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Significance

GPR39 is an orphan GPR whose 
physiological ligand and 
intracellular pathways in ECs 
remain poorly characterized. Our 
data indicate that inhibition of 
GPR39 protects EC functions by 
enhancing SHH signaling in aortic 
ECs. Understanding the potential 
cross-talk between GPR39 
activation and SHH signaling in 
hyperglycemia may form the 
basis for developing therapeutic 
approaches to target 
cardiovascular complications in 
diabetic patients. Our studies 
also revealed that genetic 
ablation of GPR39 significantly 
improves revascularization after 
ischemia in vivo in a type 2 
diabetic mouse model. Our 
studies open an avenue to 
preserving endothelial function 
and vascular health by targeting 
GPR39. The development of 
pharmacological or genetic 
agents to block GPR39 in ECs 
may be a fruitful area of future 
research.
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Impaired endothelial cell (EC)–mediated angiogenesis contributes to critical limb 
ischemia in diabetic patients. The sonic hedgehog (SHH) pathway participates in angi-
ogenesis but is repressed in hyperglycemia by obscure mechanisms. We investigated the 
orphan G protein–coupled receptor GPR39 on SHH pathway activation in ECs and 
ischemia-induced angiogenesis in animals with chronic hyperglycemia. Human aortic 
ECs from healthy and type 2 diabetic (T2D) donors were cultured in vitro. GPR39 
mRNA expression was significantly elevated in T2D. The EC proliferation, migration, 
and tube formation were attenuated by adenovirus-mediated GPR39 overexpression 
(Ad-GPR39) or GPR39 agonist TC-G-1008 in vitro. The production of proangiogenic 
factors was reduced by Ad-GPR39. Conversely, human ECs transfected with GPR39 
siRNA or the mouse aortic ECs isolated from GPR39 global knockout (GPR39KO) 
mice displayed enhanced migration and proliferation compared with their respective 
controls. GPR39 suppressed the basal and ligand-dependent activation of the SHH 
effector GLI1, leading to attenuated EC migration. Coimmunoprecipitation revealed 
that the GPR39 direct binding of the suppressor of fused (SUFU), the SHH pathway 
endogenous inhibitor, may achieve this. Furthermore, in ECs with GPR39 knockdown, 
the robust GLI1 activation and EC migration were abolished by SUFU overexpression. 
In a chronic diabetic model of diet-induced obesity (DIO) and low-dose streptozoto-
cin (STZ)-induced hyperglycemia, the GPR39KO mice demonstrated a faster pace of 
revascularization from hind limb ischemia and lower incidence of tissue necrosis than 
GPR39 wild-type (GPR39WT) counterparts. These findings have provided a conceptual 
framework for developing therapeutic tools that ablate or inhibit GPR39 for ischemic 
tissue repair under metabolic stress.

G protein–coupled receptor 39 | endothelial function | limb ischemia |  
angiogenesis | hyperglycemia

Impaired angiogenesis is a crucial feature in diabetes and a primary contributor to the 
pathogenesis and progression of peripheral artery disease (PAD). The risk of PAD signif-
icantly increases in diabetic patients. It can cause severe foot ulcers and critical limb 
ischemia (CLI), leading to limb amputation (1–2). The treatment for severe PAD and 
CLI relies on revascularization surgeries (1). Unfortunately, many patients are unsuitable 
for such intervention and are left with limited treatment options (3). Hence, new 
approaches to restoring tissue vascularization are urgently needed. Endothelial cells (ECs) 
play an essential role in vascular homeostasis and angiogenesis by repairing the injured 
endothelium, forming new vasculature, and secreting vasoactive factors (4). When the 
endothelium is exposed to hyperglycemia, an array of intracellular events can trigger 
endothelial deterioration. This dysfunction represents a crucial feature and pathogenic 
mechanism of aberrant angiogenesis in patients with PAD (5, 6). Therefore, restoring 
endothelial function might be an effective strategy to maintain angiogenesis and prevent 
tissue injury in diabetic patients with PAD.

G protein–coupled receptors (GPCRs or GPRs) are seven-transmembrane domain 
proteins representing the most prominent family of targets for small-molecule therapies 
(7, 8). Following stimulation of GPRs by specific agonists, signals are transduced into 
cells via the activation of heterotrimeric G proteins and/or by recruiting arrestin adapter 
proteins. Although many GPRs are known and are well characterized, there remain a 
substantial number of GPRs where cognate ligands or downstream intracellular sign-
aling pathways remain elusive. These GPRs are referred to as “orphan” receptors. 
Initially identified in 1997 as a potential GPR related to the ghrelin receptor (9), 
GPR39 remains an orphan with limited small-molecule pharmacology, which has 
restricted the efforts to understand the range of roles it may play. GPR39 is known to 
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be activated by physiological concentrations of Zn2+ and medi-
ate many zinc-dependent activities (10–12). However, increas-
ing evidence has suggested that GPR39 also displays 
ligand-independent constitutive activities. In population stud-
ies, associations have been found between polymorphic variants 
of GPR39 and the onset of pathologies, including cancer, car-
diovascular diseases, nutrition, and energy homeostasis (13–16). 
In animal studies, GPR39 has been reported to participate in 
adipocyte metabolism (17) and regulate pancreatic islet function 
(18). In the vascular system, GPR39 is differentially expressed 
among cell types (19) and modulates critical parameters such 
as smooth muscle osteogenesis (20), endothelial homeostasis 
(21), and vascular macrophage inflammation (22). While there 
is insufficient evidence to unequivocally link GPR39 and its 
mechanism of action to clinical manifestations, its association 
with cardiometabolic disorders, in combination with its engage-
ment in various cellular and molecular mechanisms contribut-
ing to PAD, warrants the study of its role in regulating EC 
function and in vivo neovascularization in the diabetic 
environment.

The sonic hedgehog (SHH) pathway robustly regulates embry-
onic development and angiogenesis and is integral for intercel-
lular communication in ECs (23–25). In the absence of the 
ligand SHH, the 7-transmembrane domain protein receptor 
smoothened (SMO) is inhibited by the 12-transmembrane 
domain protein Patched-1 (PTCH1) (26). The canonical sign-
aling occurs when SHH binds and inactivates PTCH1, releasing 
SMO to initiate downstream signaling cascades. The transloca-
tion of the transcriptional factor glioma-associated oncogene 
homologue (GLI, GLI1 is the dominant isoform) to the nucleus 
subsequently activates target gene expressions (27, 28). 
Alternatively, GLI1 activation can be suppressed by the cytosolic 
protein suppressor of fused (SUFU). SUFU directly binds GLIs 
to inhibit the translocation of GLIs to the nucleus, preventing 
GLI from basal or ligand-dependent activation (29). To date, 
the upstream regulation of SUFU is not entirely understood. A 
previous study discovered GPR39 as a potential receptor to 
mediate the action of synthetic HH signaling inhibitors in a 
SMO-independent manner (13). However, the putative roles of 
these signaling pathways in the context of EC functions remain 
unexplored. Extant studies, including ours, have demonstrated 
that SHH pathway activation can boost neovascularization in 
ischemic tissue but is defective in hyperglycemia (30, 31). 
Investigations into the mechanisms controlling this pathway will 
advance our understanding of impaired neovascularization and 
potentiate therapeutic interventions. Whether GPR39 modu-
lates SHH signaling in ECs remains unknown as the molecular 
basis for such an effect has not been established. Therefore, we 
sought to test whether the SHH pathway is an essential target 
for GPR39 to modulate EC behavior and production of 
cytokines.

In this study, we examined the impact of GPR39 knockdown 
and knockout on angiogenesis in human and mouse aortic ECs 
(MAECs) in vitro. We assessed the effect of modulation of GPR39 
levels and activity on the production of EC-derived angiogenic 
factors. Furthermore, we tested whether the SHH signal plays an 
essential role in GPR39-regulated angiogenesis. Using a mouse 
model of obesity and chronic hyperglycemia, we evaluated the 
therapeutic potential of GPR39 inhibition in the restoration of 
blood perfusion and tissue repair upon ischemic injury with the 
premise that understanding the interactions between GPR39 and 
the SHH pathway in hyperglycemic conditions may identify ther-
apeutic approaches to target cardiovascular complications in dia-
betic patients.

Results

GPR39 Expression Dictates EC Dysfunction. ECs from diabetic 
donors demonstrate impaired angiogenic ability in vitro. Consistent 
with this observation, we noted the reductions of proliferation 
(Fig. 1A), migration (Fig. 1B), and 3D tube formation (Fig. 1C) 
of type 2 diabetic (T2D) human ECs compared with healthy 
human ECs. In T2D ECs, GPR39 mRNA levels were significantly 
higher than in the healthy controls (Fig. 1D). Next, we transfected 
the healthy ECs with adenovirus carrying human GPR39 gene 
(Ad-GPR39, 30 MOI, 48 h). Real-time PCRs confirmed the 
overexpression of GPR39 mRNA levels (SI Appendix, Fig. S1A). 
Functional assays suggested that proliferation (Fig. 1E), migration 
(Fig. 1F), and tube formation (Fig. 1G) were impaired. Moreover, 
the addition of the small-molecule GPR39 agonist, TC-G-1008, 
to ECs from either healthy or T2D patients resulted in reduced 
cell proliferation (Fig. 1 H and I) and migration (Fig. 1 J and K). 
GPR39 is known to display substantial levels of ligand-independent 
constitutive activity (32, 33). The above results suggest that both 
constitutive and ligand-stimulated GPR39 activities can regulate 
EC functions. By contrast, effective knockdown of GPR39 
mRNA levels (SI Appendix, Fig. S1B) significantly enhanced 
proliferation (Fig. 1L), migration (Fig. 1M), and tube formation 
(Fig.  1N) of ECs from healthy subjects and migration of ECs 
from T2D donors (Fig. 1O). Similarly, ECs isolated from GPR39 
global knockout (GPR39KO) mice displayed enhanced migration 
(Fig. 1P) and tube formation (Fig. 1Q) compared with their wild-
type counterparts (GPR39WT). There was also a trend toward the 
enhanced proliferation of GPR39KO mouse ECs, but this was not 
statistically significant (Fig. 1R; P = 0.0931 vs. GPR39WT ECs). 
These observations demonstrate an inhibitory role of GPR39 in 
EC angiogenesis in humans and mice.

Overexpression of GPR39 Suppresses EC-Derived Angiogenic 
Factors. The ECs participate in neovascularization by forming 
the vessels and/or secreting vasoactive cytokines/growth factors 
to facilitate the process. In addition to examining EC behavioral 
changes, we also assessed the EC-derived cytokine/growth factor 
profile following GPR39 overexpression using a comparative 
Proteome Profiler array of 55 different angiogenic mediators. 
Fig. 2A shows the relative abundance of these factors. We found 
that GPR39 overexpression significantly reduced the protein levels 
of many critical angiogenic factors, including vascular endothelial 
growth factor (VEGF), interleukin-8 (IL-8), coagulation factor-III 
(Cog factor III), epithelial growth factor (EGF), angiopoietin-1 
(ANG1), serpin E1, and dipeptidyl peptidase IV (DPP IV), in 
ECs from healthy subjects (Fig. 2 B and C). In parallel, real-time 
PCR analyses showed significant downregulation of mRNA levels 
of these molecules following GPR39 overexpression (Fig. 2D), 
suggesting that suppression of the angiogenic factors by GPR39 
is mediated at the transcriptional level. Only two molecules, 
placental growth factor (PIGF) and platelet-derived growth factor 
AB (PDGF-AB), were decreased at mRNA levels but increased 
at protein levels upon GPR39 overexpression (Fig. 2 C and D). 
In line with the protein array, the culture media collected from 
ECs overexpressing GPR39 (treated with Ad-GPR39 using Ad-
GFP as controls) inhibited EC migration in vitro (Fig. 2E), while 
the addition of such medium to ECs with GPR39 knockdown 
(transfected with GPR39 siRNA using scrambled oligonucleotides 
as controls) stimulated EC migration (Fig.  2F). Furthermore, 
we tested the requisite nature of these proangiogenic factors, 
including serpin E1, EGF, VEGF, IL-8, Cog factor III, and 
ANG1, in GPR39-modulated EC angiogenesis by simultaneously 
knocking down GPR39 and each of these angiogenic factors, 
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followed by the evaluation of EC function using the migration 
assay. Our data suggested that serpin E1, Cog factor III, IL-8, and 
ANG1 were essential for GPR39-modulated EC migration (Fig. 2 
G and F). IL-8 and serpin E1 were most significant. Although 
VEGF appeared to also contribute, this was not statistically 
significant. Notably, knocking down each of these factors did 
not completely blunt the increased EC migration by GPR39 
knockdown, suggesting that multiple factors are contributing to 
GPR39-modulated angiogenesis.

Deletion of GPR39 Augments the SHH Signaling Pathway. 
Next, we sought to understand the mechanism(s) transducing 
suppression of various angiogenic genes by GPR39. The SHH 
pathway is a potent angiogenic pathway through its effector GLI. 
We determined whether the SHH module is essential for GPR39-
mediated EC function. Indeed, the enhanced EC migration in 

response to GPR39 knockdown was blunted by the simultaneous 
knockdown of GLI (Fig.  3A). Similarly, silencing GLI1 in 
GPR39KO ECs significantly limited cell migration (Fig.  3B), 
suggesting an essential role of the SHH pathway in GPR39-
modulated EC function. Next, we used a GLI-luciferase reporter 
assay to determine the activation of the SHH pathway in ECs in 
which the expression of GPR39 was manipulated. The luciferase 
signal indicates GLI1 activation in the nucleus. GLI1 activity was 
increased following GPR39 knockdown in ECs from both healthy 
(Fig. 3C) and T2D subjects (Fig. 3D) in both basal conditions 
and upon the addition of SHH ligand. Although not achieving 
statistical significance, a similar trend was noted in ECs from both 
GPR39KO and GPR39WT mice (Fig. 3E). In contrast, adenovirus-
mediated gene transfer of GPR39 limited both constitutive and 
ligand-dependent GLI1 activations (Fig. 3F). These results suggest 
that the loss of GPR39 is sufficient to activate GLI1 without ligand 

Fig. 1. Overexpression of GPR39 results in deterioration of EC function and GPR39 suppression rescues (EC functions). The functions of human aortic ECs 
from healthy and T2D donors were evaluated by proliferation (A), migration (B), and 3D tube formation (C). In each assay, n = 5 per group, **P < 0.01. (D) The 
up-regulated GPR39 mRNA levels in T2D ECs compared with healthy ECs. n = 5 per group, **P < 0.01. Healthy ECs transfected with adenovirus carrying human 
GPR39 gene with a GFP tag (Ad-GPR39) demonstrated impaired proliferation (E), migration (F), and 3D tube formation (G) compared with adenovirus carrying egfp 
(Ad-GFP)-treated controls. n = 5 per group. GPR39 agonist TC-G-1008 impaired proliferation (H and I) and migration (J and K) in healthy and T2D ECs. n = 5, **P < 
0.01 vs. per group. Functional assays determined that healthy ECs transfected with siRNA targeting human GPR39 (GPR39 siRNA) had enhanced proliferation (L), 
migration (M), and 3D tube formation assay (N) compared with the control group transfected with a scrambled siRNA (scramble). n = 5 per group, **P < 0.01. In 
T2D ECs, GPR39 siRNA significantly augmented migration (O). n = 5 per group, **P < 0.01. Similarly, GPR39KO MAECs show enhanced migration (P) and 3D tube 
formation (Q) compared with GPR39WT MAECs. n = 6 per group, **P < 0.01. The cell proliferation indicated a trend toward enhanced proliferation in GPR39KO 
MAECs but did not reach significance (R). All the figures show representative images next to the dot plot figure. (Scale bars, 200 µm in migration and 400 µm in 
3D tube formation.) HPF, high-power field. Data are presented as mean ± SD. P values were determined by the Mann–Whitney U test.
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Fig. 2. GPR39 suppresses EC-derived angiogenic factors. (A) Heat map generated from the Proteome Profiler Human Angiogenesis Array reflecting protein 
expression values of 55 proteins in human aortic ECs transfected with adenovirus carrying GFP (Ad-GFP) or adenovirus carrying human GPR39 (Ad-GPR39). 
Samples are arranged in columns (n = 5 per group), and proteins are arranged in rows. Red shades show increased expression of angiogenesis array proteins; 
green shades indicate reduced expression, and black indicates median expression. (B) Representative images of the Proteome Profiler Human Angiogenesis 
Array from the same sample transfected with Ad-GFP (Top) and Ad-GPR39 (Bottom). n = 5 per group. The angiogenic mediators with statistical significance are 
shown using colored rectangles. The unlabeled spots represent other angiogenic mediators that did not show a statistical difference between the control and 
treatment groups. (C) Quantification of densitometric values of angiogenesis mediators from the Proteome Profiler Human Angiogenesis Array. n = 5 per group, 
*P < 0.05. (D) mRNAs corresponding to the protein array angiogenesis mediators. n = 5 per group, *P < 0.05. (E) Healthy ECs were transfected with Ad-GPR39 
or Ad-GFP for 48 h. Conditioned media were collected to use on ECs for the migration assay. n = 5 per group, *P < 0.05. (F) Healthy ECs were transfected with 
GPR39 siRNA or scrambled oligos for 48 h. Conditioned media were collected to use on ECs for the migration assay. n = 5 per group, *P < 0.05. (G) Migration 
assay of healthy ECs transfected with GPR39 siRNA together with scramble control, siRNA against human serpine E1 (si-SERPINE1), vascular endothelial growth 
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binding to canonical membrane receptors. The observation further 
supported that cyclopamine, a known inhibitor of SMO, could 
not abolish the ligand-dependent activation when GPR39 was 
knocked down by siRNA (Fig. 3G). Together, these observations 
suggest that GPR39 interferes with the SHH pathway at the 
postmembrane receptor level, suggesting that the interaction 
molecule(s) is downstream of SMO in the SHH pathway. We 
then measured the protein levels of molecules within the SHH 
signaling pathway in GPR39-manipulated ECs. PTCH1 and 
GLI1 protein levels were elevated in ECs from GPR39KO mice 
(Fig.  3H), which supported the activation of SHH pathway 
because GLI1 and PTCH1 are conserved SHH pathway targets, 
and their expressions are typically used to measure SHH signaling 
activity (34). On the other hand, PTCH1 and GLI1 protein levels 
decreased upon Ad-GPR39 transfection, while SHH, SMO, and 
SUFU remained comparable (Fig. 3I). To determine the molecular 
basis for GPR39 regulation of SHH signaling, we conducted 
coimmunoprecipitation (Co-IP) experiments. GFP-tagged 
GPR39 was pulled down for the detection of its binding partners. 
Our data indicated that GPR39 directly interacted with SUFU but 
not with SHH, PTCH1, SMO, or GLI1 (Fig. 3J). These findings 
suggest that, through binding with SUFU, the negative regulator 
downstream of SMO, GPR39 inhibition relieves the suppression 
of SUFU on GLI1 activation, bypassing the canonical membrane 
receptors and initiating the downstream signaling pathway 
cascade. Indeed, the GLI-luciferase reporter assay suggested that 
reinstallation of SUFU (by an expression plasmid carrying human 
SUFU) led to complete suppression of GLI1 activation permitted 
by GPR39 siRNA at the basal level upon SHH ligand stimulation 
(Fig. 3K). The robust migration induced by GPR39 knockdown 
was completely abolished by the restoration of SUFU (Fig. 3L). 
Furthermore, to test whether increased glucose level stimulates 
GPR39 signaling and GPR binding to SUFU, we exposed ECs to 
high glucose (25 mM for 72 h). Our data indicated that there was 
a trend of increased GPR39 mRNA expression under high-glucose 
conditions, but this was not statistically significant (P = 0.0625; 
Fig.  3M). GLI1 activation was attenuated under high-glucose 
conditions and was further worsened by the overexpression of 
GPR39 (Fig. 3N). This is possibly related to the enhanced binding 
of GPR39 to SUFU, as indicated by the coimmunoprecipitation 
assay (Fig. 3O).

GPR39 Deletion Accelerates Ischemia-Induced Neovascularization 
in Hyperglycemia In Vivo. Tissue ischemia is one of the strongest 
stimuli of neovascularization in  vivo in which ECs play a vital 
role (35). The hind limb ischemia model and PAD patients 
with CLI frequently show similar neovascularization patterns 
with arteriogenic responses of remodeling collateral arteries in 
proximal tissue and angiogenic response of forming capillaries 
in distal ischemic tissue (35, 36). When hind limb ischemia 
surgery is performed in animals with chronic pathologies, such as 
hyperglycemia and atherosclerosis, this model is the most used to 
mimic the clinical situation of PAD patients where comorbidities are 
present (37–39). We created an obese and a chronic hyperglycemia 
model in GPR39WT and GPR39KO mice using the schema 

highlighted in Fig. 4A, based on previously published protocols 
(40). Diet-induced obesity (DIO) was induced over 10 wk before 
animals were rendered hyperglycemic by five injections of low-dose 
streptozotocin (STZ) for an additional 8 wk (~2 mo), while the 
high-fat diet was continued. Such a protocol models pathologies 
in human type 2 diabetes, including obesity, insulin resistance, 
and hyperglycemia. A standard diet with STZ injections served 
as a hyperglycemic group, and DIO with citrate buffer injections 
served as a nondiabetic obese control. In male GPR39WT mice, 
the high-fat diet induced weight gain and blood glucose increase, 
but blood glucose levels stayed unchanged in females (SI Appendix, 
Fig. S2 A and B). At each checkpoint (DIO at 16 wk and DIO + 
STZ at 24 wk), there was a significant difference in body weight 
and blood glucose between males and females. We monitored the 
blood glucose levels of both females and males receiving STZ for 12 
wk. Our results showed that both male GPR39KO and GPR39WT 
mice developed moderate hyperglycemia, but female GPR39KO 
and GPR39WT mice remained normoglycemic until 12 wk  
(SI Appendix, Fig. S2C). This sex-specific dimorphism was consistent 
with previous reports that male but not female mice are prone to 
DIO and STZ-induced hyperglycemia (41–43), and estrogen has 
been speculated to play a protective role in metabolic homeostasis 
against nutrient or pharmacological stress (44). We performed 
femoral arterial ligation in these animals. There are variations in 
surgical procedures of inducing hind limb ischemia that impact on 
neovascularization assessment (36). We used the double ligations 
of the femoral arteries (one was distal to the origin of the deep 
branch, and the other was above the bifurcation of the saphenous 
and popliteal arteries), which created a higher degree of tissue 
ischemia and damage, allowing us to evaluate both arteriogenesis 
(the remodeling of the collateral arteries) in the thigh muscles and 
angiogenesis (capillary formation) in the calf muscle. The blood 
flow recovery was monitored by a laser Doppler imager, while 
tissue necrosis was assessed and scored for 4 wk after surgery. In 
the STZ-induced chronic hyperglycemia model, GPR39KO mice 
restored blood perfusion faster than GPR39WT mice (Fig. 4 B and 
C), while there was no difference between GPR39KO and GPR39WT 
mice when they were normoglycemic (Fig. 4B). The GPR39KO-
STZ (hyperglycemic but not obese) mice had developed increased 
arteriolar numbers compared with GPR39WT-STZ (Fig. 4 D and 
E), with a tendency to form larger arteries (P = 0.0753; Fig 4F), as 
measured by immunofluorescent staining of α-smooth muscle actin 
(SMA) and CD31 (also known as platelet EC adhesion molecule, 
PECAM-1). The capillary density in the calf muscle was higher 
in GPR39KO-STZ than that in GPR39WT-STZ mice (Fig. 4G), 
as measured by immunohistological staining for CD31. The 
recovery curve of blood perfusion was comparable between DIO-
GPR39KO mice and DIO-GPR39WT mice (Fig. 4 H and I). Indeed, 
no differences were found between SD-GPR39KO, GPR39WT-
SD, GPR39KO-DIO, and GPR39WT-DIO mice. However, in the 
DIO + STZ model, the GPR39KO mice displayed a significant 
acceleration of blood perfusion recovery compared with GPR39WT 
mice (Fig. 4 H and I). The muscles from GPR39KO-DIO + STZ 
(hyperglycemic and obese, considered mimicking type 2 diabetes) 
mice showed higher arterial numbers (Fig. 4 J and K) and more 

factor (si-VEGFA), epithelial growth factor (si-EGF), interleukin-8 (si-IL-8), coagulation factor-III (si-Cog factor III), and angiopoietin 1 (si-ANG1) for 48 h using double 
amount of scrambled oligo as control. The quantification is shown in Top panel, and representative images of migrated cells were shown in Lower panel. Data 
are represented as mean ± SD. When a comparison was made between two groups, P values were determined by the Mann–Whitney U test. The P values were 
determined by the Mann–Whitney U test. When a comparison was made between more than two groups of treatments, the P values were first determined by 
the Kruskal–Wallis test across all the groups, and if significant, the pairs of primary interest, based on scientific rationale, were assessed using the Mann–Whitney 
U test with Benjamini, Krieger, and Yekutieli’s adjustment for multiple comparisons. The significant differences that came from post hoc comparisons of groups 
were noted.

http://www.pnas.org/lookup/doi/10.1073/pnas.2208541120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208541120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2208541120#supplementary-materials
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prominent arteries (Fig. 4L) compared with those from GPR39WT 
counterparts. The robust arteriogenesis in GPR39KO-DIO+STZ 
mice was accompanied by augmentation of capillary density in 
the calf muscle (Fig. 4M). Furthermore, the incidence of necrotic 
tissue was lower in GPR39KO than in GPR39WT mice in both the 
DIO and DIO-STZ models (Fig. 4N). No necrosis was observed in 
DIO-GPR39KO mice, and only one DIO + STZ GPR39KO mouse 

developed tissue necrosis. These observations further substantiate 
our hypothesis that GPR39 deletion protects tissue recovery from 
ischemia-induced injury, and this was attributed to enhanced 
arteriogenesis and angiogenesis.

In the female mouse study, we continued to monitor body weight 
and blood glucose in females receiving a high-fat diet for an extended 
period. Both GPR39KO and GPR39WT female mice showed a mild 

Fig. 3. GPR39 suppresses the activation of the SHH pathway. (A) The migration of human ECs transfected with GLI1 siRNA and/or GPR39 siRNA using transfection 
of scramble sequence as control. n = 4 per group; ***P < 0.001 and ****P < 0.0001. (Scale bar, 200 μm.) (B) The migration of GPR39KO and GPR39WT MAECs 
receiving GLI1 siRNA or scramble controls. n = 4 per group; *P < 0.05 and ***P <0.001. (Scale bar, 200 μm.) GLI-luciferase reporter assays revealed that silencing 
GPR39 increased the GLI1 activation at the basal levels and upon SHH peptide stimulation in healthy ECs (C) and T2D ECs (D). n = 5 per group, *P < 0.05. 
GPR39KO MAECs showed a trend of increased GLI1 activation compared with GPR39WT ECs (E). On the contrary, overexpression of GPR39 by adenovirus-mediated 
human GPR39 gene transfer (Ad-GPR39) significantly reduced GLI1 activation (F). n = 5 per group; *P < 0.05 and **P < 0.01. (G) GLI1 activation at the basal level 
and upon SHH peptide stimulation in healthy human ECs transfected by GPR39 siRNA with or without simultaneous treatment of SMO inhibitor cyclopamine 
(5 µM) using transfection of scramble sequence as control. The GLI1 activation was measured by the GLI1-luciferase reporter assay. n = 5 per group, *P < 0.05. 
(H) Protein expression of SHH, SMO, Patched-1 (PTCH1), SUFU, and GLI1 in GPR39WT and GPR39KO MAECs. n = 5 per group, *P < 0.05. (I) Protein expression of 
SHH, SMO, PTCH1, SUFU, and GLI1 in healthy human ECs transfected with Ad-GPR39 or Ad-GFP. n = 5 per group. (J) Coimmunoprecipitation (Co-IP) of GPR39 
and SHH pathway proteins. Healthy human ECs were transfected with Ad-GPR39-GFP or Ad-GFP. The GPR39 was pulled down by an antibody against its GFP 
tag. The Co-IP protein lysate was probed for SHH pathway proteins, including SHH, PTCH1, SMO, SUFU, and GLI1. Of these, only SUFU showed binding with 
GPR39-GFP but not SHH, PTCH1, SMO, or GLI1. The quantification of coimmunoprecipitated SUFU was shown in the Left panel. The representative bands of 
SUFU in Co-IP protein lysate and SUFU in immunoblotting (IB) of whole-cell lysate from the same sample were shown in the Right panel. n = 5 per group, *P < 
0.05. (K) GLI1 activation at the basal level and upon SHH peptide stimulation in healthy human ECs transfected by GPR39 siRNA with or without simultaneous 
transfection of SUFU overexpression plasmid (48 h) using transfection of scramble sequence and control plasmid as control. The GLI1 activation was measured 
by the GLI1-luciferase reporter assay. n = 5 per group. **P < 0.01; ***P < 0.001. (L) The migration of human ECs transfected with GPR39 siRNA with or without 
simultaneous transfection of SUFU overexpression plasmid (40 ng/104 cells, 48 h) using transfection of scramble sequence and control plasmid as control. n = 
4 per group, *P < 0.05. (Scale bar, 200 μm.) (M) GPR39 mRNA levels in healthy ECs exposed to high-glucose condition (25 mM) for 72 h using 5 mM glucose and 
20 mM mannitol as control. n = 5. (N) GLI1 activation at the basal level and upon SHH peptide stimulation in human ECs exposed to high-glucose condition (25 
mM) for 72 h at the basal level and upon SHH peptide stimulation using 5 mM glucose and 20 mM mannitol as control. The GLI1 activation was measured by the 
GLI-luciferase reporter assay. n = 5. *P < 0.05; ***P < 0.001. (O) Co-IP of GPR39 and SUFU protein. Healthy human ECs were transfected with Ad-GPR39 or Ad-
GFP followed by 72 h of 25 mM or 5 mM glucose treatment. The GPR39 was pulled down by an antibody against its GFP tag. The coimmunoprecipitated protein 
lysate was probed for SUFU protein. The quantification of coimmunoprecipitated SUFU in Co-IP protein lysate is shown. In all the figures, data are represented 
as mean ± SD. When a comparison was made between two groups, the P values were determined by the Mann–Whitney U test. When a comparison was made 
between more than two groups of treatments, the P values were first determined by the Kruskal–Wallis test across all the groups, and if significant, the pairs of 
primary interest, based on scientific rationale, were assessed using the Mann–Whitney U test with Benjamini, Krieger, and Yekutieli’s adjustment for multiple 
comparisons. The significant differences that came from post hoc comparisons of groups were noted.
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body weight gain but did not display hyperglycemia until 26 wk of 
maintenance on the high-fat diet (Fig. 4 O and P). In the DIO + 
STZ group, the female mice displayed obesity and hyperglycemia at 
the 27th wk (33 wk of age). Although there was no difference in 
blood glucose values between female GPR39KO and GPR39WT mice, 
the body weights of female GPR39WTDIO-STZ mice tended to be 
higher than those of female GPR39KO DIO-STZ mice at 40 wk 
(Fig. 4O). Once they became obese and hyperglycemic (~13 wk after 
STZ injections), hind limb ischemia surgery was performed, and the 
blood perfusion recovery was recorded. Our data showed that 
GPR39KO females performed much better in recovering blood per-
fusion (Fig. 4Q) and preserving tissue viability in ischemia than 
GPR39WT females (Fig. 4R), consistent with our findings in the 
males.

Discussion

In this study, we have identified a role for GPR39 in EC-mediated 
neovascularization: an antiangiogenic signaling molecule inde-
pendent of its function as a zinc sensor. Support for this role has 
come from its elevated expression in ECs from T2D patients, its 
inhibition of EC functions in vitro, its attenuation of the SHH 
pathway at the levels of both constitutive and ligand-stimulated 
activation, and its critical function in revascularization during 
tissue ischemia in T2D animals in vivo. Genetic or pharmacolog-
ical inhibition of GPR39 benefits EC functions in vitro, restoring 
SHH pathway activation, revitalizing neovascularization, and 
protecting against tissue necrosis under chronic metabolic stress 
in vivo (Fig. 5). GPR39 binds with SUFU and enhances its inhi-
bition of GLI1. In diabetes, the elevated GPR39 initiated the 
downstream signaling cascades by enhancing the inhibition of 
SUFU on GLI1 activation, suppressing EC function and endothe-
lium-derived cytokines and growth factors for neovascularization. 
Together, these data strongly suggest regulatory roles for GPR39 
based on its robust interactions with the SHH pathway, potentially 
affecting therapeutic angiogenesis.

We observed several differences from previously reported out-
comes concerning the in vivo studies despite these clear outcomes. 
For example, altered metabolism in adipocytes from GPR39KO 
mice has previously been reported in response to a high-fat diet 
(45), and mpaired glucose-stimulated insulin secretion was found 
both in vivo and in vitro (18). However, another study failed to 
distinguish differences in body weight, food intake, glucose, and 
insulin levels between GPR39KO and GPR39WT mice at young 
ages (46). In our pilot studies, GPR39KO mice at 24 wk of age 
possessed lower fasting blood glucose compared with GPR39WT 
mice (SI Appendix, Fig. S3A), with intact glucose tolerance  
(SI Appendix, Fig. S3B) and insulin response (SI Appendix, Fig. 
S3C). In the DIO-STZ model, there were no significant 
differences in body weight (SI Appendix, Fig. S4A) or blood glu-
cose levels (SI Appendix, Fig. S4B) between GPR39KO and 
GPR39WT mice. It may be germane to point out that age seems 
to be a significant factor affecting the physiological roles of 
GPR39 because most of the positive findings on glucose metab-
olism or insulin sensitivity induced by GPR39 deletion were 
observed in aged animals. Given that a large proportion of T2D 
patients is from the more aging population, future investigations 
into GPR39-induced age-related mechanisms in glucose metab-
olism appear to be a fertile area for investigation. Nonetheless, 
our in vivo studies in male and female GPR39KO mice have clearly 
demonstrated an enhanced protective phenotype against ischemia 
injury and acceleration of tissue repair induced by GPR39 dele-
tion (Fig. 4), suggesting the potential efficacy of GPR39-based 
therapeutic intervention in patients with PAD.

The EC-derived cytokines and growth factors are pivotal to 
neovascularization in response to ischemic tissue injury. Our data 
showed that GPR39 suppressed multiple proangiogenic factors 
produced by ECs, particularly those with high abundance and 
high proangiogenic potency, for example, serpin E1, VEGF, EGF, 
IL-8, and ANG1 (Fig. 2C). Meanwhile, GPR39 also regulates 
EC-derived proarteriogenic factors, such as MCP1, GM-CSF, and 
FGF2 (SI Appendix, Fig. S5). This observation was consistent with 
GLI1 activities controlled by GPR39 (Fig. 3G) because many of 
these molecules are target genes of GLI transcription response to 
SHH signaling (47, 48). We actually tested whether these 
cytokines/growth factors were due to SHH/GLI1-mediated tran-
scriptional activation by knocking down GLI1 followed by the 
EC migration assay. Our data indicated that among all GPR39-
modulated angiogenic factors, Cog factor III and IL-8 were reg-
ulated through GLI1 activation (SI Appendix, Fig. S6). Two 
molecules, PIGF and PDGF, were found to increase protein levels 
upon GPR39 overexpression despite their decreased mRNA levels. 
The potential posttranslational regulations that lead to discrepan-
cies in protein and mRNA levels, for example, interactions with 
translational factors and ribosomes, cellular compartment alloca-
tions, or protein stability, remain elusive. In addition, the protein 
array unveiled the suppressive effect of GPR39 on DPP IV, a 
multifunctional protein not only promoting angiogenesis but also 
mediating degradation and inactivation of glucagon-like peptide-1 
(GLP-1) (49). Indeed, DPP IV inhibitors are currently in use for 
the management of type 2 diabetes as they prevent the degradation 
of GLP-1, thereby maintaining therapeutic levels of GLP-1 in 
circulation (50). With those differences mentioned above in exper-
imental observations in glucose metabolism in the GPR39KO 
animals, investigations into tissue- or cell type–specific antagonism 
of GPR39 are needed to elucidate its therapeutic value.

In the ischemic environment, hypoxia is a key driver for aug-
menting proangiogenic factor production. We did not observe 
significant changes in GPR39 mRNA under hypoxia (SI Appendix, 
Fig. S7A). The mRNA levels of serpine E1 and VEGFA were 
significantly increased by hypoxia or ablation of GPR39  
(SI Appendix, Fig. S7B). However, under hypoxia, they were com-
parable between control and GPR39-depleted cells, suggesting 
hypoxia did not affect GPR39-modulated proangiogenic factor 
in ECs. Muscle-derived but not EC-derived proangiogenic mol-
ecules would play a key role in neovascularization. To test whether 
skeletal muscle–derived angiogenic factors took part in the faster 
recovery of the GPR39KO mice, we recovered the ischemic gas-
trocnemius muscle samples from GPR39KO and GPR39WT mice 
on day 7 after the surgery when tissue ischemia was present and 
robust vascularization response occurred. Any visible vessels or 
connective tissues were removed from the samples as much as 
possible to ensure that skeletal muscles remained the predominant 
content. Our results demonstrated comparable mRNA levels of 
VEGF, EGF, IL-8, Cog factor III, serpin E1, and ANG1 in 
ischemic GPR39KO and GPR39WT muscles (SI Appendix, Fig. 
S7C), suggesting that similar to ECs, the regulation of GPR39 on 
angiogenic factor production was not altered in hypoxia.

Apart from these contradictory results of GPR39 regulation 
of body weight and glucose metabolism, the biological function 
of GPR39 has been attributed to the sensing and mediating of 
the physiological functions of Zn2+. Because Zn2+ is an essential 
mineral that regulates various biological molecules (e.g., tran-
scription factors, enzymes, and others), the studies of GPR39 
have been focusing on growth, morphogenesis, immune 
response, neurosensory, and endocrine functions (51). However, 
manipulating GPR39 does not always reconcile alterations in 
cellular function based on alterations in Zn2+ levels. For 
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Fig. 4. Genetic deletion of GPR39 facilitates ischemia-induced angiogenesis in male and female mice with chronic hyperglycemia. (A) Protocols used to develop 
animal models of chronic conditions, including hyperglycemia induced by low-dose STZ injections, high-fat (HF) diet–induced obesity (DIO), and type 2 diabetes 
induced by both DIO plus low-dose STZ injections using standard diet (SD) plus vehicle (citrate buffer) injection as healthy control. Hind limb ischemia was 
created in these animals by unilateral femoral artery ligation. A laser Doppler imager was used to monitor the blood perfusion during the recovery phase (4 
wk). The perfusion index was calculated by the percentage of blood perfusion read in the ischemic limb to that in sham surgery–operated limb in the same 
animal. (B) Blood perfusion in the male GPR39WT and GPR39KO mice with STZ-induced hyperglycemia. n = 5 per group, *P < 0.05 vs. GPR39WT-STZ at the same 
time point. Representative images of blood perfusion are shown at (C). The collateral arteries in the media thigh muscles harvested on day 7 and day 28 after 
surgery were evaluated by fluorescent staining of anti-α-SMA and CD31. Representative images are shown in (D), and the quantification of arterial density and 
arterial diameter in day 28 samples are shown in (E) and (F), respectively. n = 5 per group, *P < 0.05. (Scale bar, 200 μm.) (G) The capillary density of ischemic 
muscle sections from GPR39WT-SD, GPR39KO-SDGPR39WT-STZ, and GPR39KO-STZ mice by CD31 fluorescent staining. n = 5 per group, *P < 0.05. Representative 
images are shown in the Right panel. (Scale bar, 400 μm.) (H) Blood perfusion in the male GPR39WT and GPR39KO mice with type 2 diabetes induced by DIO + STZ 
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example, at micromolar levels, Zn2+ promotes EC survival 
in vitro (52). Moreover, the GPR39 agonist TC-G-1008 
decreases macrophage inflammatory response and monocyte 
attachment to ECs when challenged with oxidized low-density 
lipoprotein in vitro (53). Zinc is an essential element in cell 
culture, and the sera used at 5 to 10% in the culture media 
provide sufficient Zn2+ (ranging from picomolar to single-digit 
nanomolar) for cell growth and survival. Our in vitro experi-
ments demonstrated that at low Zn2+ levels, GPR39 overexpres-
sion or activation by TC-G-1008 in ECs resulted in detrimental 
consequences, distinct from previous findings at physiological 
concentrations of Zn2+ or in immune cells, suggesting that 
endothelial GPR39 might mediate activities through an endog-
enous ligand in an autocrine manner, independent of its func-
tion as a Zn2+ sensor. It is beyond the scope of the current study 
to screen for physiologically relevant endogenous ligands apart 
from Zn2+ for endothelial GPR39. However, our in vivo studies 
in which physiological concentrations of Zn2+ were present 
show that inhibition of GPR39 promotes EC angiogenesis and 
facilitates tissue recovery from ischemic injury.

Another potential limitation of our study was that we utilized 
macrovascular ECs because they are more stable than microvas-
cular ECs, which are known to rapidly lose their endothelial char-
acteristics in cell culture with passages and are prone to senescence 
(54). However, we also appreciate the heterogeneity of ECs at 
different anatomic locations of the vascular tree (55). To better 
capitulate EC behaviors in limb ischemia in vivo, skeletal muscle 
microvascular ECs may be suitable for future studies.

In conclusion, the present study provides the pathophysiolog-
ical and mechanistic basis by which inhibition of GPR39 enhances 
EC-mediated angiogenesis via SHH pathway activation, resulting 
in the acceleration of blood perfusion recovery in ischemic tissue. 
Our observations could potentially open up avenues for future 
translational research to promote efforts designed to identify 
cell-specific antagonists of GPR39 for potential clinical interven-
tion in the treatment of tissue ischemia and diabetes-related vas-
cular complications. Indeed, the development of such 
small-molecule compounds would help in the further validation 
of our hypothesis via pharmacological approaches.

Materials and Methods

Animals. GPR39 knockout mice (GPR39KO on the C57BL/6 background) and their 
wild-type littermates (GPR39WT) were transferred from Dr. Michal Hershfinkel’s 
laboratory in Israel. To create an animal model of chronic hyperglycemia, we 
injected the animals (at the age of 16 wk) with STZ at 50 mg/kg for five consecutive 
days (STZ group). Citrate buffer was injected into the control (WT) group. To create 
a T2D model, the animals were maintained on a high-fat diet (Research Diets, 
D12492) from 6 wk of age for 10 wk (when at the age of 16 wk) and then received 
additional low-dose STZ via intraperitoneal injections for 7 d (day 1 at 50 mg/kg 

and days 2 to 7 at 25 mg/kg). All animal experiments were performed accord-
ing to the Wayne State University Institutional Animal Care and Use Committee 
(IACUC) guidelines.

Cell Culture. Human aortic ECs from healthy and T2D donors were purchased 
from Lonza and were cultured in endothelial growth media-2 (EGM-2; Lonza, 
CC-3162) at 37 °C and 5% CO2. Mouse ECs were isolated from male mice at 
the age of 6 to 10 wk and expanded in vitro in DMEM supplied with EC growth 
supplement (ECGS; 75 mg/L, Sigma) and 10% fetal bovine serum (FBS) using 
the previously published protocol (56). The human and mouse ECs were used 
between passages 5 and 7. GPR39 levels were modulated in these cells using 
either small interfering RNA transfection or adenovirus transfection.

Human aortic endothelial cell (HAEC) and mouse aortic endothelial 
cell (MAEC) Functional Assay (BrdU Proliferation, Migration, and 3D 
Tube Formation Assays). EC proliferation was evaluated using the BrdU Cell 
Proliferation Assay Kit (Cell Signaling, #6813). Optical density at 450 nm was 
recorded using a BioTek Epoch spectrophotometer. Cell migration was evaluated 
with the Boyden chamber migration assay (Transwell Costar, 6.5 mm diameter 
and 8 µm pore size) according to the manufacturer’s instructions. Migrated cells 
were counted using an EVOS fluorescence microscope under ×20 magnification 
at four high-power random fields (HPFs). The angiogenic ability of the ECs was 
measured using a 3D tube formation assay. Images of the tubes were taken at 
three random fields per well under ×200 magnification using an EVOS fluores-
cence microscope.

Transcriptional Activities of GLI by GLI-luciferase Reporter Assay. The 
activation of the SHH pathway was measured by detecting the expression of 
a luciferase reporter gene under the control of a GLI-responsive promoter (GLI-
luciferase). The SHH signaling was measured by detecting the luminescence 
before (basal) and 90 min after adding the SHH ligand at 0.1 ng/mL using a 
GloMax® Luminometer (Promega).

Western Blot Analysis. Procedures were performed as previously described 
(57). SI Appendix, Table S3 describes the antibodies used.

Coimmunoprecipitation Assay. Healthy ECs were transfected with the adeno-
virus carrying human GPR39 with a GFP tag (Ad-GFP-GPR39) or the adenovirus 
with only a GFP tag (Ad-GFP) as control. The Co-IP was performed according to the 
manufacturer’s protocol using the GFP-Trap® Agarose Kit (#gtak-20, ChromoTek) to 
immunoprecipitate the GFP-tagged GPR39 from cell lysates. The eluted samples 
were analyzed by western blot. SI Appendix, Table S3 describes the antibodies 
used.

Real-Time PCR Analysis. Total RNA was extracted using the RNeasy Mini Kit 
(Qiagen) following the manufacturer’s instructions. The primer information is 
shown in SI Appendix, Table S1.

Human Proangiogenic Protein Array. ECs at 80% confluence were trans-
fected with Ad-GPR39 or Ad-GFP as control, and the Proteome Profiler Human 
Angiogenesis Array (R&D Systems, #ARY007) was performed as described pre-
viously (58).

Hind Limb Ischemia Surgery. The femoral artery was isolated from the nerves 
and vein. The proximal portion of the femoral artery and the distal portion of the 

using DIO as obese controls. n = 5 per group, *P < 0.05 vs. GPR39WT-DIO + STZ at the same time point. Representative images of blood perfusion are shown at (I). 
The collateral arteries in the media thigh muscles harvested on day 7 and day 28 after surgery were evaluated by fluorescent staining of anti-α-SMA and CD31. 
Representative images are shown in (J), and the quantification of arterial density and arterial diameter in day 28 samples are shown in (K) and (L), respectively. 
n = 5 per group, **P < 0.01. (Scale bar, 200 μm.) (M) The capillary density of ischemic muscle sections from GPR39WT-DIO, GPR39KO-DIOGPR39WT-DIO+ STZ, and 
GPR39KO-DIO+ STZ mice by CD31 fluorescent staining. n = 5 per group. **P < 0.01; ***P < 0.001. Representative images are shown in the Right panel. (Scale bar, 
400 μm.) (N) Incidence of tissue necrosis in GPR39WT-DIO, GPR39KO-DIOGPR39WT-DIO+ STZ, and GPR39KO-DIO+ STZ mice. n = 5 per group, **P < 0.01. (O) Body 
weight levels of female GPR39WT-DIO-STZ and GPR39KO-DIO-STZ mice receiving procedures of DIO and STZ-induced hyperglycemia over time. n = 3 per group. (P) 
Blood glucose levels of female GPR39WT-DIO-STZ and GPR39KO-DIO-STZ mice receiving procedures of DIO and STZ over time. n = 6 per group. (Q) Blood perfusion 
recovery in female GPR39WT-DIO-STZ and GPR39KO-DIO-STZ mice after hind limb ischemia. n = 6 per group. Representative images are shown in the Right panel. 
Ctrl, control limb; HLI, hind limb with ischemia. (R) Incidence of tissue necrosis in female GPR39WT-DIO-STZ and GPR39KO-DIO-STZ mice that recovered from hind 
limb ischemia. n = 6 per group*P < 0.05. Representative images are shown in the Right panel. In all the figures, data are represented as mean ± SD. The P values 
were first determined by the Kruskal–Wallis test across all the groups. If significant, the pairs of primary interest, based on scientific rationale, were assessed 
using the Mann–Whitney U test with Benjamini, Krieger, and Yekutieli’s adjustment for multiple comparisons. The significant differences that came from post 
hoc comparisons of groups were noted.
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saphenous vein were ligated while the animal was under anesthesia (58). Blood 
flow was measured before, immediately after, and at 1, 7, 11, 14, 21, and 28 d 
after femoral arterial ligation using laser Doppler imaging and a PeriScan PIM 
3 System (Perimed). Tissue necrosis was assessed and scored daily. SI Appendix, 
Table S2 delineates the severity of ischemia injury.

Immunofluorescent Staining. Muscle samples from hind limb ischemia 
studies were collected and embedded in OCT. Immunofluorescent staining was 
performed as previously described (58). Fluorescence images were recorded by 
fluorescence microscopy (EVOS; Thermo Fisher Scientific).

Statistical Analysis. All values are expressed as mean ± SD. The statistical 
significance of differences between the two groups was determined using the 
Mann–Whitney U test for continuous variables that failed Shapiro–Wilk normal-
ity tests, such as mRNA expression, protein levels, staining quantifications, and 
functional assays. In blood perfusion curve data, the two groups were tested 
using multiple Mann–Whitney U tests with Benjamini, Krieger, and Yekutieli’s 
adjustment (59). When more than two groups of treatments were performed, 

the Kruskal–Wallis test was applied across all the groups, and if significant, the 
pairs of primary interest, based on scientific rationale, were assessed using the 
Mann–Whitney U test with Benjamini, Krieger, and Yekutieli’s adjustment for 
multiple comparisons (59). These gatekeeping approaches and the adjustments 
preserved alpha spending and controlled false-positive rate inflation due to 
multiple hypothesis testing. The significant differences that came from post 
hoc comparisons of groups were noted. Similarly, for continuous variables that 
follow the normal distributions, such as BP and heart rates, the statistical sig-
nificance of differences between the two groups was determined by Student’s 
t test. When more than two treatment groups were performed, one-way ANOVA 
was used across all the groups. If significant, pairs of focused groups were tested 
with two-sample t tests, and P values were adjusted with the Benjamini, Krieger, 
and Yekutieli method (59). A value of P < 0.05 was considered statistically 
significant. The statistical analyses were performed using GraphPad Prism 9 
(GraphPad Software).

Data, Materials, and Software Availability. All the data supporting this study’s 
findings are included in the article and/or SI Appendix. The data have not been 
deposited in any database. An expanded Materials and Methods section is avail-
able in SI Appendix.
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