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Decreasing glucagon action lowers the blood glucose and may be useful therapeutically for 

diabetes. However, interrupted glucagon signaling leads to α-cell proliferation. To identify 

postulated hepatic-derived, circulating factor(s) responsible for α-cell proliferation, we used 

transcriptomics/proteomics/metabolomics in three models of interrupted glucagon signaling and 

found that proliferation of mouse, zebrafish, and human α-cells was mTOR- and FoxP 

transcription factor-dependent. Changes in hepatic amino acid (AA) catabolism gene expression 

predicted the observed increase in circulating AA. Mimicking these AA levels stimulated α-cell 

proliferation in a newly developed in vitro assay with L-glutamine being a critical AA. α-cell 

expression of the AA transporter Slc38a5 was markedly increased in mice with interrupted 

glucagon signaling and played a role in α-cell proliferation. These results indicate a hepatic-α-

islet cell axis where glucagon regulates serum AA availability and AA, especially L-glutamine, 

regulates α-cell proliferation and mass via mTOR-dependent nutrient sensing.

Graphical abstract

Blocking glucagon action lowers blood glucose, but also results in hyperplasia of glucagon 

secreting α-cells in pancreatic islets. Dean et al., demonstrate that loss of hepatic glucagon 

signaling elevates circulating amino acids and leads to α-cell proliferation, thus revealing a 

hepatic-α-cell axis.
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Introduction

Blood glucose homeostasis is primarily the result of coordinated action of two pancreatic 

islet-derived hormones, insulin and glucagon. Nutrient ingestion stimulates insulin secretion 

from islet β-cells, which promotes glucose uptake and suppresses liver glucose production, 
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while hypoglycemia stimulates glucagon secretion from islet α-cells to promote liver 

glucose production via gluconeogenesis and glycogenolysis. While traditionally thought to 

result from absolute or relative deficiency of insulin action, more recently the contribution of 

hyperglucagonemia to diabetes has been emphasized (Unger and Cherrington, 2012). 

Consequently, efforts to reduce glucagon action using small molecule antagonists, siRNA, 

aptamers, or antibodies that target the glucagon receptor (GCGR) have successfully 

improved glycemic control, especially in models of diabetes and in humans; however, 

interrupting glucagon signaling by multiple approaches (proglucagon gene knockout, 

interruption of Gcgr expression or downstream signaling, GCGR small molecule inhibitors, 

GCGR antibodies, or Gcgr antisense oligonucleotides) results in hyperglucagonemia and α-

cell hyperplasia (Campbell and Drucker, 2015). In fact, efforts over 35 years ago to develop 

antibodies against glucagon offered the first clue that neutralizing circulating glucagon leads 

to α-cell hyperplasia (von Dorsche and Ziegler, 1981).

α-cells from Gcgr-/- and liver-specific Gcgr-/- (GcgrHep-/-) mice proliferate at rates 3-7 fold 

higher than control mice independently of the pancreatic environment or islet innervation 

(Longuet et al., 2013). To test the hypothesis that interrupted glucagon signaling in the liver 

leads to the production of a hepatic factor that promotes α-cell proliferation, we used an 

integrated strategy of proteomics/metabolomics/transcriptomics in three models with altered 

glucagon signaling, and a new in vitro islet culture α-cell proliferation assay to discover that 

high concentrations of the gluconeogenic AA L-glutamine (Q) in glucagon signaling-

interrupted mice, together with other AA, stimulates α-cell proliferation.

Results

α-Cells Proliferate in Response to a Factor in Mouse Serum

Gcgr-/- mice have pronounced α-cell hyperplasia (Longuet, et al, 2013; Figure S1A-B). To 

investigate whether the serum of these mice contain a factor that stimulates α-cell 

proliferation, we developed an in vitro assay to assess α-cell proliferation. We first cultured 

intact mouse islets in media supplemented with Gcgr-/- or Gcgr+/+ mouse serum, dispersed 

the islets into single cells, and then created a focused monolayer of cells using a cytospin 

centrifuge to assess the number of proliferating α-cells (Figure 1A). Culturing wildtype 

islets in media with 10% Gcgr-/- mouse serum increased proliferating α-cells compared to 

10% Gcgr+/+ mouse serum or control media (Figures 1B-E; S1D).

To characterize serum factors, we size-fractionated Gcgr-/- mouse serum and found that a 

<10kDa fraction stimulated α-cell proliferation 4-fold, similar to unfractionated Gcgr-/- 
mouse serum (Figure 1F). Fractionation of Gcgr-/- mouse serum partially purified α-cell 

selective mitogens, increasing the proportion of proliferating α-cells over the total number 

of proliferating islet cells from 20% to about 50% (Figure 1G). Together, these data indicate 

that α-cell proliferation in response to interrupted glucagon signaling was likely due to a 

small serum protein/peptide or small molecule (e.g. lipid, AA, or metabolite).
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Integrated “omics” Analyses Reveal Alterations in Serum Proteins, Lipids, and AAs

To generate a candidate list of factors to test in the in vitro proliferation assay, we leveraged 

and compared the hepatic transcriptional profile from fasted mice of both a “chronic” model 

of interrupted glucagon signaling (Gcgr-/-) and an “acute” model of interrupted glucagon 

signaling (GCGR mAb-treated) since both models have mild hypoglycemia, increased 

pancreas mass, and increased α-cell proliferation (Figure S2A and data not shown). We 

found 658 shared genes that were either upregulated or downregulated (Figures S2B-D; 

Table S1). Pathway analyses revealed alterations in gene expression related to canonical 

pathways involved in both lipid/cholesterol and AA metabolism (Table S2).

We initially focused on genes encoding predicted secreted factors. Some (Inhba-Activin A, 

Defb1- Defensin b1, and Hamp1-Hepcidin) are less than 10 kDa in size (Figure S2E; Table 

S1). One secreted factor, Kisspeptin (Kiss1) was strongly downregulated in both “acute” and 

“chronic” models of interrupted of glucagon secretion. Conversely, enhanced glucagon 

signaling was previously shown to strongly upregulated Kiss1 expression (Song et al, 2014). 

However, we predicted that the factor(s) present in Gcgr-/- serum stimulating α-cell 

proliferation would be higher than in Gcgr+/+ serum and eliminated Kiss1 as a candidate 

factor. Since glucagon signaling reciprocally regulated Kiss1 gene expression, we cross-

referenced our gene expression changes with expression data generated by Song et al. and 

found that the most significantly altered in both models of interrupted glucagon signaling 

were significantly altered in the opposite way by enhanced glucagon signaling (e.g. small 

peptide forming Inhba; Defb1; data not shown) demonstrating that glucagon signaling 

reciprocally regulates expression of many genes.

Analysis of over 1200 serum proteins by aptamer-based screening identified proteins that 

were upregulated in both Gcgr-/- and GCGR mAb mice (Table S3). Only activin A (Inhba) 

was upregulated transcriptionally in the liver of both models. Of the secreted proteins, the 

top candidate Activin A was the only factor upregulated in both models and in both 

transcriptomics and proteomic analyses. Neither it, nor the hepatic factors hepcidin or 

defensin b1, stimulated α-cell proliferation in vitro (Table S1 and data not shown). We also 

found that both models of mice with interrupted glucagon signaling had increased 

expression of genes involved in lipid and cholesterol biosynthesis. However, Gcgr-/- and 

GCGR mAb-treated mice did not upregulate expression of genes regulating bile acid 

synthesis and transport (Cyp7a1; Cyp7b1; Cyp8b1; Slc10a1) (Figure S2F; Tables S1-S2). 

Bile acid levels were increased in Gcgr-/- mouse serum, but not in GCGR mAb-treated 

mouse serum (Figure S2G), excluding bile acids as the factor(s). In testing whether lipids in 

Gcgr-/- mouse serum could stimulate α-cell proliferation, we found that serum activity was 

retained after the removal of >99% of triglycerides, cholesterols, and phospholipids (Figure 

S2H and data not shown).

In addition to alterations in secreted factors and lipid metabolism, we identified changes in 

gene expression that encode proteins involved in hepatic AA metabolism (Figures 2A). 

Because the changes in gene expression predicted impaired catabolism of most AA in the 

liver, we analyzed serum AA levels in mice with both “acute” and “chronic” interruption of 

glucagon signaling and found that all major serum AA except phenylalanine and tryptophan 

were significantly elevated 2-10 fold (Figures 2B and S3A). Together, our strategy of hepatic 
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transcriptional profiling coupled with serum fractionation and proteomic/metabolomic 

analyses identified candidate factors for the increased α-cell proliferation when glucagon 

signaling is interrupted.

Candidate Testing Reveals that AA Potently Stimulate α-Cell Proliferation

Since some AA (e.g. arginine) stimulate glucagon release and a recent report suggested that 

AA could stimulate α-cell proliferation (Solloway et al., 2015), we tested 23 different AA in 

combination or alone at doses spanning concentrations found in both Gcgr +/+ and Gcgr-/-
mouse serum. First, we tested AA that were elevated in Gcgr -/- mouse serum but not 

present in RPMI media used for islet culture, reasoning that by adding Gcgr-/- mouse serum 

to culture media, we could be adding a factor not found in culture media. Citrulline, 

ornithine, and alanine alone or in combination failed to stimulate α-cell proliferation at 

concentrations observed in Gcgr-/- mouse serum (Figure S3B). Using media recapitulating 

the AA concentrations in mouse serum (Table S4), we found media with the high levels of 

AA found in Gcgr-/- mouse serum (high AA), but not the levels found in Gcgr+/+ mouse 

serum (low AA), potently stimulated α-cell proliferation (Figure 2C). Interestingly, AA at 

all concentrations tested had no effect on non α-cell proliferation rates resulting in the 

majority of proliferating cells in the islet cultures being α-cells under high AA conditions 

(Figures S3D). These data suggest that AA at levels found in Gcgr-/- mouse serum are 

sufficient to selectively stimulate α-cell proliferation.

L-glutamine Is Required for AA-Selective Stimulation of α-Cell Proliferation

To determine which AA stimulated α-cell proliferation, we prepared media having different 

combined levels of AA (Figure 2C; Table S4). Islets cultured in media with the highest 

combined AA concentrations had the highest percentage of proliferating α-cells while islets 

cultured in media with the lowest combined AA concentrations had the lowest percentage of 

proliferating α-cells (Figure 2C). We observed that as the combined AA concentration 

increased in the culture media the α-cell proliferation rate also increased. After 

incrementally reducing the concentration of only a few AA in high AA, we performed linear 

regression analyses on each AA concentration versus the α-cell proliferation and identified 3 

AA [L-leucine, L-glutamate, and Q] whose concentrations were positively correlated with 

increased α-cell proliferation (Figure 2D; Table S5). We tested whether high levels of each 

of these three AA were required for the increased α-cell proliferation observed in high AA 

treatment by only reducing the concentration of each to levels in low-AA (Figure 2E). 

Reduction of all three of these AA together resulted in a complete loss of α-cell proliferation 

(Figure 2F). Individually, lowering L-leucine or L-glutamate alone to levels in low AA had 

no effect on α-cell proliferation. However, lowering Q alone to levels in low AA abolished 

the selective stimulation of α-cell proliferation (Figures 2E; S3G). Restoring Q 

concentrations in the modified high AA had no effect on non-α islet cell proliferation 

(Figure S3G), but dose-dependently increased α-cell proliferation (Figures 2G; S3I). 

Together, these data indicate that the ability of high levels of AA to stimulate α-cell are 

dependent on Q, but high levels of some other AA are also required.
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The mTOR signaling is a critical mediator of AA-driven α-cell proliferation

Since mTOR kinase pathway plays a predominant role in AA-stimulated proliferation, we 

assessed its role in AA-stimulated α-cell proliferation in the GCGR mAb-treated mice. 

GCGR mAb treatment resulted in lower blood glucose, but also robustly increased serum 

glucagon levels, α-cell proliferation, and α-cell hyperplasia (Gu et al., 2009; Figures 3A-D; 

S4A-D). We observed activation of a downstream target of mTOR kinase, S6 protein, 

(p235/236) in the peri-islet region of the pancreas and within α-cells and δ-cells of GCGR 

mAb-treated mice whereas pS6 staining in α-cells of PBS-treated mice was very rare 

(Figures 3F; S4F; data not shown). To directly test the role of mTOR signaling in α-cell 

proliferation, we co-treated mice with GCGR mAb and rapamycin (rapa), a potent inhibitor 

of mTOR kinase. Rapa treatment partially suppressed the hyperglucagonemia and α-cell 

proliferation induced by GCGR mAb administration similar to the reduction observed in 

Gcgr-/- mice (Solloway et al., 2015; Figure 3B-E). Rapa also largely attenuated the α-cell 

expression of pS6 (p235/236) in GCGR mAb co-treated mice (Figures 3F-G; S4F-G). We 

also used a zebrafish model of interrupted glucagon signaling (Li et al., 2015) and found that 

treatment with rapa reduced the number of α-cells induced by interrupted glucagon 

signaling (Figure 3H).

Since systemic treatment with rapa could potentially block production, release, or action of 

the α-cell mitogen, we asked if activation of islet cell mTOR signaling was required and 

found that rapa blocked the proliferative effects of both Gcgr-/- mouse serum and high AA 

media in the in vitro assay (Figure 3I-L). These data indicate that islet mTOR signaling is 

required for AA to stimulate α-cell proliferation.

FoxP transcription factors are critical for α-cell mass expansion during early postnatal 

development (Spaeth et al., 2015). We found that FoxP1/2/4 islet null mice (FoxP1/2/4-/-) 

treated with GCGR mAb had reduced α-cell proliferation (Figures 3J; S4H-L). Surprisingly, 

α-cells in these mice have robust pS6 expression (Figures S4M-P). Thus, FoxP activity in α-

cells is required for this α-cell proliferation, but it acts downstream or independent of mTOR 

signaling.

SLC38A5 expression is upregulated in α-cells and required for α-cell expansion

Since it was previously suggested that isolated islets from Gcgr-/- mice have an increase in 

gene expression of the Q transporter Slc38a5 (Graham et al, 2008), we investigated the role 

of this AA transporter in α-cell proliferation. Mice with interrupted glucagon signaling 

(GcgrHep-/-) had an 82-fold increase in the number of α-cells expressing SLC38A5 over 

control mice (GcgrHep+/+) that rarely had detectable expression in α-cells and weak 

expression in the exocrine tissue (Figures 4A-C). Similarly, α-cells in wildtype mice treated 

with GCGR mAb had upregulated expression of SLC38A5 and this increase was mitigated 

by co-treatment with rapa (Figure S5A-D). Kim and colleagues also report that SLC38A5 is 

upregulated in α-cells of mice with interrupted glucagon signaling and that this upregulation 

is sensitive to rapa treatment (Kim et al., 2017). We observed that SLC38A5 expression was 

occasionally expressed in α-cells of FoxP1/2/4 islet null mice treated with GCGR mAb 

(Figures S5E-H). α-cells of Gcgr+/+ or -/-islets transplanted into Gcgr-/- mice for either one 

or eight weeks had increased proliferation and robust SLC38A5 expression (Longuet et al., 
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2013; Figures 4E, 4G, 4I) while those transplanted into Gcgr+/+ mice had undetectable 

SLC38A5 expression (Figures 4D, 4F, 4H). SLC38A5 expression was undetectable in α-

cells after 3 days of culture in High AA media (data not shown) when α-cell proliferation 

rates were greater than 4% (Figure 2E,G). However, at 4 days of culture 1.5% of α-cells 

cultured in high AA media (High AA) expressed SLC38A5 (Figure 4L-M) while α-cell 

proliferation rates were 5% (Figure 4N). Similar to proliferating α-cells, SLC38A5 

expression in α-cells was extremely rare in media containing either low AAs (Low AA) or 

high AAs with low levels of Q (High AA Low Q) (Figure 4J-K, 4M-N). Together, these data 

demonstrate that SLC38A5 expression in α-cells is regulated by AA in an mTOR-dependent 

fashion.

Slc38a5-/- mice have reduced proliferation of α-cells in response to interrupted glucagon 

signaling (Kim et al., 2017). To further test the role of SLC38A5 in α-cell expansion, we 

used CRISPR-mediated knockdown of slc38a5 genes in gcgra-/-/gcgrb-/- zebrafish and found 

that ablation of slc38a5b, but not slc38a5a partially prevented α-cell expansion (Figure 4O). 

These data support the hypothesis that Q uptake into α-cells plays a critical role in α-cells' 

ability to proliferate in response to high AA levels.

Human islet α-cells proliferate in response to interrupted glucagon signaling

Since mouse endocrine mitogens rarely stimulate proliferation of adult human endocrine 

cells (Bernal-Mizrachi et al., 2014) and mouse and human islets have other substantial 

differences (Dai et al, 2012), we investigated whether human α-cells proliferate following 

interrupted glucagon signaling. This is a relevant question since GCGR inhibitors are in 

clinical phases of development for the treatment of both type 1 and type 2 diabetes 

(Campbell and Drucker, 2015). To investigate this question, we transplanted human islets 

into immunodeficient mice (Dai et al., 2016) and treated these mice with GCGR mAb 

(Figure 5A; S6A-B). As expected, GCGR mAb-treated mice had lower glycemia, elevated 

GLP-1, and hyperglucagonemia (Figures 5B-D; S6D-G). GCGR mAb treatment increased 

glucagon content and α-cell proliferation in both the endogenous mouse pancreas and the 

transplanted human islets (Figures 5E-H; S6I-N). While the majority of human islet 

preparations showed a 5-27 fold increase in α-cell proliferation, islets from 2 donors did not 

(Figure 5I). Interestingly, the baseline proliferation rates of α-cells for these two donors 

were 16-fold higher than the baseline proliferation rates in the islets of the other 5 human 

donors that responded to GCGR mAb treatment. Thus, human adult α-cells proliferate in 

vivo in response to interrupted glucagon signaling.

Discussion

Interrupting GCGR signaling by various ways leads to α-cell proliferation, and a hepatic-

derived circulating mitogen has been proposed (Longuet et al., 2013; Yu et al., 2015). Using 

a comprehensive multimodal approach and three models with altered glucagon signaling, we 

found the activity resides in <10kDa fraction of mouse serum, alterations in genes regulating 

hepatic AA catabolism, and increased serum AA levels. Increased AA, but not lipids and 

other soluble factors, selectively increased rapamycin-sensitive α-cell proliferation. Of these 

elevated AA, Q and the putative Q transporter SLC38A5, play a predominant role. We also 
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found that FoxP transcription factors in islet α-cells were required to stimulate α-cell 

proliferation, but were not required for activation of mTOR signaling or SLC38A5 

expression. Importantly, we showed that human α-cells proliferate in response to interrupted 

glucagon signaling. Based on these results, we propose a model where glucagon regulates 

AA catabolism and, via a feedback loop, Q regulates glucagon via mTOR/FoxP-dependent 

control of α-cell proliferation (Figure 6; described below).

We observed alterations in bile and lipid/cholesterol metabolism, consistent with previous 

observations (Yang et al., 2011). However, these small molecules are not the drivers of α-

cell proliferation because: 1) bile acids were not increased in GCGR mAb-treated mice 

(Figures F-G); 2) increasing serum bile acid levels with a cholic acid-rich diet did not 

increase α-cell mass (Longuet, et al., 2013); and 3) removal of triglycerides, cholesterol, and 

phospholipids from Gcgr-/- mouse serum did not alter its ability to stimulate α-cell 

proliferation (Figure S2H). Recently, angiopoietin-like 4, a regulator of triglyceride 

metabolism, was found to be upregulated in adipose tissue of mice with interrupted glucagon 

signaling and angiopoietin-like-4 null mice have reduced α-cell proliferation when treated 

with GCGR antagonist compared to wild-type controls (Ben-Zvi et al., 2015). However, 

only palmitate, but not angptl-4 directly stimulated α-cell proliferation in vitro (Ben-Zvi et 

al., 2015). We did not find changes in Angptl-4 expression in liver, nor did Angptl-4 or 

palmitate directly stimulate α-cell proliferation in isolated islets (Figure S2I). Recently, 

Okamoto and colleagues also demonstrated that Angptl-4 has no influence on α-cell 

proliferation (Okamoto et al., 2017; Dean et al, 2017).

We also compared data from a previously published gene expression study in liver of mice 

with overactivation of the GCGR-cAMP-PKA-CREB signaling pathways (Song et al., 2014) 

and identified genes that were downregulated by glucagon signaling (e.g. Defb1, Inhba, and 

genes involved in AA catabolism; data not shown). Conversely, DEFB1 and INHBA were 

both upregulated in response to glucagon treatment of human hepatocytes (Solloway et al., 

2015). Regardless, Defensin b1 or Activin A proteins did not stimulate α-cell proliferation 

in our in vitro assay.

Serum is a complex mixture of macromolecules. While it is possible that other factors in 

Gcgr-/-serum also contribute to α-cell proliferation in mice with interrupted glucagon 

signaling, AA were the only factors that met all our criteria and acted as an α-cell mitogen 

in vitro. Glucagon potently regulates liver gluconeogenesis via GCGR-Gsα-cAMP-PKA-

CREB signaling. Our analyses of models of interrupted and excessive glucagon action 

showed that glucagon broadly regulated expression of genes involved in AA catabolism/

transport and specifically the downregulation of GLS2, the major degradation enzyme of Q, 

and SLC1A4 (ASCT1) transporter expression (Figure 2A). We predict that the reduction of 

GLS2 and SLC1A4 expression when glucagon signal is interrupted results in impaired Q 

transport and gluconeogenesis/Q catabolism, causing Q accumulation in the blood (Figure 

6). Given the frequent flux of AA in the blood from meal ingestion, we were surprised that 

an abundant AA could act as a selective potent mitogen for α-cells. We propose that the α-

cell mitogenic signal is Q-dependent and suggest a model where glucagon regulates serum 

AA levels and Q with other AA regulates α-cell proliferation and mass via mTOR-

dependent nutrient sensing (Figure 6; Holst et al., 2017). Solloway et al. recently showed 
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that AA levels are higher in Gcgr-/- mouse serum, and our data support and extend their 

observations. Q, the most abundant AA in blood (∼0.5mM), is an important energy source. 

Normally, Q released by skeletal muscle and lungs maintains normal Q concentrations in the 

blood with liver considered to have little influence on serum Q levels (Hensley, et al., 2013). 

Our results underscore liver's importance in regulating serum Q/AA levels. It remains 

unclear what effects higher serum AA levels have on other tissues important for Q 

metabolism (e.g. muscle).

It is also unclear how Q selectively stimulates α-cell proliferation and whether Q promotes 

neogenesis of α-cells or transdifferentiation of other endocrine cells to glucagon-positive 

cells. Malignant cells have upregulated Q uptake (Slc1a5; Hassanein et al., 2013) and 

metabolism (GLS1) to drive proliferation under conditions where Q levels are growth-

limiting. Similarly, Q and its metabolites (e.g. L-glutamate, α-ketoglutarate) could 

participate in stimulating α-cell proliferation under high AA/Q conditions via inactivating 

downstream pathways such as AMPK (Sayers et al, 2016), but we found that high L-

glutamate levels were not necessary for AA to stimulate α-cell proliferation (Figure 2E). 

Q/AA transporters Slc38a5/SNAT5 and Slc38a2/SNAT2 are selectively expressed in mouse 

α-cells in the islet, and the latter possibly plays a role in Q stimulation of glucagon secretion 

(Benner et al., 2014; Gammelsaeter et al., 2009). Mouse α-cells express SLC38A5 during 

development, but not during adulthood (Stanescu et al, 2016). Here, we also showed that 

adult mouse α-cells rarely express SLC38A5 protein under normal conditions, but 

upregulate SLC38A5 under conditions of interrupted glucagon signaling, and that SLC38A5 

facilitates expansion of α-cells in a model of interrupted glucagon secretion. Kim and 

colleagues report similar findings in mice (Kim et al., 2017). However, cell type-specific 

ablation will be needed to confirm a role for α-cell expression of SLC38A5. Neither we, nor 

Kim and colleagues, detected Slc38a5 transcript or SLC38A5 protein in adult human α-cells 

even after treatment with GCGR antibodies in islet transplantation models (Figure S6N-O; 

Kim et al., 2017). Therefore, it is unclear which AA transporters are playing a role in human 

α-cell proliferation. Two Q/AA transporters (Slc7a14 and Slc38a4/SNAT4) are 

preferentially expressed in human α-cells when compared to other islet and exocrine cells 

(Dorrell et al., 2011; Bramswig et al., 2013; Xin et al., 2016) and may play a role. 

Interestingly, we saw a four-fold increase in wildtype mouse α-cell proliferation at 3 days of 

treatment with high AA/Q media, while SLC38A5 expression was undetectable until 4 days 

of culture (data not shown and Figures 2E, 4M). This suggests that other transporters/signals 

promote α-cell proliferation in response to high AAs/Q under basal conditions, but that 

SLC38A5 is induced over time by mTOR to potentiate high AAs' signal to proliferate. This 

redundancy may explain why we see a partial attenuation of α-cell expansion when Slc38a5 

genes are knocked down (Figure 4O and Kim et al., 2017).

AA, especially L-leucine, are known to activate mTOR, an important intracellular integrator 

of growth signals and nutrient availability (Sheen et al., 2011). Q/AA antiporters drive cell 

proliferation in response to AA by exchanging mTOR-activating essential AA like L-leucine 

(Pochini et al., 2014). Interestingly, reducing L-leucine levels to Gcgr+/+ serum-like levels 

had no effect on α-cell proliferation in vitro while high Gcgr-/-serum-like Q levels were 

indispensable, but insufficient alone. High AA (e.g. L-arginine and Q) stimulate hormone 

secretion from both pancreatic islet α-cells and β-cells. Surprisingly, high Q levels 
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specifically stimulated α-cell proliferation, but not β- and δ-cells suggesting that islet cells 

have different mechanisms for sensing and integrating AA signals (Figure 2G, S3I, and data 

not shown).

Two studies in humans identified missense GCGR mutations that are linked to a rare form of 

glucagonoma syndrome (Zhou et al., 2009; Miller et al, 2015). A recent study showed that a 

patient with a GCGR splice mutation had hyperaminoacidemia (Larger et al, 2016) while 

glucagonoma patients without known GCGR mutations present with hypoaminoacidemia 

from excess glucagon action. It is possible that elevated Q plays a role in patients with 

GCGR inactivating mutations as Gcgr-/- mice and other mouse models of interrupted 

glucagon signaling develop α-cell tumors as they age (Yu et al., 2011; Yang et al., 2011; 

Watanabe et al 2012; Takano et al, 2015). In animal studies where GCGR antibodies are 

withdrawn or where glucagon is administered, α-cell mass reduces over time suggesting 

tight responsiveness to AA signaling (Gu et al, 2009; Okamoto et al., 2015; Petersson and 

Hellman, 1963).

Hyperaminoacidemia occurs also under a variety of normal physiological conditions and 

metabolic disorders. Elevated serum BCAAs, tyrosine, phenylanlanine, and tryptophan 

levels are found in patients with T2D (Newgard 2012; Chen et al., 2016; Yoon 2016; 

Guasch-Ferre et al., 2016) and cardiovascular disease (Li et al, 2017), while lower serum Q 

and glycine levels are associated with increased risk of T2D (Guasch-Ferre et al., 2016). In 

our study, most AAs (both gluconeogenic and ketogenic) are elevated in mice with 

interrupted glucagon signaling, including BCAAs. While the influence of AAs on glucagon 

secretion has been known for some time (Ohneda et al., 1968), the current study links AAs 

to regulation of α-cell mass. Furthermore, this feedback loop may be an important 

determinant of α-cell mass during development. We and others (Reusens et al., 2007) 

hypothesize that islet cell mass at birth may influence future risk of diabetes. During 

gestation, fetal AA levels are predicted to be higher than maternal levels because placental 

AA transporter expression is high (Economides et al., 1989; Cetin et al., 1996). It is possible 

that fetal hyperaminoacidemia promotes rapid expansion of α-cell mass during 

development.

These studies demonstrate interorgan communication where hepatic glucagon signaling 

regulates AA metabolism and serum Q levels, and thus influences α-cell mass. We postulate 

that α-cells have a unique or high capacity transport mechanism for Q, allowing them to 

preferentially respond to increasing serum levels. Future studies should address how α-cells 

utilize Q and whether increased demand for glucagon secretion influences α-cell 

proliferation. Another avenue of interest is if pathophysiological conditions with increased 

AA, like diabetes and muscle catabolism, influence α-cell proliferation. Understanding how 

Q signals in the α-cell to promote proliferation may help us to develop therapeutics to 

mitigate undesired α-cell hyperplasia of glucagon suppression or conversely to expand α-

cells that could be transdifferentiated to new β-cells.
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Star Methods

Contact fror Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be 

fulfilled by the Lead Contact, Alvin C. Powers (al.powers@vanderbilt.edu) except for the 

Gcgr mAb. Requests for Gcgr mAb should be directed to Wei Gu (wgu@amgen.com) and 

Hai Yan (haiyan@remdbio.com).

Experimental Model and Subject Details

Mouse models—Interruption of glucagon signaling by multiple approaches (proglucagon 

gene knockout, interruption of Gcgr or its signaling, GCGR small molecule inhibitors, 

GCGR antibodies, or Gcgr antisense oligonucleotides) results in hyperglucagonemia and α-

cell hyperplasia. We utilized several of these animal models in this study to search for the 

hepatic factor stimulating α-cell proliferation including Gcgr-/- (global glucagon receptor), 

GcgrHep-/- (liver-specific glucagon receptor), and GCGR mAb treated mice and gcgra-/-
gcgrb-/- zebrafish (Longuet et al., 2013; Gu et al, 2009; Li et al., 2015). Global Gcgr-/- and 

liver-specific GcgrHep-/- mice on C57Bl6/J background 5 months old males have been 

described previously (Gelling et al, 2003; Longuet et al., 2013). Islet-specific FoxP1/2/4-/- 

mice have been described previously (Spaeth et al, 2015). In these mice, which had the 

characteristic eye phenotype, we found that >80% of beta cells and >50% of alpha cells 

were Cre recombinase positive (Figures S4K-L). Male 12-20 weeks old NOD.Cg-

Prkdc scidIl2rgtm1WjlSz (NSG™) immunodeficient (King et al., 2008) and male 8-14 weeks 

old C57Bl6/J mice were from Jackson Laboratory. All mice were maintained on standard 

rodent chow under 12-hour light/ 12-hour dark cycle. There were no differences between 

groups for body mass and all mice in these experiments were in good health. All 

experiments were conducted according to protocols and guidelines approved by the 

Vanderbilt University Institutional Animal Care and Use Committee.

Zebrafish models—Wildtype and gcgra-/-gcgrb-/- zebrafish larvae with Tg(gcga:EGFP) 
that marks all α-cells with GFP were used in these studies as described previously (Li et al., 

2015). There are two isoforms of Slc38a5 (Slc38a5a and Slc38a5b) in zebrafish likely as the 

result of a genome duplication event in teleost evolution. To knockdown slc38a5a and 

slc38a5b by CRISPR/Cas, Tg(gcga:EGFP) wildtype and gcgra-/-gcgrb-/- zebrafish zygotes 

were injected with a mixture of cas9 protein (200pg/embryo) and gene-specific sgRNA 

(100pg/embryo) individually or in combination as previously described (Jao et al., 2013; Yin 

et al., 2015). The injected larvae and uninjected siblings were fixed at 6 dpf. The posterior 

half of the injected larvae was lysed for analysis of mutagenesis efficiency, while the anterior 

half was used for α-cell number determination as above. The sgRNAs target a sequence 

encoding a conserved transmembrane domain (TM) (TM2 for slc38a5a and TM1 for 

slc38a5b). The target sequences for slc38a5a and slc38a5b are 

CCATCGCTTTGCTCTCTTCTTcC and ggACCTCAGCAATGCCATCATGG, respectively, 

with the PAM sequence underlined and mismatches in lower case.

Human islet donors—Human islets quality from the Integrated Islet Distribution 

Program (www.iidp.coh.org) was validated by islet perifusion method as described 
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previously (Dai et al., 2012). The perifusion data for some of the islet preparations were part 

of a previously published dataset where the method is described in detail (Kayton et al., 

2015). Individual donor details can be found in Table S6.

Methods Details

Mouse Studies—For GCGR mAb treatments, mice were treated weekly with 10mg/kg of 

a humanized monoclonal anti-Gcgr antibody (Gcgr mAb Amgen, Inc) intraperitoneally for 3 

days to 6 weeks. This resulted in decreased blood glucose, hyperglucagonemia, and 

increased pancreas mass within 10 days of treatment (and data not shown). For rapa 

treatment of mice, rapa was prepared from a suspension of 1 mg/ml RapaImmune (Pfizer) in 

saline and mice were injected with either saline or 0.2mg/kg rapa every 3 days for 2 weeks 

total.

Tissue Preparation and Sectioning—Immunohistochemistry was previously described 

(Longuet et al., 2013; Brissova et al., 2014). Briefly, pancreata and kidneys containing grafts 

were retrieved and fixed in 4% paraformaldehyde. The tissue was then embedded in OCT 

(Tissue Tek) and thin sections were prepared using a cryostat (8 μm thick for pancreas and 

5μm thick for kidney grafts).

Immunohistochemistry—For α-cell proliferation in pancreas and kidney grafts, tissue 

sections were stained with Ki67 and glucagon. Stained sections were imaged on an 

epifluorescent microscope Leica DMI6000B or on a Zeiss LSM 710 confocal microscope. 

Manual scoring of images for colocalized Ki67, dapi, and glucagon was performed using 

Metamorph. For α-cell SLC38A5 expression in tissues, pancreas sections were imaged 

using the Scanscope FL System (Aperio Technologies), annotated, and analyzed using the 

Aperio eSlide Manager and ImageScope (v11.2.0.780) systems. Colocalization was 

determined using the CytoNuclear FL v1.2 algorithm macro (Indica Labs) as a base with 

adjustments made to optimize the correct identification of cells. DAPI staining was used as a 

nuclear marker while glucagon, insulin, and SLC38A5 were set as cytoplasmic stains. Once 

a final optimized algorithm was reached, the same algorithm was run on the previously 

annotated islets and the results of each sample were recorded. Algorithm performance was 

manually validated for each islet. mTOR activation was assessed by the presence of pS6 

immunostaining.

Islet isolation and Cytospin assay—Challenges for in vitro α-cell proliferation assays 

include the low number of α-cells in an islet (<15% of islet cells), the low α-cell 

proliferation rate in islet cells (<2%), and baseline proliferation rates of α-cell lines are quite 

high making it difficult to assess potential mitogens. To overcome these limitations, we used 

a combination of intact islet culture with islet dispersion to form a monolayer of all islet 

cells to maximize the number of α-cells counted in each experiment (Figure 1A). This 

allowed thousands of α-cells in each sample to be counted, requiring far fewer islets 

compared to traditional islet embedding technique that capture only a few α-cells in each 

section. To further maximize the throughput of this assay, we developed a cytonuclear 

algorithm to automate quantification of α-cell proliferation in cytospin islet images (Figure 

S1C and see below).
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To do this, pancreatic islets were isolated from male 8-14 week old C57Bl6/J mice (Jackson 

Laboratory, ME) as described previously (Brissova et al., 2014). Briefly, islets were isolated 

by collagenase digestion and histopaque gradient. The islets were then handpicked to >99% 

purity and in various media conditions for 3 days (or 4 days if stated). Unless otherwise 

stated, all media used for islet culture was Gibco RPMI 1640 with 2.055 mM L-glutamine 

(Life Technologies) with 10% Fetal Bovine Serum (Atlanta Biologicals), 1% Penicillin/

Streptomycin (Gibco), and 5.6mM D-glucose. For experiments to determine if mouse serum 

affected proliferation, mouse serum replaced the indicated percent volume of RPMI 1640 

base media while 10% Fetal Bovine Serum, 1% Penicillin/Streptomycin and 5.6mM glucose 

were maintained constant throughout all islet culture experiments. For experiments to 

determine how amino acids affect proliferation in Figure 3 and S3, media was made 

approximating the concentration of each amino acid measured in the serum of either Gcgr

+/+ or Gcgr-/-. Then to determine which specific amino acids were responsible for 

proliferation, a spectrum of media were made with varying concentrations of individual 

amino acids in each media (e.g. Media 3 has high total amino acids as is measured in Gcgr-/- 

mouse serum, but low levels of L-glutamine as is measured in Gcgr+/+ mouse serum). For 

complete amino acid content in each media condition, see Table S4.

Mouse blood was collected into 1.5mL Eppendorf tubes and allowed to clot on ice for 30 

minutes. Serum was separated by centrifugation for 15 minutes at 10000 × g at 4°C. For 

serum fractionation, serum was centrifuged for 1 hour at 2000 × g at room temperature in a 

10 kDa molecular weight cutoff spin column (Millipore, Billerica, MA). The flowthrough is 

defined as <10kDa serum fraction and the remaining volume that did not pass though the 

column is defined as the >10kDa serum fraction. For lipid removal, whole mouse serum was 

treated with Cleanascite reagent (Biotech Support Group, Monmouth Junction, NJ) prior to 

islet culture at a 1:1 ratio according to the vendor's protocol. Lipid removal was validated by 

HPLC to remove 99% of all phopsholipids, cholesterols, and triglycerides (data not shown). 

For Angptl-4 experiments, islets were cultured in either BSA alone, BSA-Palmitic acid 

complex, hLDL, or hLDL-mAngptl-4 complex. High or low amino acid containing media 

were used as a positive or negative conditions to affect alpha cell proliferation, respectively. 

Palmitic acid was prepared as described briefly (Ben-Zvi et al, 2015) and in more detail in 

(Brelje et al, 2008). First palmitic acid was dissolved in 25% ethanol (150mM) by 

incubating at 60°C for ∼40 minutes while vortexing every 5-10 minutes. 150mM Palmitic 

acid was then complexed with fatty acid free BSA at 37°C for 1 hr to create 50mM palmitic 

acid. Final media concentration of 1%BSA and 0.5mM palmitate was used for islet cultures. 

For Angptl-4 treatment, islets were treated with freshly prepared hLDL 50ng/ml alone or 

cotreated with 250ng/ml recombinant mouse Angptl-4 peptide for 72 hours culture.

Recombinant mouse Activin A protein was purchased from R&D Biosystems and biological 

activity was confirmed by the vendor as the ability to stimulate hemoglobin expression in 

K562 human chronic myologenous leukemia cells. Recombinant human defensin b1 protein 

(AbD Serotec) was purchased and biological activity was confirmed by the vendor as the 

ability to stimulate CD34+ dendritic cell migration. These proteins were reconstituted per 

manufacturer's instructions and added to media for 72 hours.
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To measure alpha cell proliferation, the cytospin assay was employed. After culture, islets 

were washed in 2mM EDTA and dispersed in 0.025% Trypsin-2 mM EDTA (Gibco Life 

Technologies or HyClone GE Healthcare) for 5-10 minutes by gentle pipetting to obtain 

single or very small cell clusters. Dispersed islet cells were recovered by centrifugation in 

RPMI media containing 5.6mM glucose, 10% FBS, and 1% Penicillin/Streptomycin. The 

resulting cell pellet was resuspended in 100 ul of media and centrifuged onto a glass slide 

using a cytospin (Thermo Scientific, Waltham, MA) centrifuge. Air-dried slides were stored 

at -80C until use, thawed, and immediately fixed in 4% paraformaldehyde before 

immunocytochemistry. Slides were mounted with Aqua-Poly/Mount (Warrington, PA).

Cytospin slides from islets were imaged using a Leica Microsystems Epifluorescent 

Microscope DM1 6000B. Algorithm building and counting were performed similarly as 

described previously (Aamodt et al., 2016). Tiled images were analyzed by a cytonuclear 

algorithm developed using the Imaris Software package (Indica Labs) (Figure S1A). A 

glucagon surface was created by mapping glucagon immunoreactivity. DAPI and Ki67 

positive cells were identified using a spot mapping algorithm. α-cells were identified by 

masking the glucagon surface on the DAPI staining and then creating a pseudospot where 

each α-cell was identified. Colocalization was determined by coregistering glucagon 

pseudospots with Ki67 spots. Each image was then manually checked for accuracy.

Mouse and Human Islet Transplantation—Islets from Gcgr+/+ and Gcgr-/- mice were 

transplanted into the subcapsular renal space of syngeneic mice as previously described 

(Longuet et al., 2013). After overnight culture, isolated islets were transplanted into 

contralateral kidneys. After 8 weeks of engraftment, the kidneys were removed for tissue 

embedding.

For human islet transplants, islets were cultured overnight in CRML media. Human islets 

were then aliquoted for transplantation. NSG™ male mice were transplanted with 500 

human islets into the subcapsular space of the left kidney (Brissova et al., 2014; Dai et al., 

2016). Two weeks after engraftment, mice were injected intraperitoneally with either PBS or 

GCGR mAb 10mg/kg weekly for either 2 or 6 weeks.

Zebrafish studies—For rapamycin (rapa) experiments, Wildtype and gcgra-/-gcgrb-/- 
zebrafish larvae with Tg(gcga:EGFP) that marks all α-cells with GFP were exposed to 

2.5μM rapa for 3 days starting at 4 days posterfertilization (dpf). Fish larvae were fixed and 

flat-mounted. The α-cell number in the principal islet was manually scored via fluorescence 

microscopy as previously described (Li et l., 2015).

RNA Sequencing—Ten days of GCGR mAb treatment increased the percentage of 

proliferating α-cell approximately 14-fold (data not shown) while Gcgr-/- mice also have 

increased α-cell proliferation (Longuet et al., 2013). Therefore, we used these two models 

for liver transcriptomics. Mice were fasted for 6 hours prior to tissue collection. For RNA 

isolation, approximately 100mg punches of liver tissue were stored in RNAlater (Ambion) 

according to the manufacturer's instructions until isolation using RNeasy Mini kit with 

DNase I (Qiagen Hilden, DE) digestion. RNA purity and quantity were determined by 
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Bioanalyzer. Transcriptome expression was determined as described previously (Brissova et 

al., 2014) using the Illumina sequencing platform and paired end library layout.

Proteomics, Metabolomics and Hormone Analyses—To complement discovery 

efforts to identify altered hepatic expression of secreted factors, we performed liquid 

chromatography-tandem mass spectrometry (LC-MS/MS) on tryptic digests of fractionated 

serum and aptamer-based proteomic analysis on whole serum from mice with interrupted 

glucagon signaling. The LC-MS/MS analyses identified peptides from 66 proteins combined 

in either the <10kDa Gcgr-/- or Gcgr+/+ mouse serum fractions (data not shown), but 

indicated no significant differences in abundance of the identified proteins. However, there 

were no significant differences in abundance of any of the identified proteins. Gcgr-/- mouse 

serum with depleted of highly abundant proteins (HAP) with antibody-based depletion 

columns or fractionated mouse serum treated with proteases (e.g. trypsin and proteinase K), 

the <10kDa Gcgr-/- mouse serum fraction retained its ability to stimulate α-cell proliferation 

(data not shown). Therefore, we concluded that if the factor were proteinaceous it would be 

protease-resistant and too small to be a HAP. LC-MS/MS analyses on tryptic digests of <10 

kDa serum fractions were performed as described previously (Zimmerman et al. 2012). 

Serum fractions of <10kDa size were analyzed by SDS-PAGE with Coomassie blue staining. 

Albumin was removed by albumin antibody-coupled magnetic beads (EMD Millipore) 

according to vendor instructions. Serum proteins were porcine trypsin digested and 

identified by LC-MS/MS ionization (Thermo Q-Exactive MS) and analysis using IDPicker 

2.0. Whole mouse serum was also analyzed for protein expression by SOMAscan® assay 

(Somalogic, Inc. Boulder, CO) aptamer-based detection technique (www.somalogic.com). 

While over 1400 proteins can be detected in human serum/plasma, ∼400 proteins can be 

detected in mouse serum/plasma due to aptamer cross-reactivity.

For hormone measurements, mice were fasted for 6 hours and blood was collected prior to 

glucose arginine challenge and blood collection 15 minutes after challenge. Serum was used 

to measure glucagon by RIA (Millipore) and GLP-1 by Luminex Assay (Millipore) by the 

Vanderbilt University Hormone Assay Core (Longuet, et al., 2013; Brissova et al., 2014; Dai 

et al., 2016). For AA measurements, fed serum was measured by Tandem MS/MS using a 

Quattro Micro instrument (Waters Corporation, Milford, MA) as described previously or by 

ion exchange HPLC with lithium citrate buffer system and post column ninhydrin 

quantification (Biochrom US, Holliston, MA).

Quantification and Statistical Analysis

Cell Counting—For all experiments, a minimum of 500 α-cells were counted. For islet 

culture experiments, total experimental mean was ∼2740±160 n=128 counted per islet 

preparation per condition (i.e. n=1) was required to be included in an experiment. For human 

islet transplantation studies defining the total individual donor proliferation rate, the total 

number of α-cells counted in all mice per treatment group within a donor were included for 

analyses (i.e. a cohort of mice is n=1). α-cell proliferation (Ki67+ α cells %) was defined by 

the percentage of total number of glucagon+Ki67+ double-positive cells per total number 

glucagon+ cells. For the purposes of understanding the selectivity of each condition to 

promote α-cell proliferation, the percentage of cells proliferating that are α-cells is defined 

Dean et al. Page 15

Cell Metab. Author manuscript; available in PMC 2018 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://www.somalogic.com


as the total number of glucagon+ Ki67+ double positive cells per the total number of Ki67+ 

cells (Gluc+Ki67+/Ki67+ %).

Statistics—All bar graphs present the mean with or without S.E.M. Statistical significance 

was assessed by one-way or two-way ANOVA with Tukey multiple comparison post-test or, 

where appropriate, unpaired Student's t-test using GraphPad Prism 6 (San Diego, CA). A p 

value <0.05 was considered significant. Linear regression was performed to determine 

correlations between AA concentrations and α-cell proliferation rates. GLP-1 levels of all 

PBS-treated mice were below the detection limit of the GLP-1 assay (41 pg/ml). The GLP-1 

level in one fasting GCGR mAb mouse sample was below the assay's detection limit. 

Therefore, no statistical analyses were performed.

Data and Software Availability—RNA Sequencing datasets have been deposited in 

NCBI GEO under ID code GSE89035. Gene pathway analysis was performed using 

Ingenuity Pathway Analysis© (IPA) software (Qiagen). Predicted secreted proteins were 

identified by analysis for canonical and non-canonical secretory signals using SecretomeP 

2.0 (www.cbs.dtu.dk/services/SecretomeP).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Interrupted glucagon signaling (IGS) stimulates mouse and human α-cell 

proliferation

• IGS alters hepatic gene expression and increases serum amino acid levels

• L-glutamine is required for high amino acid stimulation of α-cell proliferation

• IGS leads to α-cell expression of SLC38A5 which enhances α-cell 

proliferation
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Figure 1. Mouse α-cells proliferate in vitro when cultured in Gcgr-/- mouse serum
(A) Schematic for in vitro α-cell proliferation assay to quantify proliferation rates. 

Representative images of dispersed islet cells cultured in (B) control media, (C) Gcgr+/+ 
mouse serum- or (D) Gcgr-/- mouse serum-treated media. Glucagon (green), Ki67 (red), and 

DAPI (blue) are shown. Proliferating α-cells (Ki67+ glucagon+) and non α-cells (Ki67+ 

glucagon-) are indicated by white or yellow arrows, respectively. White bar indicates 75μm. 

(E) Quantification of α-cell proliferation following culture in mouse serum-treated media. 

Control media with no mouse serum added (grey), 10% Gcgr+/+ mouse serum-(white), and 

10% Gcgr-/- mouse serum-(red) treated are shown. ***p<0.001 vs control, #p<0.05 vs. Gcgr
+/+ mouse serum; n=3-12. Quantification of Gcgr-/- size fractionated mouse serum induced 

(F) α-cell proliferation and (G) percentage of cells proliferating in each fractionated mouse 

serum-treated media condition that are α-cells. Control media with no mouse serum added 

(grey), 10% Gcgr-/- whole mouse serum-(red), 10% Gcgr-/- <10kDa mouse serum-(red left 

hashed), and 10% Gcgr-/- <10kDa mouse serum-(red right hashed) treated media islets are 

shown. ***p<0.001 vs control, ##p<0.01 vs. Gcgr-/-, and $$p<0.01 vs. <10kDa Gcgr-/-; 
n=3-13. Data are mean ± SEM.
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Figure 2. L-glutamine and other AA promote selective α-cell proliferation
(A) Log2 fold changes in expression of liver AA catabolism genes in Gcgr-/- (red) and 

GCGR mAb (blue)-treated mice relative to PBS-treated Gcgr+/+ mice; n=3. (B) Mouse 

serum AA levels measured by HPLC in Gcgr-/- (red), GCGR mAb-treated for 10 days 

(blue), GCGR mAb-treated for 3 days (blue/white hatched), and PBS-treated (white) 

*p<0.05, **p<0.01, ***p<0.001 vs PBS-treated Gcgr+/+. #p<0.05, ##p<0.01 vs. GCGR 

mAb-treated 3 day; $p<0.05, $$p<0.01, $$$p<0.001 vs. GCGR mAb-treated 10 day; n=5-10. 

(C) Quantification of α-cell proliferation in response to media with increasing AA 

concentration media. White (low) to gray (intermediate) to black (high) color indicates 

combined concentration of all AA in each media condition (see Table S4 for combined and 

individual AA media concentrations. Each bar corresponds to one of the conditions in 

labeled Media #1-9 in order from left to right); n=3-8. The red bar indicates 10% Gcgr-/- 
mouse serum-supplemented media similar to Figure 1E. ***p<0.001 vs Gcgr-/- mouse 

serum-supplemented media (red), ###p<0.01 vs. highest AA media-treated islets (black), 

and $p<0.05 vs. highest AA media-treated islets (dark gray). (D) Linear regression analyses 

of AA concentration in each media condition versus the α-cell proliferation rate with each 

media. Significant correlation related to L-glutamate (blue triangles), Q (red squares) and L-

leucine (green triangles) concentrations are noted. Quantification of (F) α-cell proliferation 

and (G) percentage of cells proliferating that are α-cells in response to altering individual 
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AA levels in cultured mouse islets. Combined high AA media and combined low AA media 

are represented with black and white bars, respectively. n=3-12, ***p<0.001 vs low L-

glutamate (Low E)-treated islets, ###p<0.001 vs. low L-leucine (Low L)-treated islets, 

and $$p<0.01; $$$p<0.001 vs. high L-glutamate, L-leucine, and Q media (High ELQ)-treated 

islets. (H) Quantification of Q dose response stimulated α-cell proliferation and (I) 

percentage of cells proliferating that are α-cells in cultured mouse islets. n=3, ***p<0.001 

vs 3250 μM Q, ##p<0.01 vs 2055 μM Q. Data are mean ± SEM.
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Figure 3. mTOR signaling and FoxP transcription factor are essential for α-cell proliferation in 
response to interrupted glucagon signaling
(A) Fasting blood glucose (mg/dl) n=5, (B) serum glucagon (pg/ml) n=5, and (C) α-cell 

proliferation (n=3) in mice after cotreatment with GCGR mAb and rapa. Saline/PBS treated 

(white bars), Saline/GCGR mAb treated (blue bars), rapa/PBS treated (white left hashed 

bars) and rapa/GCGR mAb treated (blue left hashed bars) are shown. *p<0.05, **p<0.01, 

and ***p<0.001 vs PBS treated and #p<0.05, ##p<0.01, and ###p<0.001 vs. Saline treated. 

(D-E) Representative images of pancreatic islet α-cell proliferation in Saline/GCGR mAb- 

and rapa/GCGR mAb-treated mice. Glucagon (green), Ki67 (red), and DAPI (blue) are 

shown. White scale bars indicate 100μm. White dashed boxes indicate region selected for 

insets. (F-G) Representative images of pancreatic islet α-cell expression of pS6 protein in 

Saline/GCGR mAb- and rapa/GCGR mAb-treated mice. Glucagon (green), pS6(pS235/

S236) (red), and DAPI (blue) are shown. (H) α-cell number in 7dpf wildtype and 

gcgra-/-gcgrb-/- zebrafish larvae primary islet after treatment with rapa for 3 days. Wildtype/

vehicle treated (white), gcgra-/-gcgrb-/-/vehicle treated (green), Wildtype/rapa treated (white 

left hashed) and gcgra-/-gcgrb-/-/rapa treated (green left hashed) are shown. *p<0.05 and 

***p<0.001 vs Wildtype and #p<0.05 vs. vehicle treated; n=8-11. (I) α-cell proliferation in 

rapa and 10% Gcgr-/- mouse serum co-supplemented media cultured mouse islets. Control 

RPMI media (#7 Table S4) with no mouse serum added (grey), Gcgr-/- whole mouse serum 
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(with medium combined AA levels plus vehicle)-supplemented media (red) and Gcgr-/- 
mouse serum and rapa co-supplemented media cultured mouse islets (red left hashed) are 

shown. **p<0.01 vs control media and #p<0.05 and ##p<0.01 vs. Gcgr-/- mouse serum (with 

medium combined AA levels plus vehicle)-supplemented media; n=2-3. (J) α-cell 

proliferation in GCGR mAb-treated FoxP1/2/4-/- mice is shown. Wildtype/PBS-treated 

(white), Wildtype/GCGR mAb-treated (blue), FoxP1/2/4-/-/PBS-treated (white left hashed) 

and FoxP1/2/4-/-/GCGR mAb-treated (blue left hashed) are shown. ***p<0.001 vs PBS-

treated and ##p<0.01 vs. Saline-treated; n=3. (J) Quantification of rapa effects on AA-

stimulated α-cell proliferation and (K) percentage of cells proliferating that are α-cells in 

cultured mouse islets treated for 3 days. Highest AA media with DMSO added (black), 

highest AA media with 30nM rapa added for the last 24 hours of culture (black left hashed), 

highest AA media with 30nM rapa added for 3 days culture (black right hashed); *p<0.05, 

**p<0.01 and **p<0.001 vs DMSO-treated, and #p<0.05 vs rapa 24 hrs-treated; n=2-3. Data 

are mean ± SEM.
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Figure 4. SLC38A5 is upregulated in α-cells and required for expansion of α-cells in response to 
interrupted glucagon signaling
Representative images of pancreatic islet α-cell SLC38A5 expression are shown in (A) 

control GcgrHep+/+ and (B) GcgrHep-/- mouse pancreas. Glucagon (green), SLC38A5 (red), 

and insulin (blue) are shown. White scale bars indicate 50μm. White dashed boxes indicate 

region selected for insets. (C) Quantification of SLC38A5+ α-cells in GcgrHep+/+ (white) 

and GcgrHep-/- (red) mouse pancreas; **p<0.01; n=3. (D-I) Representative images of 

pancreatic islet α-cell SLC38A5 expression in Gcgr+/+ and Gcgr-/-islets from subcapsular 

renal transplantation into Gcgr+/+ and Gcgr-/- mice (n=3). SLC38A5 expression is shown at 

(D-E) one week and (F-I) eight weeks post-transplantation. Representative images of 

pancreatic islet α-cell SLC38A5 expression are shown in dispersed islets cultured in in (J) 

Low AA, (K) High AA Low Q, or (L) High AA media for four days. Glucagon (green), 

SLC38A5 (red), and dapi (blue) are shown. White arrows indicate SLC38A5+ α-cells. 

Quantification of (M) α-cell proliferation and (N) SLC38A5+ α-cells in isolated islets 

cultured in Low AA, High AA Low Q, or High AA media for four days. *p<0.05, **p<0.01 

and **p<0.001 vs High-AA treated; n=3. (O) α-cell number after knockdown of slc38a5 
genes in 6dpf wildtype (white) and gcgra-/-gcgrb-/- (green-control) zebrafish larvae primary 

islet. α-cell number in slc38a5a sgRNA-treated gcgra-/-gcgrb-/- (yellow with green left-

hashed), slc38a5b sgRNA-treated gcgra-/-gcgrb-/- (yellow with green right-hashed) or 
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slc38a5a/slc38a5b sgRNA-treated gcgra-/-gcgrb-/- (yellow with green double-hatched) are 

also shown. ***p<0.001 vs Wildtype, ###p<0.001 vs. control gcgra-/-gcgrb-/-, 

and $$$p<0.001 vs. slc38a5a sgRNA-treated gcgra-/-gcgrb-/-; n=7-23. Data are mean ± SEM.

Dean et al. Page 28

Cell Metab. Author manuscript; available in PMC 2018 June 06.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Human pancreatic islet α-cells proliferate when glucagon signaling is interrupted
(A) Experimental design of human islet subcapsular renal transplantation and GCGR mAb 

treatment. (B) Fasting blood glucose (n=49-50), (C) serum glucagon levels (n=42-55), and 

(D) serum GLP-1 levels (n=10) on Day 10 in mice treated with either PBS (grey circles) or 

GCGR mAb (grey triangles). Quantification of (E) mouse pancreatic and (F) human islet 

donor (Donor 8) graft glucagon content (n=6-8) 4 weeks after GCGR mAb treatment. 

Quantification of (G) mouse (n=3) and (H) human islet donor (Donor 4) graft α-cell 

proliferation (n=5-6) 2 weeks after treatment with GCGR mAb. **p<0.01, ***p<0.001 vs 

PBS-treated; ND not detected. (I) Quantification of human islet α-cell proliferation in 

individual donor islets grafts from 7 different experiments of NSG mice treated with PBS or 

GCGR mAb for 2 to 6 weeks. Data are mean ± SEM.
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Figure 6. Model for liver-pancreatic islet α-cell axis where L-glutamine and glucagon 
reciprocally regulate each other
Glucagon is released from pancreatic islet α-cells where it acts on hepatocyte GCGRs to 

stimulate gluconeogenesis and hepatic glucose output, raising blood glucose. Interrupted 

glucagon signaling in hepatocytes leads to decreased AA catabolism and increased 

circulating AA. Of these AA, Q selectively activates α-cell proliferation through both FoxP- 

and mTOR-dependent mechanisms. mTOR activation in the α-cell leads to upregulation of 

Slc38a5 expression that further potentiates Q-dependent α-cell proliferation completing an 

endocrine feedback loop between liver and pancreatic islet α-cells. Glutaminase 2-GLS2, 

mechanistic target of rapamycin-mTOR, amino acids-AAs.
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