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Introduction
The incidence of  diabetes has reached about 366 million cases worldwide (1). At least 90% of  all cases are 
type 2 diabetes mellitus (T2DM), and the incidence of  type 1 diabetes (T1DM) is increasing by about 4% 
per year. T1DM is an autoimmune disorder with incomplete penetrance that leads to progressive islet dam-
age and catastrophic insulin deficiency when most of  the β cells are destroyed and fail to regenerate (2). A 
specific HLA haplotype accounts for more than 50% of  the genetic risk for T1DM, but many other genetic 
loci, including insulin itself, can contribute to the autoimmune component (3). Although autoimmunity 
needs to be managed in T1DM patients, compounds that promote β cell growth, function, or survival 
might counterbalance the immunologic stress to slow the progression and maintain sufficient β cell mass 
in T1DM.

T2DM is a heterogeneous metabolic disease. Hundreds of  genes are implicated in the regulation of  
nutrient homeostasis, including the components of  the insulin-signaling cascade. During the past decade, 
genome-wide association studies revealed more than 60 genetic loci with modest or weak, but significant, 
effects on the risk for T2DM (4). Many, but not all, of  these loci are located near genes with functional 
impact on insulin secretion, insulin resistance, or glucose tolerance. Whether the current set of  genes will 
converge on a short list of  pathways and signaling networks that modulate insulin secretion and action 
during stress remains to be established (4).

Deletion of  the insulin receptor substrate 2 (IRS2) gene in mice causes diabetes as a result of  periph-
eral and central insulin resistance, which is exacerbated by β cell failure (5). Restoring Irs2 in the β cells 

The capacity of pancreatic β cells to maintain glucose homeostasis during chronic physiologic and 
immunologic stress is important for cellular and metabolic homeostasis. Insulin receptor substrate 
2 (IRS2) is a regulated adapter protein that links the insulin and IGF1 receptors to downstream 
signaling cascades. Since strategies to maintain or increase IRS2 expression can promote β cell 
growth, function, and survival, we conducted a screen to find small molecules that can increase 
IRS2 mRNA in isolated human pancreatic islets. We identified 77 compounds, including 15 
that contained a tricyclic core. To establish the efficacy of our approach, one of the tricyclic 
compounds, trimeprazine tartrate, was investigated in isolated human islets and in mouse models. 
Trimeprazine is a first-generation antihistamine that acts as a partial agonist against the histamine 
H1 receptor (H1R) and other GPCRs, some of which are expressed on human islets. Trimeprazine 
promoted CREB phosphorylation and increased the concentration of IRS2 in islets. IRS2 was 
required for trimeprazine to increase nuclear Pdx1, islet mass, β cell replication and function, and 
glucose tolerance in mice. Moreover, trimeprazine synergized with anti-CD3 Abs to reduce the 
progression of diabetes in NOD mice. Finally, it increased the function of human islet transplants 
in streptozotocin-induced (STZ-induced) diabetic mice. Thus, trimeprazine, its analogs, or possibly 
other compounds that increase IRS2 in islets and β cells without adverse systemic effects might 
provide mechanism-based strategies to prevent the progression of diabetes.
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alone can maintain or promote the expansion of  β cell mass in Irs2-deficient (Irs2–/–) mice, which promotes 
glucose tolerance by sustained compensatory hyperinsulinemia (6). Islets expressing transgenic Irs2 can 
prevent diabetes more effectively than can WT islets upon transplantation into insulin-resistant or dia-
betic mice (7). Moreover, NOD mice with transgenic Irs2 in β cells are more resistant to diabetes during 
anti-CD3 Ab therapy (8). Since IRS2 is a highly regulated “node” in insulin target tissues and β cells, 
compounds that upregulate Irs2 might promote β cell function during chronic immunologic or physiologic 
stress encountered during the progression of  diabetes (9).

Several studies show that IRS2 expression is controlled in β cells by the cyclic AMP–regulated 
(cAMP-regulated) and Ca2+-regulated transcription factors. Glucose itself  is an important regulator of  
intracellular Ca2+ that triggers immediate insulin secretion, but also upregulates IRS2 expression in β 
cells (10). β cells also express many GPCRs, which regulate β cell function through the activation of  het-
erotrimeric G proteins, including Gαs→cAMP (promotes) or Gi˧cAMP (inhibits), each of  which regulates 
PKA and EPAC signaling; or Gαq→phospholipase C β (PLCβ), which mediates the production of  diacyl
glycerol (DAG→PKC signaling) and inositol 1,4,5-trisphosphate (IP3→Ca2+ signaling) (11). In addition, 
cAMP- and Ca2+-activated transcription factors are linked to the induction of  IRS2 gene expression in β 
cells through PKA→CRTC2/CREB or Ca2+→calcineurin→NFAT (12–14). Thus, compounds that activate 
GPCRs in β cells and increase IRS2 expression without adverse effects might provide mechanism-based 
treatments for diabetes.

Recent efforts to identify new drugs to restore normal insulin secretion have focused on well-established 
or newly characterized GPCRs, including acetylcholine→mAChRs→‌ Gq/G11; GLP1R→‌‌ Gα; GRP40→Gq; 
GPR119 → Gs; GPR120→ Gq; and others (11, 15). A drug that engages multiple targets might also have 
beneficial effects if  the signals converge on a common signaling cascade (16). Whereas the immediate effect 
of  cAMP or Ca2+ usually increases insulin secretion, persistent effects include improved β cell function and 
growth that might be related, at least in part, to increased IRS2 expression (17, 18). We set out to identify 
small molecules — regardless of  the mechanism — that increase the expression and synthesis of  IRS2 in 
human pancreatic islets in vitro and then determine whether they can promote β cell growth and glucose 
homeostasis in mice. We identified 77 compounds and investigated trimeprazine, a tricyclic compound 
with an established safety profile in children and animals (19).

Results
Identification of  compounds that increase IRS2 mRNA levels in human islets. We developed a compound screen 
based on the Panomics QuantiGene 2.0 assay system to identify small molecules that increase IRS2 mRNA 
concentrations in isolated human pancreatic islets (Figure 1A). Islets (70–100 islets) were distributed onto 
96-well plates and incubated for 4 hours with 1% (v/v) DMSO alone or with Bt2cAMP, exendin-4, or com-
pounds from 4 commercially available chemical libraries: Biomol ICCB Known Bioactives 1 and 2; Ninds 
Custom Collection 2; and Prestwick 1 Collection (see Methods for details). After subtraction of  the average 
plate baseline (DMSO alone), the IRS2 mRNA concentration in each well was normalized to the plate 
median, and the complete set of  normalized results were combined and analyzed by a generalized linear 
model (GLM) to identify compounds that increased IRS2 mRNA above the 95th percentile (>2.4-fold, P < 
0.05) relative to the DMSO baseline (Figure 1B). Bt2cAMP and 77 of  3,300 other tested compounds (2.3%) 
met this arbitrary cutoff  (Supplemental Table 1; supplemental material available online with this article; 
doi:10.1172/jci.insight.80749DS1). By contrast, many compounds reduced the expression of  IRS2 below 
the 5th percentile (<–1.8-fold, P < 0.05), but these were not investigated (Figure 1B). Unexpectedly, exen-
din-4 did not stimulate IRS2 mRNA in human islets, whereas Bt2cAMP always increased IRS2 mRNA by 
approximately 5-fold (data not shown).

IRS2 gene expression in β cells can be regulated by several transcription factor cascades including 
cAMP→CREB→IRS2; Ca2+→calcineurin→NFAT→IRS2 and PI3K→AKT˧FOXO1→IRS2 (12–14, 20). 
Regardless, the mechanism of  IRS2 upregulation is unknown for most of  the identified compounds, and 
a systematic mechanistic investigation of  each compound was beyond the scope of  this work; however, 
several of  the identified compounds are consistent with known transcriptional control mechanisms. For 
example, forskolin, IBMX, trequinsin, YC-1 and zardaverine are expected to increase cAMP concentration 
to promote CREB→IRS2 signaling (18). Other compounds are thought to increase Ca2+ concentrations by  
directly increasing Ca2+ influx (A-23187, benzamil, U-50488), inhibiting K+ efflux (repaglinide), or inhibit-
ing Na+-Ca2+ exchange (ouabain, digoxin, digoxigenin, strophanthidin). Moreover, several kinase inhibitors 
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that might inhibit AKT and activate FOXO were identified including A3, K252a, LY294002, ML9, PP1, 
and wortmannin.

Tricyclic compounds with known physiologic effects but poorly defined or multiple signaling mecha-
nisms composed a major subset of  the identified compounds (Figure 2). Among the tricyclic compounds, 
15 compounds significantly increased IRS2 expression above the 95th percentile, and 5 significantly 
reduced IRS2 expression below the 5th percentile (Figure 2). These compounds contained a common tri-
cyclic pharmacophore with either 6,6,6 rings or 6,7,6 rings and a 2-3 atom side chain attached to a substi-

Figure 1. Compounds that increase IRS2 expression in human islets. (A) The screening strategy. (B) Volcano plot of mRNA IRS2 expression in islets 
treated for 4 hours with each compound. The –log (P value) and mean expression change were calculated by generalized linear regression for 2 indepen-
dent single measurements for each test compound against DMSO control expression. A mean expression change of more than the 95th percentile or less 
than the 5th percentile (P < 0.05) are indicated with black circles. Tricyclic compounds are highlighted by a red box, and trimeprazine is highlighted. (C–G) 
Effect of forskolin, trimeprazine, zardanerine, K252A, and YC-1 on IRS2 mRNA expression in human islets from 3 different donors compared with the 
DMSO control analyzed at 4 different concentrations (n = 12; fold Δ ± 95% CI). (H) C57BL/6J male mice were treated with saline or the indicated compound 
by i.p. injection once a day for 3 weeks starting at 6 weeks of age. Exendin-4 was used as a positive control. Insulin-positive areas and total pancreas 
section areas were assessed by Spot Advanced Software (http://www.spotimaging.com/software/). Graph shows the daily dose of compound that 
caused the greatest increase in β cell area. Two whole pancreas sections were analyzed for each mouse, and each bar represents the average β cell area 
for at least 4 mice. A GLM was used to determine the mean ± SEM and to obtain the Bonferroni-corrected P value, with treatment as the factor. (I and J) 
C57BL/6J male mice were injected i.p. with trimeprazine tartrate once a day for 7 days starting at 6 weeks of age. The islets were isolated and analyzed by 
immunoblotting. Irs2 intensity was normalized against tubulin intensity, and the average normalized Irs2 ± 95% CI was determined. *P = 0.27, by GLM and 
Bonferroni correction, with treatment as the factor. Cntr, control; GLM, generalized linear model; IRS2, insulin receptor substrate 2; O/N, overnight; Rel., 
relative; Sal, saline; Tub, tubulin; Trimep, trimeprazine.
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Figure 2. Tricyclic compounds 
with known physiologic effects 
but poorly defined or multiple 
signaling mechanisms. The list 
of trimeprazine analogs (tricyclic 
compounds) that increased IRS2 
mRNA expression more than the 
95th percentile or less than the 
5th percentile (P < 0.05) in iso-
lated human islets. The reported 
binding affinity toward H1R or 
α1-adrenergic was obtained from 
The Binding Database (http://
www.bindingdb.org/bind/index.
jsp). α1a , α1-adrenergic receptor; 
conc, concentration; H1R, hista-
mine H1 receptor; mAChR, mus-
carinic acetylcholine receptor; SE, 
standard error.
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tuted basic amine moiety. Most of  the compounds act as antihistamines or antipsychotics by competitive 
inhibition of  various GPCRs. The preferred tricyclic cores for induction of  IRS2 included phenothiazines 
(e.g., trimeprazine, ethopropazine, and promazine) or dibenzocycloheptene (e.g., nortriptyline and amit-
ryptyline). The antidepressant maprotiline — an anoanthracene tetracyclic with a 6,6,6 tricyclic core that 
has a fourth bridging 6-membered ring and the same 3-carbon linker to its basic amine side chain — also 
strongly increased IRS2 expression. Thus, our screening data suggest a general preference for unsubstituted 
phenothiazines for IRS2 upregulation, with the following substituents being progressively less favorable: 
Cl> COMe> CN> CF3> SMe> SOMe> SO2NMe2. Of  the structures that show downregulation of  IRS2, 
an N-alkyl piperazine moiety was noted along with Aryl CF3 substituents. Further testing with a broader 
set of  compounds is warranted to draw definitive conclusions about structure activity relationships for 
either up- or downregulation of  IRS2 in human islets and β cells.

Effect of  IRS2 modulators on murine β cell mass. Previous work shows that IRS2 promotes the growth, 
function, and survival of  murine β cells (21, 22). Although investigation of  all the compounds identified 
by our screen was beyond the scope of  the study, we investigated whether a small, structurally diverse sub-
set of  nontoxic compounds increased IRS2 mRNA concentrations in isolated human islets from 3 differ-
ent donors. Forskolin (adenylate cyclase activator), YC-1 (a phosphodiesterase inhibitor), and zardaverine 
(phosphodiesterase type 11 inhibitor) had the strongest effect on increasing IRS2 over the widest concentra-
tion range (Figure 1, C, F, and G). K252A (calcium/calmodulin-dependent protein kinase 2 inhibitor) and 
trimeprazine (a representative tricyclic antihistamine) showed a 2-fold effect over a narrower concentration 
range (Figure 1, D and E). Next, we treated healthy 8-week-old C57BL/6J mice by daily i.p. injection for 
3 weeks with zardaverine, exendin-4, forskolin, K252A, YC-1, or trimeprazine (Figure 1H). Mice treated 
with an equal amount of  DMSO or sterile saline (control, depending on the solubility of  compound) were 
used as negative controls, and exendin-4–treated mice served as the positive control, because exendin-4 was 
shown previously to promote mouse β cell growth (23). After 3 weeks of  treatment, the average islet area 
was determined from multiple pancreas sections (10-μm) as previously described (22). Whereas zardaverine 
had a comparatively strong effect on IRS2 expression in human islets, it had a small and insignificant effect 
on mouse islet area (Figure 1H). By contrast, the other tested compounds, including exendin-4, signifi-
cantly increased islet area (Figure 1H). Trimeprazine was the most potent compound tested, as it increased 
islet area by 2-fold (Figure 1H). Moreover, after 7 daily injections of  trimeprazine, islets isolated from mice 
displayed a 2-fold higher concentration of  IRS2 protein (Figure 1, I and J). We selected trimeprazine (10 
mg/kg) as a representative tricyclic compound for further analysis.

Specificity of  trimeprazine. Trimeprazine is a first-generation tricyclic antihistamine containing the same 
tricyclic core as phenothiazine antipsychotics such as chlorpromazine; however, it is used mainly as an 
antihistamine, an antipruritic, a sedative, or an antiemetic (24–26). Trimeprazine is best known as an H1R 
antagonist, but it can behave as a partial agonist (see below). We investigated the molecular specificity of  
trimeprazine using a well-defined, commercially available assay system, the Cellular Functional GPCR Pro-
file (Cerep Inc.), which is composed of  30 heterologous cell lines engineered to express a GPCR that might 
interact with trimeprazine (27). The engineered cell lines were incubated with trimeprazine (20 mg/l) alone 
to identify agonist activity. Fourteen of  the tested GPCRs were stimulated by trimeprazine, 5 of  which 
responded to at least 50% of  the level stimulated by the ideal agonist, including OPRK1 (opioid recep-
tor κ1→cAMP); OPRM1 (opioid receptor μ1→cAMP); TACR1 (tachykinin receptor 1; substance P recep-
tor→Ca2+); HRH1 (histamine receptor H1→Ca2+); and CHRM5 (cholinergic receptor, muscarinic 5→Ca2+) 
(Figure 3A). As expected, trimeprazine antagonized most of  the tested GPCRs by inhibiting the response 
to a cognate agonist by more than 50% (Figure 3B). Thus, trimeprazine was not a specific partial agonist or 
antagonist of  the H1R, but also blocked and/or partially activated several GPCRs that signal through inos-
itol trisphosphate (IP3), IMP (electrical impedance), cAMP or Ca2+-mediated mechanisms. Compared with 
the GLP1 receptor, some of  the tested GPCRs are expressed above the 50th percentile in pancreatic islets 
(Figure 3C). Moreover, the expression of  3 of  the tested GPCRs correlated positively (OPRD1, CHRM4, 
and CCKAR), whereas 4 (including H1R) correlated negatively with IRS2 expression in human islets (Fig-
ure 3D). Thus, the signaling mechanism of  trimeprazine for the promotion of  IRS2 expression in islets can 
be complex, and more work is needed to establish whether upregulation of  IRS2 is mediated by partial acti-
vation of  H1R, or whether trimeprazine acts through other GPCRs in islets and β cells.

Trimeprazine promotes CREB phosphorylation and modulates gene expression in human islets. Many GPCR-sig-
naling cascades and transcription factors might generate a composite signal to modulate IRS2 expression in 
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Figure 3. Trimeprazine tartrate (20 mg/l) was analyzed using the Cellular Functional GPCR Profile covering 30 different GPCRs. Agonist (A) and antag-
onist (B) measurements were conducted in duplicate, and the data points are shown as white circles with a bar for the SD. Results showing a stimulation 
or an inhibition higher than 50% (above gray bar) were considered significant (*) on the basis of historical data at Cerep. Measurements between 25% and 
50% indicate weak-to-moderate effects that were not considered significant. The receptors are grouped by the assay read-out: IP1 (inositol phosphate 1); 
IMP (electrical impedance); cAMP (cyclic adenosine monophosphate); or Ca2+. “NSI” indicates that the test compound interfered nonspecifically in the assay 
judged, because the signal observed was very different from the signal of the reference agonist, suggesting that the compound acts through a different 
pathway. “AGO” indicates that the test compound induced at least a 25% agonist or agonist-like effect at this concentration, so further addition of the 
reference agonist could not produce a full response (partial agonist), which resulted in an apparent inhibition. (C) The average relative expression of the 
selected GPCRs taken from publicly available Affymetrix CEL files (http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE50398) was normalized against 
GLP1R expression. The expression profiles were analyzed using RMA16 in GeneSpring, version 12.6. The GPCR/GLP1R below the median is highlighted in the 
gray box. (D) *P < 0.05. Pearson’s correlation coefficient for the expression of each GPCR against IRS2 expression calculated using Analyze-it. The 2-sided 
95% CIs were determined by Fisher’s Z test. Inset shows the correlation coefficient between IRS2 and either GLP1R or PDX1. HTR2B, 5-hydroxytryptamine 
(serotonin) receptor 2B; HTR2A, 5-hydroxytryptamine (serotonin) receptor 2A; HTR2C, 5-hydroxytryptamine (serotonin) receptor 2C; HTR1D, 5-hydroxy-
tryptamine (serotonin) receptor 1D; OPRD1, opioid receptor δ 1; OPRK1, opioid receptor κ 1; OPRM1, opioid receptor μ 1; ADRA2C, adrenergic α-2C receptor; 
CHRM4, cholinergic receptor muscarinic 4; DRD3, dopamine receptor D3; DRD4, dopamine receptor D4; CHRM2, cholinergic receptor muscarinic 2; ADORA3, 
adenosine A3 receptor; ADORA2B, adenosine A2b receptor; ADRB1, adrenergic β-1 receptor; DRD1, dopamine receptor D1; HRH2, histamine receptor H2; 
HTR4, 5-hydroxytryptamine (serotonin) receptor 4; ADORA2A, adenosine A2a receptor; CCKAR, cholecystokinin A receptor; ADRA1B, adrenergic α-1B recep-
tor; ADRB2, adrenergic β-2 receptor surface; HTR6, 5-hydroxytryptamine (serotonin) receptor 6; HTR7, 5-hydroxytryptamine (serotonin) receptor 7 (adenylate 
cyclase–coupled); TACR1, tachykinin receptor 1; HRH1, histamine receptor H1; CHRM5, cholinergic receptor, muscarinic 5; ADRA1A, adrenergic α-1A receptor; 
CHRM1, cholinergic receptor muscarinic 1; CHRM3, cholinergic receptor muscarinic 3; IRS2, insulin receptor substrate 2.
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Figure 4. Effect of trimeprazine or Bt2cAMP on gene or protein expression in isolated human islets. (A–C) Human islets (~100 islets) were treated with 
or without trimeprazine (20 μg/ml), Bt2cAMP (1 mM), or exendin-4 (250 nM) for 24 hours, and the islet extracts were resolved by immunoblotting. The 
band intensity for total IRS2 intensity (B) was normalized against tubulin; phosphorylated CREB (pCREB) (C) was normalized against total CREB. The 
mean ± SEM was determined from 2 data points in 2 experiments; “*” indicates the Bonferroni-corrected P value (in the indicated range, P < 0.05 was 
significant) determined by a generalized linear model (SPSS, version 23). (D) Human islets (~100 islets) were treated with or without trimeprazine (20 μg/
ml) or Bt2cAMP (1 mM) for 5 hours, and expression of the indicated genes was measured with a QuantiGene 2.0 Plex Assay Kit (n = 6). This experiment was 
repeated with islets from 4 different donors, and the average log2 (fold Δ) ± 95% CI relative to the DMSO control for each gene is shown; “*” indicates the 
Bonferroni-corrected P value of less than 0.05, determined by GLM using SPSS, version 23. (E–K) Islets (~100 islets) were treated with trimeprazine (20 μg/
ml), Bt2cAMP (1 mM), or saline for 24 hours, followed by immunoblot analysis of the indicated proteins in islet extracts. The band intensity of the indicated 
proteins was normalized against tubulin intensity. The mean ± SEM was determined from 2 data points in 2 experiments; “*” indicates the Bonferroni-cor-
rected P value (in the indicated range, P < 0.05 was significant) determined by GLM (SPSS, version 23). P values greater than 0.05 were omitted from the 
figure. cAMP, cyclic AMP; Ex4, exendin-4; Sal, saline; Trimep, trimeprazine; TUB, tubulin.
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islets and β cells. CREB phosphorylation is a possible mechanism, as it is downstream of  cAMP- and Ca2+-
mediated protein kinases and is known to increase IRS2 expression in β cells (12). We investigated CREB 
phosphorylation in human islets treated with trimeprazine or Bt2cAMP. As expected, Bt2cAMP increased 
CREB phosphorylation and the IRS2 concentration in human islets; trimeprazine showed a similar effect 
(Figure 4, A–C). However, exendin-4 had no effect on either response, which was consistent with its inac-
tivity in our chemical screen.

To determine whether trimeprazine and Bt2cAMP have similar effects on gene expression, we treated 
human islets for 4 hours with each compound and compared the expression levels of  various genes impor-
tant for β cell function using the QuantiGene 2.0 Plex Assay. As expected, trimeprazine and Bt2cAMP 
increased the concentration of  IRS2 mRNA by 2- or 3-fold, respectively (Figure 4D). Bt2cAMP also 
increased FOXO1, MAFA, PDX1, and IRS1 expression, whereas it reduced the expression of  FOXO3, 
GCK, and GLUT2. Trimeprazine also increased FOXO1 expression; however, it also increased the expres-
sion of  FOXO3, GCK, GLUT2, IGF1R, and INSR, while it reduced the expression of  MAFA, proprotein 
convertase subtilizing/kexin type 1 (PCSK1), and PDX1. The pattern of  trimeprazine-modulated gene 
expression (increased IRS2, FOXO1, and FOXO3A, but reduced PDX1 and GLUT2 expression) was 
reflected by similar, but not identical, changes in the protein concentrations relative to tubulin (Figure 4, 
E–K). Thus, except for IRS2 and FOXO1, Bt2cAMP was not an exact mimetic of  trimeprazine-regulated 
gene expression, which might reflect a complex mechanism of  trimeprazine action through pathways in 
addition to that of  cAMP.

Effect of  trimeprazine on diabetes in Pdx1+/– mice. Nuclear Pdx1 plays an important role in pancreas devel-
opment and adult β cell function (28). Previous work shows that Irs2 signaling might promote Pdx1 nuclear 
signaling by inhibiting nuclear FOXO1 (Irs2→PI3K→AKT˧FOXO1Nuc ˧Pdx1Nuc) (29, 30). PDX1 levels can 
be increased by FOXO1 induction or degraded by GSK3β-mediated phosphorylation (31, 32). Enforced 
expression of  Pdx1 can restore islet and β cell function in Irs2–/– mice (30). Unexpectedly, while trime-
prazine increased IRS2, it also reduced Pdx1 mRNA and protein levels (see Figure 4, E and K, above). We 
therefore investigated whether trimeprazine improved β cell function and glucose tolerance in Pdx1+/– mice. 
As previously reported (30), our Pdx1+/– mice were glucose intolerant by 5 weeks of  age (Figure 5, A and 
B). These mice, along with their WT littermates, were treated between 5.5 and 8.5 weeks of  age with daily 
i.p. injections of  trimeprazine (10 mg/kg/day) or sterile saline. Glucose intolerance persisted in the saline-
treated Pdx1+/– mice until the experiment was terminated at 8.5 weeks (Figure 5, A and B). Although 3 
weeks of  trimeprazine treatment had no effect on the median glucose tolerance in control mice, glucose tol-
erance in the Pdx1+/– mice was almost completely normalized and statistically indistinguishable from that 
of  the controls (Figure 5, A and B). Consistent with these results, HOMA2 %B was reduced significantly 
in Pdx1+/– mice, whereas trimeprazine increased HOMA2%B in Pdx1+/– mice to within the normal range of  
the saline-treated controls (Figure 5C).

Effect of  trimeprazine on Irs2–/– mice. Trimeprazine might promote β cell function through multiple mech-
anisms. To determine whether its effects are mediated, at least in part, through IRS2, we treated 6-week-old 
control or Irs2–/– mice without or with trimeprazine (10 mg/kg/day) in sterile saline for 3 weeks. As shown 
previously, Irs2–/– mice developed diabetes (fasting glucose >200 mg/dl; random fed glucose ~600 mg/
dl) by 8 weeks of  age and died with hyperglycemia between 10 and 15 weeks of  age (21). Cox regression 
analysis showed that daily trimeprazine injections did not significantly alter the onset of  diabetes (Figure 
6A). Consistent with this result, trimeprazine had no effect on glucose tolerance in Irs2–/– mice, as it did 
not restore the normal response to i.p. glucose injections (2 g/kg) in diabetic Irs2–/– mice (Figure 5, A and 
B). Moreover, trimeprazine did not change insulin sensitivity in control or Irs2–/– mice, as measured by an 
insulin tolerance test (Supplemental Figure 1).

Irs2 is essential for β cell growth and survival (9, 17). HOMA2%B showed that trimeprazine did not 
restore normal β cell function in Irs2–/– mice compared with the positive effect observed in Pdx1+/– mice 
(Figure 5C). The insulin-positive β cell area percentage increased significantly in pancreas sections from 
control mice treated for 3 weeks with trimeprazine compared with that seen in sections from saline-treated 
control mice (Figure 6, B and C). By contrast, the insulin-positive β cell area percentage was reduced sig-
nificantly by 50% in 8-week-old Irs2–/– mice, and 3 weeks of  trimeprazine treatment started at 5 weeks of  
age failed to increase the β cell area percentage to within the normal range (Figure 6, B and C). Next, we 
treated control and Irs2–/– mice with BrDU to estimate β cell proliferation with or without trimeprazine 
treatment. WT mice treated with trimeprazine displayed 2-fold more BrdU incorporation than did saline-
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treated control mice; however, Irs2–/– mice failed to incorporate more BrDU during trimeprazine treat-
ment (Figure 6, D and E).

Next, we investigated the effect of  trimeprazine on Pdx1 nuclear localization in β cells from control 
and Irs2–/– mice. Previous results showed that inhibition of  nuclear FOXO1 in β cells by gene KO or AKT-
mediated phosphorylation can promote nuclear localization of  Pdx1 and rescue β cell function in Irs2–/– 
mice (29, 30). Pancreas sections from mice in each treatment group were immunostained with Abs against 
insulin and Pdx1 and stained with DAPI to distinguish the nuclei from the cytosol (Supplemental Figure 2). 
Nuclear Pdx1 localization greater than the median (Pdx1>MED) was determined for each treatment group, as 
described in Methods (Supplemental Table 2). Three weeks of  trimeprazine treatment significantly increased 
Pdx1>MED localization in control islets, whereas trimeprazine had no effect on Irs2–/– islets (Figure 6F). The 
effect of  trimeprazine in increasing the number of  β cells with nuclear Pdx1 immunostaining above the 
median might explain in part its beneficial effect on β cell function, even when Pdx1 expression was reduced.

Effect of  trimeprazine on diabetes progression in anti-CD3 Ab–treated NOD mice. NOD mice develop diabetes 
owing to autoimmune destruction of  pancreatic β cells (33). Previous work showed that diabetic (blood 
glucose >200 mg/dl) NOD mice showed an acute and transient reduction in blood glucose levels during 5 
consecutive days of  αCD3 injections; however, most of  the mice returned to hyperglycemia within 5 days. 
The effect of  αCD3 to reduce hyperglycemia can be sustained when it is combined with other treatments 
such as exendin-4 or IL-1β antagonists (34–36). Moreover, transgenic Irs2 postpones and reduces the onset 
of  hyperglycemia in αCD3-treated diabetic NOD mice (8). Given these results, we investigated the effect 
of  trimeprazine on female diabetic NOD mice treated with αCD3. Within 1 to 2 days after the onset of  
diabetes, αCD3 acutely reduced the blood glucose concentration to within the normal range; however, as 
expected during the next 4 consecutive days of  αCD3 injections alone, the glucose concentration usually 
returned to within the diabetic range (Figure 7A). Moreover, during the 22-day experiment, blood glucose 
was reduced significantly by trimeprazine plus αCD3 treatment compared with blood glucose levels with 
αCD3 treatment alone (Figure 7, A and B). Only 2 of  15 mice treated with αCD3 alone remained nondia-
betic (blood glucose <200 mg/dl) when the experiment was terminated after 3 weeks (see the “+” symbols 
in Figure 7C). By contrast, only 2 of  16 diabetic NOD mice treated for 22 days with trimeprazine plus 

Figure 5. Effect of trimeprazine on WT, Irs2–/–, or Pdx1+/– mice treated with i.p. injections of 10 mg/kg trimeprazine or without (saline) once a day for 3 
weeks. (A) IPGTT in C57BL/6 mice treated between 5.5 and 8.5 weeks of age. The mean ± SEM is shown for each data point. (B) AUC (from A) was calcu-
lated (Medcalc, version 13.3.3) and analyzed by a GLM (SPSS, version 23), with genotype and drug treatment as interacting factors. Bonferroni-corrected  
P values of less than 0.05 were considered significant. (C) HOMA2 %B was calculated using fasting glucose and insulin concentrations determined with 
the indicated experimental mice. Data were analyzed by a GLM, with genotype and drug treatment as interacting factors. Bonferroni-corrected P values are 
shown; a P value of less than 0.05 was considered statistically significant. Sal, saline; Trimep, trimeprazine.
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αCD3 displayed blood glucose levels above 200 mg/dl (Figure 7C). Thus, trimeprazine plus αCD3 signifi-
cantly improved the recovery of  diabetic NOD mice, as the median random blood glucose level reached the 
normal range by 22 days (Figure 7C). However, trimeprazine alone was unable to reduce the hyperglycemia 
of  diabetic NOD mice (data not shown). HOMA2 %B confirmed that trimeprazine plus αCD3 significantly 
improved the apparent β cell function (Figure 7D). Although the median β cell mass was severely reduced 
in all diabetic NOD mice, trimeprazine-plus-αCD3–treated mice showed a 2-fold larger β cell area when 
the experiment was terminated after 22 days (Figure 7, E–G). Moreover, trimeprazine plus αCD3 treatment 
significantly increased BrDU incorporation into the NOD β cells (Figure 7, E, F, and H). However, αCD3 
alone or trimeprazine plus αCD3 treatment had no effect on the immune infiltrate characteristic of  diabetic 
NOD mice (Figure 7, E and F).

Effect of  trimeprazine on human islets transplants in streptozotocin-induced diabetic mice. Transplantation of  
human islets under the kidney capsule of  immune-compromised male mice is a useful technique to study 

Figure 6. Effect of trimeprazine on β cell function in Irs2–/– mice. (A) Cox regression analysis of diabetes onset (random blood glucose >200 mg/dl) in 15 
Irs2–/– or control male mice treated without (saline, black line) or with 10 mg/kg trimeprazine (red line) once a day starting at 5 weeks of age until diabetes 
was diagnosed or the mice reached 16 weeks of age. (B) Control (n = 8) or Irs2–/– (n = 8) mice were treated for 3 weeks with or without 10 mg/kg trime-
prazine, and pancreas sections were immunostained with Abs against insulin or stained with DAPI. (C) Two pancreatic sections were analyzed for each 
mouse, and at least 4 mice were analyzed in each experimental group to determine the percentage of β cell area. The horizontal black bar in the box shows 
the median, and a GLM (IBM SPSS, version 23) was used to obtain Bonferroni-corrected P values, with genotype and treatment as interacting factors. (D) 
BrdU incorporation in pancreas sections from 9-week-old control or Irs2–/– mice treated between 6 and 9 weeks of age with or without daily trimeprazine 
(10 mg/kg). (E) Two pancreatic sections (10 × 10 tiles) were analyzed for each mouse, and at least 4 mice were analyzed for each group to determine the 
percentage of BrdU-positive β cells against the total number of insulin-positive β cells. The black horizontal bar in the box shows the median, and a GLM 
was used to obtain the Bonferroni-corrected P values, with genotype and treatment as interacting factors. (F) Control or Irs2–/– mice were treated for 3 
weeks with or without trimeprazine. Multiple pancreas sections from 2 or 3 mice in each experimental group were used to calculate Pdx1>MED (see Sup-
plemental Table 2 and the Methods). Box plots show the distribution of Pdx1>MED, and a GLM was used to obtain the Bonferroni-corrected P values, with 
genotype and treatment as interacting factors. Cntr, control; Sal, saline; Trimep, trimeprazine.
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human β cell function in an in vivo context (37, 38). To investigate the effect of  trimeprazine in this model, 
we induced diabetes in beige SCID Fox Chase mice with a single high dose of  streptozotocin (STZ). Three 
days later, when the blood glucose levels increased to 350 mg/dl, we transplanted 800 human islets under 
the kidney capsule. These mice were divided randomly into 2 groups for daily treatment with or without 
trimeprazine until the experiment was terminated 75 days later. Although this low number of  human islets 
reduced blood glucose levels below 200 mg/dl after 20 days of  saline injections, it was not sufficient to 
reduce blood glucose levels to within the normal range of  healthy Fox Chase mice (Figure 8A). By contrast, 
mice treated with daily trimeprazine reached the normal blood glucose concentration of  healthy mice, 
which was significantly below the blood glucose concentration in saline-treated, human islet–transplanted 
mice between 50 and 75 days (Figure 8A). The body weights of  untreated and trimeprazine-treated mice 
were indistinguishable at 75 days (Figure 8B), whereas glucose tolerance improved significantly with trime-
prazine treatment (Figure 8, C and D). Murine insulin levels in fed mice were statistically indistinguishable 
in both experimental groups, suggesting that some endogenous islet function contributed to the glucose tol-
erance (Figure 8E). Although human insulin levels were lower in both experimental groups, trimeprazine 
treatment significantly increased human insulin levels by 2-fold, and together, mouse and human insulin 
levels were elevated by 2-fold during trimeprazine treatment (Figure 8F). Moreover, human c-peptide also 
increased significantly in blood from the trimeprazine-treated mice, confirming that the human islet trans-
plants had better function (Figure 8G). Compared with mice treated with saline alone, the volume of  the 
insulin-positive tissue in the human islet grafts increased upon trimeprazine treatment (Figure 8H and 
Supplemental Figure 2). Although this increase was not significant by a GLM test (Figure 8H, P = 0.074), 
a 1-sided nonparametric Mann-Whitney U test, assuming trimeprazine increased the graft size, reached sig-
nificance (P = 0.046). Together, we conclude that trimeprazine has a positive effect on human islet function 
in STZ-induced diabetic mice.

Figure 7. Metabolic and islet parameters from untreated or trimeprazine-treated diabetic NOD mice. (A) Random blood glucose levels (avg ± SD, *P < 
0.01) in NOD mice from the day diabetes (blood glucose >200 for 2 consecutive days) was detected. Diabetic mice were treated with αCD3 once a day for 
5 days, with or without trimeprazine (10 mg/kg) once a day for 22 days. Each treatment group consisted of 16 mice on day 0. (B) AUC calculated from the 
graph in A. (C) Random blood glucose levels on the first and second days that diabetes was detected (black squares and circles) before initiating treat-
ment with (open squares on green background) or without (open circles on red background) trimeprazine. Box plots show the distribution, and the black 
horizontal line shows the median. “+” indicates outliers. A GLM (SPSS, version 23) was used to obtain the Bonferroni-corrected P values. (D) HOMA2%B 
was calculated to estimate β cell function. The GLM was used to determine the mean value and obtain the Bonferroni-corrected P values, with treatment 
as the factor. (E and F) Pancreas sections from 9 untreated and 15 trimeprazine-treated NOD mice (6 untreated mice of the 15 total were unavailable at 
22 days because they were sacrificed when they developed fatal hyperglycemia before the end of the experiment). Dense blue staining around the islets 
shows lymphocyte nuclei (insulitis). Arrows show BrdU/insulin double-positive cells. The percentage of β cell area (G) or the percentage of BrdU (H) calcu-
lated from the total number of insulin-positive β cells was determined using IMARIS software. Box plots show the distribution, and the black horizontal 
bar shows the median. Comparisons were made by GLM, with treatment as the only factor. Avg, average; Sal, saline; Trimep, trimeprazine.
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Discussion
Our chemical screen revealed at least 77 compounds that increase the expression of  IRS2 mRNA in islets 
isolated from human cadavers. While the screen can be used for any gene of  interest, we targeted IRS2, 
because previous work shows that it has an important role in β cell growth, function, and survival, which 
might be beneficial for the treatment of  diabetes (39). IRS2 is a highly regulated “gatekeeper” of  islet and 
β cell homeostasis, at least in part by linking heterologous inputs to the PI3K→AKT cascade that increases 
mTORC1 signaling, while inhibiting FOXO transcription factors and GSK3β (Supplemental Figure 4 and 
refs. 40, 41). Thus, the control of  insulin/IGF1-regulated pancreatic β cell function can be placed largely 
under the control of  physiological IRS2 regulators, including glucose, incretins, and neuronal signals (Sup-
plemental Figure 4 and refs. 42, 43).

We reasoned that the identification of  compounds that increase the expression of  IRS2 in islets and 
β cells could provide a rational strategy to improve glucose tolerance during metabolic or immunologic 
stress (44). A few of  the identified compounds are known from previous work as having effects on glu-
cose tolerance and insulin signaling, especially the PI3K inhibitors wortmannin and LY294002, which 
cause insulin resistance and stimulate FOXO nuclear function; the ATP-dependent K+ channel blocker 
repaglinide, which can mimic the effect of  elevated glucose; and the cAMP→PKA agonists IBMX and 

Figure 8. Metabolic and islet parameters from 
untreated or trimeprazine-treated STZ-induced 
diabetic male beige SCID Fox Chase mice trans-
planted with 800 human islets. (A) Glucose 
concentration measured at 8 am on the indicated 
day after transplantation and treated by daily 
injection of saline or trimeprazine. Blood glucose 
levels in healthy age-matched and untransplanted 
mice are shown for comparison (dashed line and 
black triangle). *P < 0.05, by Student’s t test. (B) 
Body weight 75 days after islet transplantation; P 
value, by Student’s t test.(C and D) Glucose tolerance 
test 74 days after islet transplantation treated with 
(black square) or without (black circle) trimeprazine. 
Glucose tolerance test (GTT) in age-matched, control 
nondiabetic and untransplanted beige SCID Fox 
Chase mice is shown for comparison (black triangle). 
(E) Blood concentration of mouse (mIns) and human 
(hIns) insulin 75 days after islet transplantation. (F) 
Total insulin (mouse plus human) 75 days after islet 
transplantation. (G) Human c-peptide concentration 
in blood from untreated (Sal) or treated (Trimep) 
mice 75 days after islet transplantation. (H) AUC 
of specific human insulin immunostaining versus 
section position through the human islet grafts 
(see Supplemental Figure 3). Data were analyzed by 
GLM (SPSS, version 23), with drug treatment as the 
factor. The mean ± SEM and P values are shown. A 
P value of less than 0.05 was considered significant. 
Cntr, control; hC-peptide, human c-peptide; hlns, 
human insulin; mlns, murine insulin; Sal, saline; 
Trimep, trimeprazine. 
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forskolin. However, the first-generation tricyclic antihistamines or antipsychotics represent a new group 
of  IRS2 regulators with a poorly defined mechanism of  action in β cells. Regardless, the identification of  
15 tricyclic analogs strongly supports the hypothesis that these compounds activate signaling cascades that 
can promote IRS2 expression in human and murine islets. Future work to identify the exact receptors that 
mediate this response might reveal novel strategies to maintain or restore β cell function during the progres-
sion of  diabetes in rodents and humans.

The regulated expression of  IRS2 in β cells might substitute for ligand regulation of  the upstream 
insulin/IGF receptor kinases as in ordinary insulin/IGF target tissues (45, 46). Previous reports show that 
IRS2 expression is upregulated by glucose, incretins such as glucagon-like peptide 1 (GLP1), and other 
factors that increase cytosolic [Ca2+]i or [cAMP]i in β cells such as phosphodiesterase inhibitors (18). Thus, 
some plausible signaling cascades might include GαscAMP→CREB→IRS2; Ca2+ →calcineurin →NFAT 
→IRS2; PI3K→AKT˧FOXO1 →IRS2; or Gq→PLCβ→IRS2 (12–14, 20, 23, 45). For example, glucose 
inhibits K+ efflux to promote Ca2+-mediated insulin secretion, but glucose also increases IRS2 expression 
through Ca2+-stimulated NFAT (10, 13). Moreover, heterologous compounds such as repaglinide (also 
identified by our screen), which inhibit K+ efflux and stimulate insulin secretion, might promote IRS2 
expression through a Ca2+-mediated mechanism (47). Recent work with a Gq-coupled M3 (muscarinic acet-
ylcholine) receptor, modified to be activated by biologically inactive ligands, shows directly that a M3→Gq 
→ Ca2+/PLCβ cascade upregulates IRS2 (17). Stimulation of  Gαs by exendin-4 activates adenylyl cyclase 
production of  cAMP, which increases IRS2 expression through a CREB-mediated mechanism in murine 
β cells (23). Although our screen failed to show that exendin-4 stimulated IRS2 expression in human islets, 
several other cAMP→PKA agonists induced IRS2 expression in our assay. It is possible that GLP1 recep-
tors are inactivated by the isolation protocol or that islets recover incompletely in vitro.

Compounds that increase IRS2 expression might be useful, because IRS2 can be downregulated dur-
ing physiological stress owing to the action of  proinflammatory cytokines, GPCRs that suppress Ca2+ or 
cAMP signaling, and inhibition of  FOXO1-mediated transcription by chronic hyperinsulinemia (9, 14, 48, 
49). For example, some second-generation antipsychotic compounds, which antagonize the M3 receptor, 
disrupt insulin secretion and glucose homeostasis, which can progress to insulin resistance and diabetes 
(50). While compounds that modulate multiple GPCR cascades can have adverse effects such as metabolic 
disease, cardiac arrhythmias, neuronal stress, and β cell failure, the judicious upregulation of  IRS2 in β cells 
might have valuable therapeutic effects that would justify the search for β cell targeted compounds.

Given the variety of  compounds identified by our screen, investigation of  all the possible mechanisms 
is beyond the scope of  our work. To narrow our biological analysis, we focused on the tricyclic com-
pounds, since many analogs including trimeprazine increase IRS2 mRNA in human islets. These com-
pounds contain a common tricyclic pharmacophore with either 6,6,6 rings or 6,7,6 rings and a 2- to 3-atom 
side chain attached to a substituted basic amine moiety. Most of  the compounds can act as antihistamines 
or antipsychotics by competitive inhibition of  various GPCRs, especially H1R in the case of  trimeprazine. 
Trimeprazine tartrate was selected as a representative tricyclic compound, because it has a favorable safety 
profile, minimal side effects, and increases the concentration of  IRS2 mRNA and protein levels in human 
and mouse islets. However, trimeprazine displays sedative, antiserotonin, antispasmodic, and antiemetic 
properties (51). Consistent with the sedative effects of  trimeprazine, mice became lethargic after their first 
full dose; however, this adverse effect could be avoided by starting the drug at a lower dosage and increasing 
it gradually over 3 days until a dose of  10 mg/kg/day was safely achieved.

Given the complex bioactivity of  trimeprazine in the Cellular Functional GPCR Profile, we could not 
determine whether its antihistamine activity is an important signal for IRS2 expression. As expected, trime-
prazine is a strong H1R antagonist, but it also antagonizes other heterologous GPCRs tested in the Cellular 
Functional GPCR Profile. Moreover, in the absence of  ideal agonists, trimeprazine can be a partial ago-
nist toward H1R→Gq and other tested GPCRs including OPRK1, OPRM1, TACR1, and CHRM5. Since 
mRNAs for all of  these GPCRs can be detected in human islets, the composite signal generated by trime-
prazine is difficult to know precisely. Regardless, trimeprazine can increase CREB phosphorylation, which 
reveals one way that it might increase IRS2 expression. Previous work shows that cAMP→CREB signaling 
increases IRS2 expression as a result of  a consensus CRE half-site (TGACG) at –671 in the mouse pro-
moter that is conserved in the human gene (12). Alternatively, partial activation of  the H1R, the cholinergic 
receptor, the muscarinic 5 receptor (CHRM5), or the adrenergic α-1A receptor (ADRA1A) by trimeprazine 
might also increase IRS2 expression through Ca2+→NFAT. Direct experiments to suppress the expression 
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of  H1R and other GPCRs are needed to establish trimeprazine-signaling mechanisms in human islets or 
β cells, which might reveal new targets for future work. Whether modulation of  these receptors generates 
signals, in addition to IRS2 expression, that promote islet and β cell function needs to be investigated.

To determine whether trimeprazine increases islet size and β cell content through IRS2 signaling, we 
used whole-body Irs2–/– mice that show normal glucose tolerance at birth, but deteriorate progressively 
between 6 and 12 weeks of  age, owing to peripheral insulin resistance and β cell loss (21). Importantly, 
transgenic expression of  Irs2 in the β cells of  Irs2–/– mice restores mass and sufficient insulin secretion to 
maintain glucose tolerance (6). However, trimeprazine has no effect on β cell content or glucose tolerance 
in Irs2–/– mice, suggesting that Irs2 signaling plays a role. While it is possible that the absence of  Irs2 has 
a dominant effect that cannot be overcome by trimeprazine-mediated signaling alone, the parsimonious 
explanation is that increased Irs2 concentration mediates the effects of  trimeprazine on β cell function.

PDX1 is an important transcription factor for both pancreas development and mature β cells, as it reg-
ulates downstream genes needed for β cell growth and function (52). PDX1 haploinsufficiency diminishes 
the function of  β cells, which leads to glucose intolerance and exacerbates the dysfunction of  Irs2-deficient 
β cells (Supplemental Figure 4 and ref. 53). Moreover, transgenic Pdx1 expression can overcome IRS2 
deficiency and maintain sufficient β cell function to normalize glucose tolerance of  Irs2–/– mice (29, 30). 
FOXO1 and Pdx1 display a mutually exclusive pattern of  nuclear localization in murine β cells (29). Thus, 
β cell survival and function might be mediated, at least in part, by the IRS2˧FOXO1 cascade. Consistent 
with this hypothesis, trimeprazine increases nuclear localization of  Pdx1 in β cells of  control islets, but fails 
to do so in Irs2–/– islets. Since trimeprazine reduces the concentration of  Pdx1 mRNA in human islets, we 
investigated the effect of  trimeprazine on glucose tolerance and β cell function in Pdx1+/– mice. As expected, 
Pdx1+/– mice developed glucose intolerance; however, trimeprazine restored normal glucose tolerance and 
β cell function (HOMA2%B) in Pdx1+/– mice. Trimeprazine might promote β cell survival and function, at 
least in part, by promoting nuclear Pdx1 localization, especially under conditions of  reduced Pdx1 levels. 
Unfortunately we failed to detect sufficient Pdx1 immunostaining in the Pdx1+/– mice to confirm whether 
increased nuclear Pdx1 might overcome its reduced expression.

To further explore the ability of  trimeprazine to protect β cells, we investigated its effects in NOD 
mice, a well-known model of  autoimmune T cell–mediated T1DM (54). T1DM is a common, severe, 
chronic autoimmune disease characterized by the progressive loss of  self-tolerance to β cells that leads 
to the destruction of  these cells and to hyperglycemia (55). Treatments based on anti-CD3 Abs are an 
extensively studied immunological approach to the treatment of  T1DM and are being used in ongoing 
clinical trials (56). Brief  anti-CD3 treatment (6–14 days) early in the course of  T1DM has the potential to 
alter disease progression, at least in certain patients (56–58). This protective effect depends on residual β 
cell function at or above the 50th percentile at diagnosis (59). Treatment of  NOD mice after the onset of  
diabetes with trimeprazine alone had no effect on the progression of  hyperglycemia (data not shown). By 
comparison, the typical 5-day treatment of  hyperglycemic NOD mice with anti-CD3 alone restored normal 
glycemia for a few days until severe hyperglycemia recurred in the large majority of  these mice over the fol-
lowing 2 weeks. By contrast, coadministration of  anti-CD3 and trimeprazine for 5 days, together with daily 
trimeprazine administration for the duration of  the experiment, restored the majority of  mice to near-nor-
mal glycemic levels until the experiment was terminated 22 days later. This treatment was accompanied by 
more mitogenesis and β cell mass, which was absent with anti-CD3 treatment alone. We did not measure 
the effect of  trimeprazine on Irs2 levels in the NOD islets, because the isolation was difficult and the yield 
was insufficient for protein analysis. Regardless, coadministration of  anti-CD3 with drugs that increase 
Irs2 levels might augment the efficacy of  the anti-CD3–induced “tolerant” environment in β cell function.

Although our work focuses on the role of  tricyclic compounds to increase IRS2 in β cells, these com-
pounds might have other effects that influence glucose tolerance or β cell function (60). In neurons, trime-
prazine and several analogs can replace or enhance the function of  survival of  motor neuron 1 (SMN1), 
which is important for the maintenance of  motor neurons (60). Indeed, tricyclic antidepressants such as 
amitriptyline and nortriptyline are recommended off  label as first-line therapy for diabetic peripheral neu-
ropathic pain (61). Tricyclic analogs also promote bone growth by inhibiting the function of  SOST (scle-
rostin), a BMP antagonist that inhibits the Wnt pathway needed for bone formation (62). Trimeprazine, 
methotrimeprazine, ethopromaizine, and 2 other compounds that increase Irs2 but fall outside our statis-
tical cutoff  (promethazine, 4.3-fold and trimipramine, 3.5-fold) can maintain high expression levels of  
pluripotency markers in human embryonic stem cells (hESCs), which are associated with long-term self-re-
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newal in the absence of  basic FGF (bFGF) (63). The mechanism of  this effect is unknown, but bFGF 
signaling, which appears to be emulated by tricyclic compounds, ordinarily promotes various downstream 
signaling pathways, including MAPK, PI3K→AKT, and PLC/PKC (64). Interestingly, PIK3→AKT sig-
naling can promote undifferentiated proliferation by suppressing MAP and Wnt signaling and inhibiting 
GSK3β (65, 66). Therefore, trimeprazine might activate other PI3K-dependent pathways that can promote 
β cell function.

In summary, trimeprazine and its analogs can promote IRS2 expression in human and mouse islets 
and β cells and promote the function of  mouse β cells in a manner that is sufficient to improve glucose 
tolerance in various models of  diabetes. Trimeprazine and its analogs increase IRS2 in human islets, which 
is consistent with its effect in promoting the function of  human β cells transplanted into mice. Even if  these 
compounds fail to promote the growth of  human β cells, it is likely that more IRS2 can improve the func-
tion and stability of  the graft after transplantation, especially during metabolic or immunologic stress (39). 
Identification of  the cohort of  GPCRs that are engaged by trimeprazine on islets might reveal new targets 
that can be exploited directly for the treatment of  β cell dysfunction. Whether other compounds identified 
by our screen can be used to promote human islet and β cell function needs to be examined.

Methods
Chemical compounds. Chemical libraries for screening were provided by the ICCB-Longwood Screening 
Facility (http://iccb.med.harvard.edu/) at Harvard Medical School. Four chemical libraries were used, 
including Biomol ICCB Known Bioactives 1 (480 compounds at approximately 3 mM in DMSO); Biomol 
ICCB Known Bioactives 2 (480 compounds at ~0.5 mg/ml in DMSO); Ninds Custom Collection 2 (1,040 
compounds at 10 mM in DMSO); and Prestwick 1 Collection (1,120 compounds at 2 mg/ml in DMSO). 
These combined libraries cover approximately 47% of  the FDA-approved drugs (these libraries are avail-
able via http://iccb.med.harvard.edu/libraries/compound-libraries/). In addition, forskolin (Sigma- 
Aldrich); YC-1 (Cayman Chemical); trimeprazine (MicroSource Discovery Systems); and K252A and 
zardaverdine (Enzo Life Sciences) were purchased for additional analyses.

In vitro screening. We developed a screening assay in a 96-well format based on the Panomics Quanti-
Gene 2.0 Single Plex Assay (Affymetrix) to quantify IRS2 mRNA concentration in isolated human islets. 
Islets from 12 nondiabetic human cadaveric donors arrived over a period of  1 year in a controlled-tem-
perature package maintained at 15°C to 20°C. The islets were transferred into fresh Miami 1A medium 
(Cellgro) at a density of  500 IEQ/ml supplemented with 0.01 g/l reduced L-glutathione (Sigma-Aldrich) 
and incubated at 37°C and 5% CO2 for 1 to 2 days to facilitate recovery from transportation prior to the 
experiments. All fluid manipulations with 96-well plates were performed mechanically at the ICCB-Long-
wood Screening Facility. The night before the chemical screening, the islets were distributed into 96-well 
plates at 75 IEQ per well in 99-μl low-glucose phenol red–free DMEM (Gibco) and incubated overnight at 
37°C and 5% CO2. The next morning, DMSO (1 μl) was added into 5 wells as a basal control; 1 μl of  100 
mM Bt2cAMP (Sigma-Aldrich) (final concentration of  1 mM) was added to 4 wells, and 1 μl of  250 nM 
exendin-4 (Sigma-Aldrich) (final concentration of  2.5 nM) was added to 4 wells, and the remaining wells 
were loaded with compounds from the chemical libraries. The plates were incubated for 4 hours at 37°C 
and 5% CO2. A single assay for each compound was conducted on 2 different occasions using different 
islet preparations. After incubation, the islets were lysed with buffer provided in the QuantiGene 2.0 kit 
and processed according to the manufacturer’s instructions using a probe system generated at Panomics 
to target human IRS2 mRNA. The average baseline for each 96-well plate was calculated using the signal 
from wells containing DMSO alone. After subtraction of  the average baseline for each plate, each 96-well 
plate median was calculated and used to normalize the specific signals for each test well on the plate. The 
normalized signals for each plate were combined and analyzed by generalized linear regression (SPSS, 
version 21.0) to identify compounds that increased IRS2 mRNA above the 95th percentile (>2.4-fold, P < 
0.05) relative to the DMSO baseline. Bt2cAMP and 77 of  the 3,300 tested compounds (2.6%) met this arbi-
trary cut-off  (Supplemental Table 1). At least 121 compounds reduced the expression of  IRS2 below the 
5th percentile (<–1.8-fold, P < 0.05), but these compounds were not further investigated (data not shown). 
A small number of  compounds that increased IRS2 mRNA levels were retested in triplicate at 4 different 
concentrations and with islets from 3 different donors. Only nontoxic compounds identified in the database 
of  the Canadian Centre for Occupational Health and Safety (www.ccohs.ca) were used in mice.

Cellular Functional GPCR Profile. The Cellular Functional GPCR Profile of  trimeprazine tartrate was 
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performed by Cerep Inc. (http://www.cerep.fr/cerep/Users/index.asp). Relative expression of  the selected 
GPCRs in human islets was estimated from array expression data deposited in the NCBI’s Gene Expres-
sion Omnibus (GEO) database (GEO GSE50398), compiled by the Beta Cell Gene Atlas Tool (http://
www.t1dbase.org/page/AtlasView/display/temp_folder_id/507810/showdata/source/rank/1).

Multiplex analysis of  gene expression in human islets. Expression levels of  12 human genes (FOXA2, 
FOXO1, FOXO3, GLK, GLUT2, INSR, IGF1R, IRS1, IRS2, MAFA, PC1/3, PDX1, GAPDH, PORIN, 
and PPIB) were determined using a QuantiGene 2.0 Custom Plex Set. The human islets were incubated 
overnight as described above for in vitro screening, except that each well of  a 96-well plate contained 250 
IEQ in 130 μl Miami 1A medium. The next day, the islets were incubated for 5 hours with 1.3 μl DMSO 
alone or with DMSO containing 1 mM Bt2cAMP or 20 μg/ml trimeprazine tartrate and analyzed accord-
ing to the manufacturer’s instructions. Conditions were tested in triplicate.

Immunoblot analysis. Human islets were prepared for experiments as described above, and mouse islets 
were isolated by collagenase digestion of  whole mouse pancreas as previously described (27). Islets were 
transferred into fresh Miami 1A medium and treated with compounds at the concentration indicated in the 
figure legends for 24 hours at 37°C and 5% CO2. After the treatments, the islets were separated from the 
medium by centrifugation and frozen immediately in liquid nitrogen and maintained at –80°C until immu-
noblotting. Islet protein lysates were resolved by SDS-PAGE, transferred to nitrocellulose membranes (Bio-
Rad), and blotted with primary Abs against Irs2 (EMD Millipore; no. MABS15); Irs1 mAb (produced in 
our laboratory); Pdx1 (Cell Signaling Technology; no. 5679S); FOXO1 (Cell Signaling Technology; no. 
2880); FOXO3A (Cell Signaling Technology; no. 2497); CREB (Cell Signaling Technology, no. 9104); 
phosphorylated CREB (Cell Signaling Technology; no. 8212S); Glut2 (EMD Millipore; no. 07-1402); and 
tubulin (Cell Signaling Technology; no. 3873S). The density of  bands was acquired and analyzed using a 
Kodak Imaging System and CareStream (version 5.0.7.23). Expression levels were normalized to tubulin 
as an internal standard.

Mice. Mice were fed ad libitum and kept under a 12-hour light/12-hour dark cycle. IRS2 whole-body–
KO male mice (Irs2–/–) on a C57BL/6 background and their male WT littermates were generated at Boston 
Children’s Hospital and fed Breeder’s Diet (5058 PicoLab Mouse Diet 20, with 9% fat). WT and Irs2–/– 
mice were genotyped by PCR as previously described (23). Female NOD mice were purchased from The 
Jackson Laboratory and fed a standard chow diet (LabDiet 5P04 Prolab RMH 3500, autoclavable, with 5% 
fat). A pair of  male and female Pdx1+/– mice (Pdx1tm1Macd/J; stock no. 005701) for breeding (67) and 25 male 
beige SCID Fox Chase mice were obtained from The Jackson Laboratory on a C57BL/b background and 
maintained at the Joslin Diabetes Center on an ad libitum lab diet (PicoLab Chow; no. 5058, with 9% fat). 
For all the experiments, blood samples were collected by tail bleeding between 8 am and 9 am, and circu-
lating glucose levels were determined using a glucometer (Bayer Elite). Serum mouse insulin levels were 
measured in tail blood using an insulin ELISA kit (Crystal Chemical); human insulin or human c-peptide 
in the beige SCID Fox Chase mice transplanted with human islets was measured with specific ELISA kits 
from ALPCO. Intraperitoneal glucose tolerance tests (IPGTTs) were performed in overnight fasted (15–16 
hours) mice after i.p. injection of  2 g D-glucose per kilogram of  body weight (68).

Drug treatments. WT, Irs2–/–, and Pdx1+/– mice received compound treatments beginning between 5 and 
6 weeks of  age. The compounds were dissolved in DMSO or saline (depending on solubility), with injec-
tions of  corresponding vehicle used as a negative control. Litter-matched WT, Irs2–/–, or Pdx1+/– mice were 
randomly divided into control (vehicle-treated) or experimental (compound-treated) groups. Each mouse 
received a single i.p. injection of  trimeprazine (10 mg/kg) on weekdays (omitting Saturdays and Sundays) 
for 3 weeks. The trimeprazine dose was increased gradually over 3 days (2.5 mg/kg, 5 mg/kg, and 10 mg/
kg) to avoid its initial sedative effects. The days of  injections for the experiment were counted from the full 
dose of  10 mg/kg.

For NOD mice, hyperglycemia was confirmed by random fed [glucose] >200 mg/dl measured twice 
over a 2- to 3-hour test interval. Diabetic NOD mice received i.p. injections of  (10 μg/mouse) of  anti-CD3 
Ab (mAb 145-2C11, see ref. 69) over 5 consecutive days, with or without 10 mg/kg trimeprazine. The 
female NOD mice used in this experiment never displayed sedation as a result of  trimeprazine adminis-
tration, so a full dose was used immediately upon the onset of  diabetes. Treatment with or without trime-
prazine was continued for the next 17 days, while random blood glucose levels were measured at the time 
intervals indicated in the legend to Figure 7.

Histological analysis. Mice were injected with or without the thymidine analog BrdU (100 mg/kg), as 



1 7insight.jci.org      doi:10.1172/jci.insight.80749

R e s e a r c h  a r t i c l e

indicated in legends to Figures 6 and 7. For Irs2–/– and WT mice, the BrdU injection was performed twice 
at 4 pm on 2 consecutive days, and mice were sacrificed at 10 am the morning after the second injection. 
NOD mice treated with or without trimeprazine for 21 days were injected with BrdU at 4 pm and sacrificed 
the next morning at 10 am (day 22 after the onset of  diabetes). Dissected pancreata were fixed with 4% 
paraformaldehyde overnight at 4°C and then transferred to 30% sucrose for overnight incubation at 4°C. 
Next, the tissues were embedded in O.C.T. Compound (Tissue-Tek), frozen and cut into 10-μm sections 
for mounting. For each mouse, at least 2 total pancreas sections, separated from each other by at least 
200 μm, were analyzed. Pancreas sections were permeabilized using 0.2% Triton X-100/PBS, and antigen 
unmasking was performed in a boiling solution of  0.01 M sodium citrate (pH 6.0) for 20 minutes. Sections 
were blocked with normal goat serum for 1 hour and incubated overnight (4°C) with guinea pig anti-insulin 
(1:100; Invitrogen; no. 18-0067) and rat anti-BrdU (1:250; Abcam; no. ab6326). Next, the sections were 
incubated for 1 hour at 22°C with DAPI nuclear stain (Invitrogen, at a final concentration of  0.3 μM) in 
ProLong Diamond Antifade Mountant (Thermo Fisher Scientific; no. P36961), together with one of  the 
following secondary Abs (1:200 dilution) obtained from Cell Signaling Technology: no. 4412, anti-rabbit 
IgG (H+L), F(ab′)2 Fragment (Alexa Fluor 488); no. 8889, anti-rabbit IgG (H+L), F(ab′)2 Fragment (Alexa 
Fluor 594); no. 4414, anti-rabbit IgG (H+L), F(ab′)2 Fragment (Alexa Fluor 647); or no. 7076, anti-mouse 
IgG, HRP-linked Ab. Composite images were created from a 10 × 10 array of  adjacent nonoverlapping 
×10 magnification images with an Axiovert Zeiss LSM 510 microscope. Images were examined for insulin- 
positive staining using the Zeiss LSM Image Browser, version 4.2.0.121, and the intensity of  immunostain-
ing was determined using Spot (Spot Imaging Solutions) or IMARIS Bitplane, version 7.6.5.

Pdx1 nuclear localization and summarization by Pdx1>MED. Pancreas sections from mice in each treatment 
group were immunostained with Abs against insulin and Pdx1 (Cell Signaling Technology; no. 5679S, 
D59H3 XP Rabbit mAb) and stained with DAPI to distinguish the nuclei from the cytosol. The immunos-
taining was separated into components and quantified by IMARIS Bitplane software, version 7.6.5. The 
average cytoplasmic Pdx1 immunostaining of  each islet (CytoPdx1) was used to normalize the nuclear Pdx1 
immunostaining (NucPdx1) of  each nucleus in each islet. The median-of-ratios in control islets (NucPdx1/
CytoPdx1) was 0.95 (n = 926 nuclei, 95% CI = 0.93–0.98). The number of  nuclei above the 95% CI was 
determined in each islet (#NucPdx1) and divided by the total number of  nuclei in the islet (#NucTot) to obtain 
a relative estimate of  nuclei with Pdx1 immunostaining above the median (Pdx1>MED) (see Supplemental 
Table 2). The values for Pdx1>MED obtained for each experimental group were compared by a GLM, with 
genotype and drug treatment as interacting factors and a Bonferroni correction for multiple comparisons.

Human islet transplantation into diabetic mice. Diabetes in male beige SCID Fox Chase mice (The Jackson 
Laboratory) was induced by a single i.p. injection of  140 mg/dl STZ (Sigma-Aldrich). Fed blood glucose 
levels above 300 mg/dl were considered diabetic and suitable for transplantation. Sixteen diabetic mice 
were anesthetized using ketamine/xylazine and placed on a heated plate for surgery. The left kidney was 
exposed through a lumbar incision, and the kidney capsule was incised. Using a Hamilton syringe (Fisher 
Scientific) and PE50 polyethylene tubing, 800 human islet equivalents (IE) were placed under the kidney 
capsule as previously described (70). The mice were randomized into 2 groups of  8 mice each. One group 
received daily saline injections (10 ml/kg) beginning 3 days after islet transplantation. The other group 
received an initial dose of  2.5 mg/kg trimeprazine, followed by 5 mg/kg the next day, and 10 mg/kg daily 
injections until the experiments were terminated. Blood glucose concentrations were measured in the tail 
blood with a OneTouch Ultra2 blood glucose meter (Life Scan Inc.) once per week at 8 am. Seventy-four 
days after the experiment was initiated, mouse insulin, human insulin, and human c-peptide levels were 
measured in fed mice. The next day, an IPGTT was conducted, the mice were anesthetized, and the kid-
neys containing the human grafts were excised and fixed in 4 % paraformaldehyde for 2 hours and stored 
in PBS at 4°C until paraffin embedding. Serial sections (5-μm) of  the entire graft were obtained. Selected 
sections were stained for insulin, (guinea pig anti-human insulin; Dako North America; 1:100 overnight). 
Sections were photographed using a Leica M420 microscope with a Nikon camera and NIS Elements 
software. The area of  each selected section was determined using ImageJ, version 1.49p (NIH) and plotted 
against the position of  the section. The volume of  the insulin stained area was estimated by calculating the 
AUC using Medcalc, version 15.10.0.

Statistics. The average ± SEM or median values, as indicated in the figure legends, were calculated using 
SPSS, version 19 or version 23, or Analyze-it, version 4.43 or version 5.51. Correlation coefficients were 
calculated with Analyze-it. Median values are shown with a black horizontal line surrounded by a box from 
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the first to third quartiles, and whiskers with end caps extending from the minimum to maximum values. A 
GLM using SPSS, version 19 or 23, was used to compare results where indicated. Bonferroni’s test was used 
to correct the P values for multiple comparisons where necessary. A P value of  less than 0.05 was considered 
statistically significant. Where indicated, statistical outliers were determined by ROUT (Q = 10%) (71).

Study approval. All animal studies were approved by the IACUC of  Boston Children’s Hospital and the 
Joslin Diabetes Center. Human donor islets were obtained from the Islet Cell Resource Center (Integrated 
Islet Distribution Program [IDP], https://iidp.coh.org/) and declared exempt from approval by the IRB of  
Boston Children’s Hospital.
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