory, Tg [Ins2-cre] 25Mgn/J). To identify 
resulting offspring, mice were first genotyped for the presence of the 
floxed or wild-type Slc4a4 allele using a PCR-based method. Primers 
designed for the flanking the proximal LoxP site (F; 5′-TGGTGGCT-
TAAATTGCAAATGGC-3′; R: 5′-CATAACCCACTAAGTCCAG-
TACG-3′) yield a 223 bp product for the floxed allele and 176 bp for the 
wild-type allele (35). The presence or absence of Ins2Cre/+ was identified 
by primers designed for Cre-recombinase (F 5′-GCGGTCTGGCAG-
TAAAAACTATC-3′; R 5′-GTGAAACAGCATTGCTGTCACTT-3′). All 
animals were housed under standard 12-hour light/12-hour dark cycle 
and provided with either ad libitum chow diet (14% fat, 32% protein, 
and 54% carbohydrates; Harlan Laboratories) or HFD (60% fat, 20% 
protein, 20% carbohydrates; Research Diets).

Metabolic in vivo mouse studies. All metabolic studies were con-
ducted in mice after brief fasting (2 hours). Glucose tolerance testing 
was performed by i.p. injection of 1 g/kg body weight of 50% dextrose. 
Blood glucose was measured at 0, 15, 30, 45, 60, and 90 minutes after 
dextrose injection with simultaneous measurement of plasma insulin 
at baseline and 15 minutes after glucose administration. Insulin tol-
erance was assessed after i.p. injection of 0.75 mU/g body weight of 
insulin (Novolin, Novo Nordisk) with subsequent measurement of 
blood glucose at baseline and then every 10 minutes for 1 hour after 
injection (72).

Mouse islet isolation and measurements of GSIS. Pancreatic mouse 
islets were isolated using the collagenase method as previously 
described (72) and allowed to recover overnight incubated in standard 
RPMI 1640 medium supplemented with 10% FBS at 37°C. GSIS was 
performed as described above.
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formed random-effect modeling to assess and summarize the variance of 
expression for each gene between ND and T2DM islets. Single-cell RNA-
Seq data from ND and T2DM human β cell samples (GSE83139; ref. 17) 
were also obtained from the GEO repository. Pearson correlation analysis 
of islet gene expression from GEO GSE38642 was conducted using MAT-
LAB 2015b (MathWorks). Ontological analyses of genes significantly 
correlated with SLC4A4 and genes found to be differentially expressed 
by RNA-Seq were conducted using Metascape (81) or WebGESTALT (82) 
against KEGG and protein analysis through evolutionary relationships–
curated (PANTHER-curated) pathways and were subsequently visual-
ized using Cytoscape (83). GSEA for KEGG pathways was conducted 
using GSEA 4.0.1 with default settings (84). Principal component analysis 
of RNA-Seq transcript matrix was conducted in R3.6.1 using the ggfortify 
package with default settings (85).

Statistics. Statistical analysis performed for each data set is described 
within the associated figure legend. All statistical testing was performed 
using GraphPad Prism v.8.2 using either a 2-tailed Student’s t test with 
correction for multiple comparisons using the Holm-Sidak method or 1- or 
2-way ANOVA with correction for multiple comparisons using Dunnett’s 
or Tukey’s method wherever appropriate and noted. Data are presented as 
mean ± SEM. P values of less than 0.05 were considered significant.

Study approval. All experimental procedures involving animals 
were approved by Mayo Clinic IACUC and performed in compliance 
with NIH policies on use of laboratory animals.
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islets were equilibrated at 37°C in basal media (4 mM glucose) for 1 hour. 
Mitochondrial function was determined according to the manufacturer’s 
instructions for pancreatic islets using the Seahorse XFe24 Analyzer (Agi-
lent Technologies). OCR, measured every 8 to 9 minutes by fluorescent 
probes, was determined in the following sequence: baseline, 16 mM glu-
cose, and 5 μM oligomycin over 4 cycles each. Measurements were nor-
malized to baseline OCR. Glucose-stimulated OCR was calculated as the 
AUC following application of 16 mM glucose divided by the basal AUC.

qRT-PCR analysis. Total RNA was isolated using the RNeasy Mini kit 
(QIAGEN). cDNA was transcribed from 200 to 300 ng of RNA with the 
iScript cDNA Synthesis kit (Bio-Rad), and the resulting cDNA was mixed 
with SYBR Green Master Mix (ABI) with gene-specific primers (Supple-
mental Table 4) for a total reaction volume of 25 μL. qRT-PCR analysis 
was performed using the ABI StepOnePlus Real-Time PCR System, and 
the results were normalized to either β-actin or Gapdh expression.

RNA-Seq. After total RNA isolation as noted previously, RNA 
libraries were generated from 200 ng total RNA using the TruSeq RNA 
Sample Prep kit v2 (Illumina). The RNA integrity number was con-
firmed to be greater than 8.0 for all samples. Libraries were sequenced 
on the HiSeq4000 (Illumina), aligned to the mouse genome mm10 
using TopHat (73), and assembled using StringTie (74). Differentially 
expressed genes were identified using edgeR (75) using default set-
tings. Data were deposited in a public repository (GEO GSE179284).

Analytic methods. Blood glucose was measured using a Freestyle 
Lite glucometer (Abbott). Mouse insulin was measured using the Ultra-
sensitive Mouse Insulin ELISA (Alpco Diagnostics) as per the manu-
facturer’s instructions. Human insulin was measured using the Human 
Insulin ELISA (Alpco Diagnostics). For blood gas and blood metabolite 
measurements, blood was drawn from mice using submandibular vein 
puncture and immediately transferred to the pHOx Ultra system (Nova 
Biomedical) according to the manufacturer’s instructions.

Informatics. Publicly available human islet microarray data sets com-
paring the transcriptome of ND and T2DM islets were queried with GEO 
using the search terms: “T2DM/type 2 diabetes,” “pancreatic islet/islet,” 
and “Homo sapiens.” From our search, we obtained 5 studies containing 
at least 5 ND and 5 T2DM donors from GEO: GSE38642 (28), GSE25724 
(29), GSE20966 (30), GSE76894 (31), and GSE76895 (31). The raw data 
were downloaded from GEO’s website. In studies where glycemia was 
assessed (GEO GSE38642; GSE78695), ND samples with impaired glu-
cose tolerance (HbA1c ≥ 5.7% or noted), unknown glycemia, and type 
3 diabetes were excluded. A total of 156 ND and 81 T2D samples were 
retained for downstream analysis. The raw CEL files were loaded into the 
R package Affy v1.68 for normalization of probe intensity by the MAS 5.0 
algorithm (76). After normalization, low expressing probes (log2[intensity] 
≤ 5) were excluded if they were expressed in less than 50%, minus 1 sam-
ple. BioMart was then used to annotate the probes to their correspond-
ing target genes, and only probes that successfully annotated to coding 
genes were retained for downstream analysis. The filtered expression 
matrix was subsequently loaded into the LIMMA v3.46.0 (Linear Models 
for Microarray data) package, and differential analysis between ND and 
T2DM islets was performed for each data set using the empirical Bayes 
procedure (77). As previously discussed, there are many challenges in 
combining differential analysis for multiple probes mapping to one gene 
(78). We utilized the approach from Rhodes et al. and selected the probe 
with the smallest P value for each gene (79). To combine the differential 
expression analysis from each of the 5 studies, we then inputted the fil-
tered analysis from LIMMA into MetaVolcanoR v1.4.0 (80). We then per-
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