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Introduction

Recurrent episodes of insulin-induced hypoglycemia in patients with diabetes mellitus can result in hypoglycemia-associated autonomic failure (HAAF), which is characterized by a compromised response to hypoglycemia by counterregulatory hormones (counterregulatory response; CRR) and hypoglycemia unawareness. HAAF is a leading cause of morbidity in diabetes and often hinders optimal regulation of blood glucose levels. Yet, the molecular pathways underlying HAAF remain incompletely described. We previously reported that in mice, ghrelin is permissive for the usual CRR to insulin-induced hypoglycemia. Here, we tested the hypothesis that attenuated release of ghrelin both results from HAAF and contributes to HAAF.





Methods

C57BL/6N mice, ghrelin-knockout (KO) + control mice, and GhIRKO (ghrelin cell-selective insulin receptor knockout) + control mice were randomized to one of three treatment groups: a “Euglycemia” group was injected with saline and remained euglycemic; a 1X hypoglycemia (“1X Hypo”) group underwent a single episode of insulin-induced hypoglycemia; a recurrent hypoglycemia (“Recurrent Hypo”) group underwent repeated episodes of insulin-induced hypoglycemia over five successive days.





Results

Recurrent hypoglycemia exaggerated the reduction in blood glucose (by ~30%) and attenuated the elevations in plasma levels of the CRR hormones glucagon (by 64.5%) and epinephrine (by 52.9%) in C57BL/6N mice compared to a single hypoglycemic episode. Yet, plasma ghrelin was equivalently reduced in “1X Hypo” and “Recurrent Hypo” C57BL/6N mice. Ghrelin-KO mice exhibited neither exaggerated hypoglycemia in response to recurrent hypoglycemia, nor any additional attenuation in CRR hormone levels compared to wild-type littermates. Also, in response to recurrent hypoglycemia, GhIRKO mice exhibited nearly identical blood glucose and plasma CRR hormone levels as littermates with intact insulin receptor expression (floxed-IR mice), despite higher plasma ghrelin in GhIRKO mice.





Conclusions

These data suggest that the usual reduction of plasma ghrelin due to insulin-induced hypoglycemia is unaltered by recurrent hypoglycemia and that ghrelin does not impact blood glucose or the blunted CRR hormone responses during recurrent hypoglycemia.
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Introduction

Insulin-induced hypoglycemia is a prevalent and serious issue affecting individuals with Type 1 diabetes mellitus and insulin-requiring Type 2 diabetes mellitus (1–3). In individuals without diabetes, hypoglycemia is usually countered by a highly integrated defense system which includes reduced insulin secretion, increased release of glucagon, glucocorticoids, epinephrine, norepinephrine, and GH, and stimulation of the sympathetic nervous system. Yet, in individuals with diabetes experiencing frequent hypoglycemia due to over-insulinization, this counterregulatory response (CRR) is often compromised. Specifically, as compared to individuals in whom an intact CRR initiates a constellation of sympathoadrenal warning symptoms (such as tachycardia, tremors, anxiety, irritability, arousal, sweating and hunger) that help prevent or correct hypoglycemia, individuals with diabetes exposed to repeated hypoglycemic episodes often lack these warning signals and fail to recognize hypoglycemia. This impaired CRR and the accompanying hypoglycemia unawareness comprise a condition known as hypoglycemia-associated autonomic failure (HAAF), and altogether further exacerbate the morbidity associated with hypoglycemia (4, 5).

The hormone ghrelin is well-positioned to serve a protective function during over-insulinization as a result of its many interactions with known mediators of blood glucose. For instance, ghrelin indirectly and directly interacts with pancreatic islet β-cells to reduce insulin secretion (6–9). Ghrelin also potentiates GH secretion and glucagon release, stimulates food intake, and raises circulating cortisol (9–13). Ghrelin’s overall glucoregulatory effects are emphasized by the actions of administered ghrelin to increase blood glucose (6, 9, 13–18) and conversely, by the blood glucose-lowering effects of GHSR blockade or ghrelin deletion, as reviewed in (10, 11). Pharmacological GHSR blockade improves hyperglycemia, glucose tolerance, and insulin sensitivity in diet-induced obese mice, Zucker diabetic fatty rats, and/or MODY-3 diabetic mice (19–21). Ghrelin-KO mice exhibit a progressive decline in fasting blood glucose to the point of near-death following a week-long caloric restriction regimen (daily access to 40% of usual calories) (22). Additionally, a functional ghrelin system protects against severe hypoglycemia in young mice subjected to acute fasting and prevents hypoglycemia in streptozotocin-treated mice lacking glucagon receptors (23).

Importantly, contributions of ghrelin to the insulin-induced hypoglycemia CRR also have been identified. Indeed, ghrelin-KO mice exhibit more pronounced and prolonged hypoglycemia than wild-type (WT) littermates when bolused i.p. with the same insulin dose (24). Both non-diabetic and streptozotocin-induced diabetic ghrelin-KO mice require 5.8-fold to 10-fold higher glucose infusion rates than WT littermates during low-dose hyperinsulinemic-hypoglycemic clamps (24, 25), similar to findings in GHSR-KO mice (26). Further, ghrelin-KO mice exhibit less robust corticosterone and GH responses (in the non-diabetic state) or less robust epinephrine and norepinephrine responses (in the diabetic state) than their WT counterparts during the clamps (24, 25). Collectively, these data suggest that endogenously-produced ghrelin not only influences insulin sensitivity, but also is permissive for the normal CRR to insulin-induced hypoglycemia (24, 25).

Ghrelin also is well-positioned to serve a protective function during over-insulinization as a result of the ability of ghrelin cells to directly sense glucose, insulin, and sympathetic nervous system activity. Specifically, although evidence for a direct effect of glucose on ghrelin cells in vivo is not available, ghrelin secretion from cultured gastric mucosal cells is increased in low glucose conditions and inhibited by high glucose (27). Insulin acts directly on ghrelin cell-expressed insulin receptors to restrict ghrelin release – a phenomenon which has been demonstrated in vivo using GhIRKO (ghrelin cell-selective insulin receptor knockout) mice (28). An effect of insulin to suppress ghrelin release also has been shown in human studies. For instance, one clinical trial showed that plasma ghrelin falls both following a short insulin infusion leading to hypoglycemia and following a short insulin infusion plus dextrose infusion to maintain euglycemia (29). Another clinical trial showed a fall in ghrelin during a hyperinsulinemic-euglycemic clamp procedure (30). Yet a third clinical trial showed that hypoglycemia resulting from a single i.v. insulin injection initially lowers ghrelin and then leads to a ghrelin rebound 1 h later (31). In contrast to the effect of insulin, norepinephrine released from stomach-projecting sympathetic neurons acts directly on ghrelin cell-expressed β1-adrenergic receptors to stimulate ghrelin release (27, 32–38). Ghrelin release increases when sympathetic nerves are stimulated artificially or when adrenergic agents are infused into the gastric mucosa (35, 38). Norepinephrine and epinephrine both potently stimulate ghrelin secretion from ghrelinoma cell lines and 1° cultures of dispersed gastric mucosal cells (27, 32–37). Also, ghrelin cell-selective deletion of β1-adrenergic receptors markedly blunts the usual calorie restriction-induced stimulation of ghrelin secretion, causing frank hypoglycemia in the above-described week-long caloric restriction regimen (39). Thus, each of these three inputs to the ghrelin cell – namely, glucose, insulin, and sympathetic nervous system activity – likely plays a balanced part in determining the amount of ghrelin released upon insulin-induced hypoglycemia.

In the setting of insulin-induced recurrent hypoglycemia resulting in HAAF, we hypothesize that the failed autonomic response, which presumably includes blunted exposure of ghrelin cells to norepinephrine released from stomach-projecting sympathetic neurons, might result in even lower ghrelin levels than usual following an occasional episode of insulin-induced hypoglycemia. In turn, because of ghrelin’s capacity to engage multiple arms of the CRR, we predict that this impaired ghrelin response contributes to the attenuated CRR that characterizes HAAF. To test this hypothesis, we have established a recurrent hypoglycemia mouse model, which has been adapted from the literature. We submitted C57BL/6N mice, ghrelin-KO mice, and GhIRKO mice to recurrent hypoglycemia and two control protocols and then compared blood glucose, plasma ghrelin levels, and plasma levels of the CRR hormones glucagon, epinephrine, and norepinephrine.





Methods




Animals

Male C57BL/6N mice (8 – 10 weeks-of-age) were used for Figure 1. Male ghrelin-KO and WT littermates on a C57BL/6N background (8 – 10 weeks-of-age), which were generated by pairing mice heterozygous for the ghrelin-KO allele, were used for Figure 2. The ghrelin-KO line (GKO1) used here was derived in (40) and validated by demonstrating absent stomach ghrelin-immunoreactivity and undetectable plasma ghrelin (24). GhIRKO and floxed-insulin receptor (floxed-IR) littermates on a C57BL/6N background (8 – 10 weeks-of-age), which were generated by crossing a validated Ghrelin-cre mouse line (37, 39) with the Kahn lab’s conditional IR-KO (IRfl/fl; floxed-IR; B6.129S4 [FVB]-Insrtm1Khn/J; The Jackson Laboratory) mouse line (41), as described in (28), were used for Figure 3. GhIRKO (IRfl/fl/GcreTg+) mice contain two copies of the floxed-IR gene and one copy of the Ghrelin-cre transgene; control floxed-IR (IRfl/fl/GcreTg–) littermates contain two copies of the floxed-IR gene and no copies of the Ghrelin-cre transgene. Mice were housed at 21.5–22.5°C using a 12-h light-dark cycle and were provided ad libitum access to water and regular chow (2016 Teklad Global 16% Protein Rodent Diet; Envigo, Indianapolis, IN), except as indicated. Experiments were approved by the UT Southwestern Medical Center Institutional Animal Care and Use Committee.




Figure 1 | Validation of a recurrent hypoglycemia model of hypoglycemia-associated autonomic failure in C57BL/6N mice. (A) Table outlining the days on which mice in the “Euglycemia”, “1X Hypo”, and “Recurrent Hypo” groups were acclimated to i.p. injections (via handling and saline injections; highlighted in gold) and were administered saline on the final Day (“Euglycemia”), insulin on the final day (“1X Hypo”), or insulin for 5 days in a row (“Recurrent Hypo”). (B) Schematic diagram depicting the schedule on the days of antecedent hypoglycemia and the final Days. (C) Blood glucose levels, (D) plasma glucagon, (E) plasma epinephrine, (F) plasma norepinephrine, and (G) plasma ghrelin measured on the final day of the “Euglycemia”, “1X Hypo” and “Recurrent Hypo” protocols at 30 min post i.p. injection of saline or insulin. Data are represented as mean ± SEM and were analyzed by one-way ANOVA followed by Tukey’s multiple comparison test. n=9-12. Statistically significant differences are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns represents no statistical significance.






Figure 2 | Effect of ghrelin deletion on blood glucose and the CRR following recurrent hypoglycemia. (A) Blood glucose levels, (B) plasma glucagon, (C) plasma epinephrine, (D) plasma norepinephrine, and (E) plasma ghrelin at 30 min post i.p injection of saline or insulin on the final day of the “Euglycemia”, “1X Hypo”, and “Recurrent Hypo” protocols. Data are represented as mean ± SEM and were analyzed by two-way ANOVA followed by Sidak’s multiple comparison test. n=8-13. Effects of genotype, treatment, and the interaction between the two are listed above the panels whereas post-hoc analysis results appear as connecting lines and asterisks above the bars. Statistically significant differences are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns represents no statistical significance.






Figure 3 | Effect of raising plasma ghrelin as a result of ghrelin cell-selective IR deletion on blood glucose and the CRR to recurrent hypoglycemia. (A) Blood glucose levels, (B) plasma glucagon, (C) plasma epinephrine, (D) plasma norepinephrine, and (E) plasma ghrelin at 30 min post i.p injection of saline or insulin on the final day of the “Euglycemia”, “1X Hypo”, and “Recurrent Hypo” protocols. Data are represented as mean ± SEM and were analyzed by two-way ANOVA followed by Sidak’s multiple comparison test. n=9-12. Effects of genotype, treatment, and the interaction between the two are listed above the panels whereas post-hoc analysis results appear as connecting lines and asterisks above the bars. Statistically significant differences are indicated by asterisks: *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. ns represents no statistical significance.







Recurrent hypoglycemia mouse model

To establish a mouse model of recurrent hypoglycemia, we modified a HAAF protocol reported by the C. Mobbs lab (42). Mice randomized to the recurrent hypoglycemia (“Recurrent Hypo”) group were singly housed for 7 days. Over the next 3 days, while remaining singly housed, each mouse was handled and injected with saline (5 µL/g body weight) to acclimatize them. Over the next 4 days (while still singly housed), food was withdrawn at ~7:00 AM (just after lights-on); 3 hr later, mice were subjected to a daily hypoglycemic episode induced by administering a single i.p. bolus of Humulin-R insulin 2.5 units/kg body weight (Eli Lilly, Indianapolis, IN); blood glucose was measured from nicked tails using a Bayer Contour Next EZ blood glucose monitoring system (Ascensia Diabetes Care, Parsippany, NJ) at 0, 30, 90, 120, and 240 min following insulin administration; for the ghrelin-KO + WT littermate mice, 100 μL of a 10% dextrose solution was administered by oral gavage to those mice in which a blood glucose < 35 mg/dL was recorded (notably, throughout the 4-day acclimation period, blood glucose levels < 35 mg/dL were not noted until the 90 min timepoint, occurred only on the 1st day of insulin administration, and occurred only in 6 of 12 ghrelin-KO mice and 1 of 8 WT littermates); ad lib access to food was again provided at 240 min following insulin administration. On the 5th day, the above protocol was repeated for the mice in the “Recurrent Hypo” group, except that at 30 min following insulin administration, mice were sacrificed by quick decapitation.

Mice randomized to a “Euglycemia” control group underwent 11 days of single housing and 3 days of handling + saline injections while remaining singly housed (as described above). The following day (while still singly housed), food was withdrawn at ~7:00 AM (just after lights-on); 3 hr later, mice were administered a single i.p. bolus of saline (5 µL/g body weight); blood glucose was measured from nicked tails, as above at 0 and 30 min following saline administration; mice were sacrificed by quick decapitation at 30 min following saline administration. Mice randomized to a 1X hypoglycemia (“1X Hypo”) control group underwent the same protocol as the “Euglycemia” control group except instead of receiving a single i.p. bolus of saline on the day that food was withdrawn, they were administered a single i.p. bolus of Humulin-R insulin 2.5 units/kg body weight. A Table and schematic diagram depicting these protocols can be found in Figures 1A, B.

Of note, the insulin dose used produced hypoglycemia without producing unconsciousness, seizures, or mortality. For the first 4 days of insulin administration, mice in the “Recurrent Hypo” developed hypoglycemia (mean blood glucose = 62 ± 3 mg/dL) by 30 min following insulin administration, remained hypoglycemic (mean blood glucose = 59 ± 2 mg/dL) until at least 120 min following insulin administration, and became euglycemic (mean blood glucose = 109 ± 7 mg/dL) by 240 minutes after insulin administration. For all groups, trunk blood to assess plasma levels of ghrelin (the acylated form), glucagon, corticosterone, epinephrine, and norepinephrine was collected into ice-cold 3 mL EDTA-coated vacutainer tubes (BD Biosciences, Franklin Lakes, NJ) at the time of sacrifice.

Modifications to the “Recurrent Hypo” and control protocols previously reported in (42) included background genetic strain [C57BL/6J in (42)], age of mice [12 weeks-of-age in (42)], acclimatization protocol [1X Hypo and Euglycemia groups: 4 days of saline injections during which food was withdrawn and blood glucose measurements were made in (42); Recurrent hypo group: no saline acclimatization in (42)], timing of blood glucose determinations on the final day [0, 30, 90, 180, and 240 min in (42)], duration of food restriction during days of antecedent hypoglycemia [180 min in (42)], timing of CRR hormone measurements [4 hrs after the 5th insulin injection in (42)], use of anesthesia [brief exposure to carbon dioxide was used in (42) just prior to decapitation and collection of trunk blood], and use of dextrose administration to correct blood glucose < 35 mg/dL [not used in (42)].





Determination of plasma hormone levels

For ghrelin, blood was aliquoted into ice-cold microtubes. P-hydroxymercuribenzoic acid (final concentration 1 mM) (Sigma-Aldrich, St. Louis, MO) was added, plasma was isolated following centrifugation, and HCl was added to achieve a final concentration of 0.1 N. For other hormones, blood was collected into three different microtubes. For glucagon, aprotinin (final concentration 250 KIU/mL) (Sigma-Aldrich) was added. For catecholamines, EDTA-glutathione solution (9% w/v EDTA and 6% w/v glutathione, pH 7.4; 2 μL per 100 μL blood) was added. ELISA kits were used for acyl-ghrelin (Millipore-Merck, Burlington, MA) and glucagon (Mercodia AB, Uppsala, Sweden). Calorimetric assays were performed using a BioTek PowerWave XS Microplate spectrophotometer (BioTek, Winooski, VT) and BioTek KC4 junior software. Plasma catecholamines were determined using high-performance liquid chromatography at the Vanderbilt University Medical Center Hormone Assay and Analytical Services Core.





Statistical analyses

Data are represented as mean ± SEM. One-way ANOVA followed by Tukey’s multiple comparisons test or two-way ANOVA followed by Sidak’s comparisons test was used to test for significant differences among test groups. Data with significant unequal variance were log transformed prior to performing analyses. Outliers, if any were detected by the ROUT (robust regression and outlier removal) test. Statistical significance was defined as P < 0.05. All statistical analyses and graph preparations were performed using GraphPad Prism 9.3.1.






Results




Recurrent hypoglycemia exaggerates the fall in blood glucose and impairs the CRR in C57BL/6N mice

Humulin R (2.5 U/Kg) was bolused i.p. to transiently induce hypoglycemia in male C57BL/6N mice. Insulin administration lowered blood glucose by 30 min to 73 ± 4 mg/dL in “1X Hypo” mice whereas control “Euglycemia” mice had blood glucoses of 161 ± 5 mg/dL 30 min following saline administration. Mice in the “Recurrent Hypo” group, which experienced five consecutive days of hypoglycemic episodes, exhibited a mean blood glucose (51 ± 1 mg/dL) 30 min following insulin administration that was significantly lower (by ~30%) than that exhibited by the “1X Hypo” group (Figure 1C). Also, the rise in plasma levels of two CRR hormones normally observed following a single episode of hypoglycemia (30 min following insulin administration) was significantly attenuated in the “Recurrent Hypo” mice (Figures 1D, E). Notably, glucagon was lower by ~64.5% and epinephrine was lower by ~52.9% in “Recurrent Hypo” mice vs. “1X Hypo” mice (Figures 1D, E). No statistically significant differences between glucagon or epinephrine levels were observed in “Recurrent Hypo” mice vs. “Euglycemia” mice (Figures 1D, E). Neither 1X hypoglycemia nor recurrent hypoglycemia significantly altered the plasma norepinephrine levels measured at the 30 min timepoint (Figure 1F). Further, insulin treatment significantly suppressed plasma ghrelin, although no significant differences were apparent between “Recurrent Hypo” mice and “1X Hypo” mice (Figure 1G). To summarize, five consecutive days of insulin-induced hypoglycemic episodes significantly lowered blood glucose and markedly blunted the rise in the CRR hormones glucagon and epinephrine, as expected for HAAF.





Ghrelin deletion does not further impair the CRR following recurrent hypoglycemia

Next, we investigated the effect of ghrelin deletion on blood glucose and the CRR following recurrent hypoglycemia by comparing ghrelin-KO mice to WT littermates. In WT littermates, recurrent hypoglycemia resulted in a mean blood glucose (56 ± 5 mg/dL) 30 min following insulin administration that was lower (by ~37.9%) than that exhibited by the “1X Hypo” group (Figure 2A); the rise in plasma glucagon and epinephrine observed in the “1X Hypo” group was attenuated in the “Recurrent Hypo” group (Figures 2B, C); plasma ghrelin was lowered by both the “1X Hypo” and “Recurrent Hypo” protocols to a similar degree (Figure 2E). These observations were similar to those made for C57BL/6N mice (Figures 1C–E, G). Unlike that observed in C57BL/6N mice (Figure 1F), norepinephrine was raised by both the “1X Hypo” and “Recurrent Hypo” protocols in the WT littermates (Figure 2D).

No significant interactions between genotype and treatment were observed for blood glucose, plasma glucagon, epinephrine, or norepinephrine (Figures 2A–D). In other words, the patterns of changes induced by the “1X Hypo” and “Recurrent Hypo” protocols present in WT littermates were similar for ghrelin-KO mice. Ghrelin-KO mice exhibited neither exaggerated hypoglycemia in response to recurrent hypoglycemia, nor any additional attenuation in glucagon or epinephrine compared to WT littermates.





Increasing ghrelin via ghrelin cell-selective insulin receptor deletion does not augment the CRR following recurrent hypoglycemia

Finally, we took advantage of GhIRKO mice to investigate the effect of raising ghrelin on blood glucose and the CRR following recurrent hypoglycemia. Previously, we used these mice to demonstrate that ghrelin cell-expressed insulin receptors are required for insulin-mediated reductions in plasma ghrelin (28). Specifically, while insulin lowered plasma ghrelin in floxed-IR control mice, plasma ghrelin rose from baseline during insulin infusion in GhIRKO mice (28). Additionally, GhIRKO mice required reduced glucose infusion rates during hyperinsulinemic-hypoglycemic clamps, suggesting that suppressed ghrelin release resulting from direct insulin action on ghrelin cells usually limits ghrelin’s full potential to protect against insulin-induced hypoglycemia (28).

In floxed-IR control mice, recurrent hypoglycemia resulted in a mean blood glucose (50 ± 2 mg/dL) 30 min following insulin administration that was lower (by ~35%) than that exhibited by the “1X Hypo” group (Figure 3A); the rise in plasma levels of glucagon observed in the “1X Hypo” group was attenuated in the “Recurrent Hypo” group (Figure 3B); plasma ghrelin was lowered by both the “1X Hypo” and “Recurrent Hypo” protocols to a similar degree (Figure 3E). These observations were similar to what had been observed for C57BL/6N mice (Figure 1) and for the WT littermates from the ghrelin-KO study (Figure 2).

Just as had been observed for the ghrelin-KO and WT cohort, no significant interactions between genotype (GhIRKO mice vs. control floxed-IR littermates) and treatment were observed for blood glucose, plasma glucagon, epinephrine, or norepinephrine (Figures 3A–D). In other words, the patterns of changes induced by the “1X Hypo” and “Recurrent Hypo” protocols present in floxed-IR mice were similar for GhIRKO mice, despite significantly higher plasma ghrelin in GhIRKO mice (Figure 3E).






Discussion

In the current study, we established a recurrent hypoglycemia protocol to model HAAF in mice and to determine if alterations in plasma ghrelin occur in HAAF and contribute to the attenuated CRR that characterizes HAAF. We successfully adapted a published HAAF model, demonstrating that 4 antecedent episodes of insulin-induced hypoglycemia resulted in a greater drop in blood glucose and markedly attenuated glucagon and epinephrine CRRs when assessed after a 5th episode of insulin-induced hypoglycemia as compared to controls that experienced only a single insulin-induced hypoglycemic episode. Yet, plasma ghrelin was equivalently suppressed in “1X Hypo” and “Recurrent Hypo” C57BL/6N mice. Also, no statistically significant genotype X treatment effects were observed in the ghrelin-KO + WT littermate cohorts submitted to the “Euglycemia”, “1X Hypo”, or “Recurrent Hypo” protocols or in the GhIRKO + floxed-IR littermate cohorts submitted to the “Euglycemia”, “1X Hypo”, or “Recurrent Hypo” protocols. This suggests that neither ghrelin-KO mice, which lack ghrelin, nor GhIRKO mice, which have high ghrelin due to the inability of insulin to suppress ghrelin release, responded differently to the treatments than their controls. In other words, reducing ghrelin or increasing ghrelin did not impact the aberrant CRR induced by recurrent hypoglycemia.

One notable finding worthy of discussion relates to the precision of the recurrent hypoglycemia + associated control protocols used here as a model for HAAF. Modeling HAAF to understand it mechanistically has been a challenge in both human and animal studies (5, 43), but perhaps more-so in animal studies, particularly mice. Whereas rats are mostly used, transgenic modifications that aid mechanistic studies are more routine in mice, which is a main reason why mice were chosen for the current study. In our efforts to establish a working model that allowed the incorporation of mouse genetics to investigate the contribution of ghrelin to HAAF, we sought the guidance of published mouse HAAF models. Using the search terms “hypoglycemia-associated autonomic failure” OR “hypoglycemia unawareness” OR “recurrent hypoglycemia” AND “mouse”, we originally found 9 publications on the https://pubmed.ncbi.nlm.nih.gov website (42, 44–51). All used different recurrent hypoglycemia protocols and only some demonstrated features of HAAF – specifically, more profound and/or prolonged hypoglycemia plus attenuated rises in CRR hormone levels (42, 44–51). Only one study included diabetic mice and only 4 used transgenic mouse models (44, 47, 48, 51). Our challenges were to optimize details of the recurrent hypoglycemia protocol (including duration and severity of hypoglycemic episodes, number of episodes, spacing of episodes, type of insulin, administration route, use of insulin vs. the glucoprivic agent 2-deoxy-D-glucose, and amount of fasting), to design appropriate accompanying control protocols, and to determine how best to objectively measure HAAF biochemically (for instance, whether to measure blood glucose alone or together with CRR hormones while also considering the timing and site of the blood draws) or otherwise (particularly, whether to consider any specific physiological and/or behavioral measures of a failed sympathoadrenal response).

As mentioned, the protocol we present here is adapted from the Charles Mobbs lab (42), with the modifications made to that protocol noted in the Methods section. Not only do we reproduce the finding by the Mobbs lab of more profound hypoglycemia (at 30 min) for the “Recurrent Hypo” group (vs. the “1X Hypo” group), but also we describe attenuated rises of CRR hormones – here, glucagon and epinephrine at 30 min after the 5th insulin injection vs. glucagon and corticosterone at 4 hrs after the 5th insulin injection in (42). Thus, we successfully have emulated several of the biochemical findings characteristic of HAAF. Notably, our protocol did not include any behavioral tests that mimic the usual sympathoadrenal warning symptoms that are lost in HAAF. For instance, we did not observe differential degrees of hypoglycemia-induced hyperphagia between “Recurrent Hypo” and “1X Hypo” C57BL/6N groups (data not shown) as has been observed in rats (52). Nor did we incorporate any behavioral surrogates for hypoglycemia unawareness such as loss of conditioned place preference for food rewards, as was recently reported in another mouse HAAF model (53) that was not available when we began our studies.

It also is worthwhile to discuss potential reasons why the ghrelin response to over-insulinization was not altered by recurrent hypoglycemia. As mentioned in the Introduction, insulin and sympathetic nervous system-derived norepinephrine both exert substantive direct effects on ghrelin secretion. Insulin engages ghrelin cell-expressed insulin receptors to restrict ghrelin release whereas norepinephrine from the sympathetic nervous system engages ghrelin cell-expressed β1-adrenergic receptors to stimulate ghrelin release. Activating ghrelin cell-expressed β1-adrenergic receptors helps maintain basal plasma ghrelin and mediates caloric restriction-induced rises in plasma ghrelin and probably also stress-induced rises in plasma ghrelin (39, 54). Thus, one might assume that the attenuated sympathetic nervous system response associated with HAAF (e.g. the autonomic failure part of HAAF) would result in even less ghrelin release than usual as a consequence of an occasional episode of over-insulinization. Yet, plasma ghrelin in the “Recurrent Hypo” was equivalent to that in the “1X Hypo” groups in both the C57BL/6N mice and in the WT littermates of the ghrelin-KO mice. The occurrence of similar plasma ghrelin in the “Recurrent Hypo” and “1X Hypo” groups could result from the observed plasma norepinephrine levels being not only equivalent in those groups, but also rather high (in the ng/mL range compared with the pg/mL range, most likely as a result of the methods used for blood collection) in both groups.

It also is possible that the exaggerated fall in blood glucose in the “Recurrent Hypo” group might have directly influenced ghrelin secretion. To expand on this idea further, whereas the inhibitory effects on ghrelin release by insulin and the stimulatory effects on ghrelin release by the sympathetic nervous system are predicted to be off-balance in recurrent hypoglycemia vs. 1X hypoglycemia, this may be offset by the more pronounced hypoglycemia in the setting of recurrent hypoglycemia. Specifically, the exaggerated hypoglycemia of “Recurrent Hypo” mice vs. “1X Hypo” mice might directly act on ghrelin cells to stimulate greater ghrelin secretion, thus compensating for any reduced ghrelin secretion resulting from an attenuated sympathetic nervous system response. Indeed, culturing gastric mucosal cells in media with 1 mM glucose (representative of hypoglycemia) results in much greater ghrelin release than from media with 5 mM glucose (representative of euglycemia) or 10 mM glucose (representative of hyperglycemia) (55, 56). Lowering glucose from 1 mM to 0 mM further enhances ghrelin release from cultured gastric mucosal cells (56). As mentioned above, while these ex vivo findings of a direct effect of low glucose on ghrelin release from ghrelin cells has not yet been confirmed in vivo, findings such as those in Figure 3E of elevated plasma ghrelin in hypoglycemic vs. euglycemic GhIRKO mice support this hypothesis.

It also remains unclear why genetic manipulation of ghrelin levels – as achieved in ghrelin-KO mice and in GhIRKO mice – did not modulate the CRR in the setting of recurrent hypoglycemia. This is in contrast to the demonstrated permissive effect of ghrelin on the CRR in the setting of 1X hypoglycemia. In particular, as compared to WT littermates, ghrelin-KO mice experience greater hypoglycemia following a 1X i.p. bolus of Humulin-R insulin (2.5 U/kg; noticeable at 90 min to at least 240 min following the insulin bolus, but not at 30 min or 60 min) (24). Also, here we showed that insulin reduced blood glucose to < 35 mg/dL in half of ghrelin-KO mice whereas it had the same effect in only one-eighth of WT littermates. Furthermore, both diabetic and non-diabetic ghrelin-KO mice require greater glucose infusion rates and exhibit attenuated CRR responses during a low-dose hyperinsulinemic-hypoglycemic clamp, as compared to WT littermates (24, 25). In contrast, as compared to floxed-IR littermates, GhIRKO mice require a lower glucose infusion rate and exhibit an exaggerated GH CRR during a low-dose hyperinsulinemic-hypoglycemic clamp procedure (28). The lack of either a more attenuated CRR to recurrent hypoglycemia in ghrelin-KO vs. WT littermates or a less attenuated CRR to recurrent hypoglycemia in GhIRKO vs. floxed-IR littermates suggests that ghrelin is not essential in regulating the CRR induced by recurrent hypoglycemia as it is in the settings of a one-time episode of hypoglycemia or a one-time hyperinsulinemic-hypoglycemic clamp protocol. We can only speculate that recurrent hypoglycemia changes sensitivity to ghrelin such that its effects on blood glucose and CRR hormones identified in single episode hypoglycemia paradigms can no longer be engaged.





Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.





Ethics statement

The animal study was reviewed and approved by UT Southwestern Medical Center Institutional Animal Care and Use Committee.





Author contributions

KS conceptualized and performed the experiments, analyzed and interpreted the data, and helped write the manuscript. SV, DG, BM, and SO-L performed the experiments helped analyze and interpret the data. NM and CR maintained the animal colony and helped in some experiments. JZ conceptualized the experiments, secured funding, interpreted the data, supervised the research activity, and helped write the manuscript. All authors contributed to the article and approved the submitted version.





Funding

This work was supported through research grants from the NIH (R01 DK119341 to JZ and E. Berglund and R01 DK103884 to JZ), the Diana and Richard C. Strauss Professorship in Biomedical Research (to JZ), the Mr. and Mrs. Bruce G. Brookshire Professorship in Medicine (to JZ), and the Kent and Jodi Foster Distinguished Chair in Endocrinology, in Honor of Daniel Foster, M.D. (to JZ).




Acknowledgments

The authors thank the Vanderbilt University Medical Center Hormone Assay and Analytical Services Core for performing the catecholamines assays.





Conflict of interest

JZ consults for Helsinn Healthcare S.A. and Dexcel Pharma Technologies Ltd. and receives research funding from Novo Nordisk for a different project.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





References

1. Mathieu, C. Minimising hypoglycaemia in the real world: the challenge of insulin. Diabetologia (2021) 64:978–84. doi: 10.1007/s00125-020-05354-7

2. Amiel, SA. The consequences of hypoglycaemia. Diabetologia (2021) 64:963–70. doi: 10.1007/s00125-020-05366-3

3. Lin, YK, Hung, M, Sharma, A, Chan, O, Varner, MW, Staskus, G, et al. Impaired awareness of hypoglycemia continues to be a risk factor for severe hypoglycemia despite the use of continuous glucose monitoring system in type 1 diabetes. Endocr Pract (2019) 25:517–25. doi: 10.4158/EP-2018-0527

4. Cryer, PE. Mechanisms of hypoglycemia-associated autonomic failure and its component syndromes in diabetes. Diabetes (2005) 54:3592–601. doi: 10.2337/diabetes.54.12.3592

5. Reno, CM, Litvin, M, Clark, AL, and Fisher, SJ. Defective counterregulation and hypoglycemia unawareness in diabetes: mechanisms and emerging treatments. Endocrinol Metab Clin North Am (2013) 42:15–38. doi: 10.1016/j.ecl.2012.11.005

6. Dezaki, K, Hosoda, H, Kakei, M, Hashiguchi, S, Watanabe, M, Kangawa, K, et al. Endogenous ghrelin in pancreatic islets restricts insulin release by attenuating Ca2+ signaling in beta-cells: implication in the glycemic control in rodents. Diabetes (2004) 53:3142–51. doi: 10.2337/diabetes.53.12.3142

7. DiGruccio, MR, Mawla, AM, Donaldson, CJ, Noguchi, GM, Vaughan, J, Cowing-Zitron, C, et al. Comprehensive alpha, beta and delta cell transcriptomes reveal that ghrelin selectively activates delta cells and promotes somatostatin release from pancreatic islets. Mol Metab (2016) 5:449–58. doi: 10.1016/j.molmet.2016.04.007

8. Adriaenssens, AE, Svendsen, B, Lam, BY, Yeo, GS, Holst, JJ, Reimann, F, et al. Transcriptomic profiling of pancreatic alpha, beta and delta cell populations identifies delta cells as a principal target for ghrelin in mouse islets. Diabetologia (2016) 59:2156–65. doi: 10.1007/s00125-016-4033-1

9. Chuang, JC, Sakata, I, Kohno, D, Perello, M, Osborne-Lawrence, S, Repa, JJ, et al. Ghrelin directly stimulates glucagon secretion from pancreatic alpha-cells. Mol Endocrinol (2011) 25:1600–11. doi: 10.1210/me.2011-1001

10. Gray, SM, Page, LC, and Tong, J. Ghrelin regulation of glucose metabolism. J Neuroendocrinol (2019) 31:e12705. doi: 10.1111/jne.12705

11. Mani, BK, Shankar, K, and Zigman, JM. Ghrelin’s relationship to blood glucose. Endocrinology (2019) 160:1247–61. doi: 10.1210/en.2019-00074

12. Mani, BK, Puzziferri, N, He, Z, Rodriguez, JA, Osborne-Lawrence, S, Metzger, NP, et al. LEAP2 changes with body mass and food intake in humans and mice. J Clin Invest (2019) 129:3909–23. doi: 10.1172/JCI125332

13. Heppner, KM, and Tong, J. Mechanisms in endocrinology: regulation of glucose metabolism by the ghrelin system: multiple players and multiple actions. Eur J Endocrinol (2014) 171:R21–32. doi: 10.1530/EJE-14-0183

14. Dezaki, K, Kakei, M, and Yada, T. Ghrelin uses Galphai2 and activates voltage-dependent k+ channels to attenuate glucose-induced Ca2+ signaling and insulin release in islet beta-cells: novel signal transduction of ghrelin. Diabetes (2007) 56:2319–27. doi: 10.2337/db07-0345

15. Broglio, F, Arvat, E, Benso, A, Gottero, C, Muccioli, G, Papotti, M, et al. Ghrelin, a natural GH secretagogue produced by the stomach, induces hyperglycemia and reduces insulin secretion in humans. J Clin Endocrinol Metab (2001) 86:5083–6. doi: 10.1210/jcem.86.10.8098

16. Reed, JA, Benoit, SC, Pfluger, PT, Tschop, MH, D’Alessio, DA, and Seeley, RJ. Mice with chronically increased circulating ghrelin develop age-related glucose intolerance. Am J Physiol Endocrinol Metab (2008) 294:E752–60. doi: 10.1152/ajpendo.00463.2007

17. Colombo, M, Gregersen, S, Xiao, J, and Hermansen, K. Effects of ghrelin and other neuropeptides (CART, MCH, orexin A and B, and GLP-1) on the release of insulin from isolated rat islets. Pancreas (2003) 27:161–6. doi: 10.1097/00006676-200308000-00009

18. Tong, J, Prigeon, RL, Davis, HW, Bidlingmaier, M, Kahn, SE, Cummings, DE, et al. Ghrelin suppresses glucose-stimulated insulin secretion and deteriorates glucose tolerance in healthy humans. Diabetes (2010) 59:2145–51. doi: 10.2337/db10-0504

19. Brial, F, Lussier, CR, Belleville, K, Sarret, P, and Boudreau, F. Ghrelin inhibition restores glucose homeostasis in hepatocyte nuclear factor-1alpha (MODY3)-deficient mice. Diabetes (2015) 64:3314–20. doi: 10.2337/db15-0124

20. Dezaki, K, Sone, H, Koizumi, M, Nakata, M, Kakei, M, Nagai, H, et al. Blockade of pancreatic islet-derived ghrelin enhances insulin secretion to prevent high-fat diet-induced glucose intolerance. Diabetes (2006) 55:3486–93. doi: 10.2337/db06-0878

21. Abegg, K, Bernasconi, L, Hutter, M, Whiting, L, Pietra, C, Giuliano, C, et al. Ghrelin receptor inverse agonists as a novel therapeutic approach against obesity-related metabolic disease. Diabetes Obes Metab (2017) 19:1740–50. doi: 10.1111/dom.13020

22. Li, RL, Sherbet, DP, Elsbernd, BL, Goldstein, JL, Brown, MS, and Zhao, TJ. Profound hypoglycemia in starved, ghrelin-deficient mice is caused by decreased gluconeogenesis and reversed by lactate or fatty acids. J Biol Chem (2012) 287:17942–50. doi: 10.1074/jbc.M112.358051

23. Mani, BK, Uchida, A, Lee, Y, Osborne-Lawrence, S, Charron, MJ, Unger, RH, et al. Hypoglycemic effect of combined ghrelin and glucagon receptor blockade. Diabetes (2017) 66:1847–57. doi: 10.2337/db16-1303

24. Shankar, K, Gupta, D, Mani, BK, Findley, BG, Lord, CC, Osborne-Lawrence, S, et al. Acyl-ghrelin is permissive for the normal counterregulatory response to insulin-induced hypoglycemia. Diabetes (2020) 69:228–37. doi: 10.2337/db19-0438

25. Shankar, K, Gupta, D, Mani, BK, Findley, BG, Osborne-Lawrence, S, Metzger, NP, et al. Ghrelin protects against insulin-induced hypoglycemia in a mouse model of type 1 diabetes mellitus. Front Endocrinol (2020) 11:606. doi: 10.3389/fendo.2020.00606

26. Lin, L, Saha, PK, Ma, X, Henshaw, IO, Shao, L, Chang, BH, et al. Ablation of ghrelin receptor reduces adiposity and improves insulin sensitivity during aging by regulating fat metabolism in white and brown adipose tissues. Aging Cell (2011) 10:996–1010. doi: 10.1111/j.1474-9726.2011.00740.x

27. Sakata, I, Park, WM, Walker, AK, Piper, PK, Chuang, JC, Osborne-Lawrence, S, et al. Glucose-mediated control of ghrelin release from primary cultures of gastric mucosal cells. Am J Physiol Endocrinol Metab (2012) 302:E1300–10. doi: 10.1152/ajpendo.00041.2012

28. Shankar, K, Takemi, S, Gupta, D, Varshney, S, Mani, BK, Osborne-Lawrence, S, et al. Ghrelin cell-expressed insulin receptors mediate meal- and obesity-induced declines in plasma ghrelin. JCI Insight (2021) 6:e146983. doi: 10.1172/jci.insight.146983

29. Lucidi, P, Murdolo, G, Di Loreto, C, De Cicco, A, Parlanti, N, Fanelli, C, et al. Ghrelin is not necessary for adequate hormonal counterregulation of insulin-induced hypoglycemia. Diabetes (2002) 51:2911–4. doi: 10.2337/diabetes.51.10.2911

30. Flanagan, DE, Evans, ML, Monsod, TP, Rife, F, Heptulla, RA, Tamborlane, WV, et al. The influence of insulin on circulating ghrelin. Am J Physiol Endocrinol Metab (2003) 284:E313–6. doi: 10.1152/ajpendo.00569.2001

31. Lauritzen, ES, Voss, T, Kampmann, U, Mengel, A, Vendelbo, MH, Jorgensen, JO, et al. Circulating acylghrelin levels are suppressed by insulin and increase in response to hypoglycemia in healthy adult volunteers. Eur J Endocrinol (2015) 172:357–62. doi: 10.1530/EJE-14-0880

32. Zhao, TJ, Sakata, I, Li, RL, Liang, G, Richardson, JA, Brown, MS, et al. Ghrelin secretion stimulated by {beta}1-adrenergic receptors in cultured ghrelinoma cells and in fasted mice. Proc Natl Acad Sci U.S.A. (2010) 107:15868–73. doi: 10.1073/pnas.1011116107

33. Gagnon, J, and Anini, Y. Insulin and norepinephrine regulate ghrelin secretion from a rat primary stomach cell culture. Endocrinology (2012) 153:3646–56. doi: 10.1210/en.2012-1040

34. Iwakura, H, Ariyasu, H, Hosoda, H, Yamada, G, Hosoda, K, Nakao, K, et al. Oxytocin and dopamine stimulate ghrelin secretion by the ghrelin-producing cell line, MGN3-1 in vitro. Endocrinology (2011) 152:2619–25. doi: 10.1210/en.2010-1455

35. Mundinger, TO, Cummings, DE, and Taborsky, GJ Jr. Direct stimulation of ghrelin secretion by sympathetic nerves. Endocrinology (2006) 147:2893–901. doi: 10.1210/en.2005-1182

36. Mani, BK, Chuang, JC, Kjalarsdottir, L, Sakata, I, Walker, AK, Kuperman, A, et al. Role of calcium and EPAC in norepinephrine-induced ghrelin secretion. Endocrinology (2014) 155:98–107. doi: 10.1210/en.2013-1691

37. Engelstoft, MS, Park, WM, Sakata, I, Kristensen, LV, Husted, AS, Osborne-Lawrence, S, et al. Seven transmembrane G protein-coupled receptor repertoire of gastric ghrelin cells. Mol Metab (2013) 2:376–92. doi: 10.1016/j.molmet.2013.08.006

38. de la Cour, CD, Norlen, P, and Hakanson, R. Secretion of ghrelin from rat stomach ghrelin cells in response to local microinfusion of candidate messenger compounds: a microdialysis study. Regul Pept (2007) 143:118–26. doi: 10.1016/j.regpep.2007.05.001

39. Mani, BK, Osborne-Lawrence, S, Vijayaraghavan, P, Hepler, C, and Zigman, JM. beta1-adrenergic receptor deficiency in ghrelin-expressing cells causes hypoglycemia in susceptible individuals. J Clin Invest (2016) 126:3467–78. doi: 10.1172/JCI86270

40. Rodriguez, JA, Bruggeman, EC, Mani, BK, Osborne-Lawrence, S, Lord, CC, Roseman, HF, et al. Ghrelin receptor agonist rescues excess neonatal mortality in a prader-willi syndrome mouse model. Endocrinology (2018) 159:4006–22. doi: 10.1210/en.2018-00801

41. Bruning, JC, Michael, MD, Winnay, JN, Hayashi, T, Horsch, D, Accili, D, et al. A muscle-specific insulin receptor knockout exhibits features of the metabolic syndrome of NIDDM without altering glucose tolerance. Mol Cell (1998) 2:559–69. doi: 10.1016/S1097-2765(00)80155-0

42. Poplawski, MM, Mastaitis, JW, and Mobbs, CV. Naloxone, but not valsartan, preserves responses to hypoglycemia after antecedent hypoglycemia: role of metabolic reprogramming in counterregulatory failure. Diabetes (2011) 60:39–46. doi: 10.2337/db10-0326

43. Senthilkumaran, M, Zhou, XF, and Bobrovskaya, L. Challenges in modelling hypoglycaemia-associated autonomic failure: a review of human and animal studies. Int J Endocrinol (2016) 2016:9801640. doi: 10.1155/2016/9801640

44. Ma, Y, Wang, Q, Joe, D, Wang, M, and Whim, MD. Recurrent hypoglycemia inhibits the counterregulatory response by suppressing adrenal activity. J Clin Invest (2018) 128:3866–71. doi: 10.1172/JCI91921

45. Canada, SE, Weaver, SA, Sharpe, SN, and Pederson, BA. Brain glycogen supercompensation in the mouse after recovery from insulin-induced hypoglycemia. J Neurosci Res (2011) 89:585–91. doi: 10.1002/jnr.22579

46. Emery, M, Nanchen, N, Preitner, F, Ibberson, M, and Roduit, R. Biological characterization of gene response to insulin-induced hypoglycemia in mouse retina. PloS One (2016) 11:e0150266. doi: 10.1371/journal.pone.0150266

47. McNeilly, AD, Gallagher, JR, Dinkova-Kostova, AT, Hayes, JD, Sharkey, J, Ashford, ML, et al. Nrf2-mediated neuroprotection against recurrent hypoglycemia is insufficient to prevent cognitive impairment in a rodent model of type 1 diabetes. Diabetes (2016) 65:3151–60. doi: 10.2337/db15-1653

48. Jacobson, L, and Pacak, K. Combined corticotropin-releasing hormone and glucocorticoid deficiency does not enhance counterregulatory responses after recurrent hypoglycemia in mice. Metabolism (2005) 54:1259–65. doi: 10.1016/j.metabol.2005.04.013

49. Jacobson, L, Ansari, T, Potts, J, and McGuinness, OP. Glucocorticoid-deficient corticotropin-releasing hormone knockout mice maintain glucose requirements but not autonomic responses during repeated hypoglycemia. Am J Physiol Endocrinol Metab (2006) 291:E15–22. doi: 10.1152/ajpendo.00526.2005

50. Jacobson, L, Ansari, T, and McGuinness, OP. Counterregulatory deficits occur within 24 h of a single hypoglycemic episode in conscious, unrestrained, chronically cannulated mice. Am J Physiol Endocrinol Metab (2006) 290:E678–84. doi: 10.1152/ajpendo.00383.2005

51. Sabra-Makke, L, Maritan, M, Planchais, J, Boutant, M, Pegorier, JP, Even, PC, et al. Hypothalamic ventromedial COUP-TFII protects against hypoglycemia-associated autonomic failure. Proc Natl Acad Sci U.S.A. (2013) 110:4333–8. doi: 10.1073/pnas.1219262110

52. Farhat, R, Su, G, Sejling, AS, Knight, N, Fisher, SJ, and Chan, O. Carvedilol prevents counterregulatory failure and impaired hypoglycaemia awareness in non-diabetic recurrently hypoglycaemic rats. Diabetologia (2019) 62:676–86. doi: 10.1007/s00125-018-4802-0

53. Patel, V, Sarkar, P, Siegel, DM, Teegala, SB, Hirschberg, PR, Wajid, H, et al. The anti-narcolepsy drug modafinil reverses hypoglycemia unawareness and normalizes glucose sensing of orexin neurons in Male mice. Diabetes (2022) db220639. doi: 10.2337/figshare.21714221

54. Gupta, D, Chuang, JC, Mani, BK, Shankar, K, Rodriguez, JA, Osborne-Lawrence, S, et al. beta1-adrenergic receptors mediate plasma acyl-ghrelin elevation and depressive-like behavior induced by chronic psychosocial stress. Neuropsychopharmacology (2019) 44:1319–27. doi: 10.1038/s41386-019-0334-7

55. Sakata, I, Yang, J, Lee, CE, Osborne-Lawrence, S, Rovinsky, SA, Elmquist, JK, et al. Colocalization of ghrelin O-acyltransferase and ghrelin in gastric mucosal cells. Am J Physiol Endocrinol Metab (2009) 297:E134–41. doi: 10.1152/ajpendo.90859.2008

56. Mani, BK, Osborne-Lawrence, S, Metzger, N, and Zigman, JM. Lowering oxidative stress in ghrelin cells stimulates ghrelin secretion. Am J Physiol Endocrinol Metab (2020) 319:E330–7. doi: 10.1152/ajpendo.00119.2020




Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Shankar, Varshney, Gupta, Mani, Osborne-Lawrence, Metzger, Richard and Zigman. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/logo.jpg
, frontiers ’ Frontiers in Endocrinology





OEBPS/Images/fendo-14-1181856-g002.jpg
A
Pgenotype=0-025
Plreatment<0-0001
Pgenotypextreatmenlzo-gso
ns
%%k %k k
—_ 300  — %k %k %k
%I Kk ok k 1
2 *okokok
2 [
= 200 1
o % % %k %k ik
7]
g 150
2 . m
O 100
T
o
2
(1]
R o S
N Q Q K QQ
o°(° o \* (P& & 8:?
Q\* ':\. & S ':\' &0
<& é})é <& zo“‘
< <
D
Pgenotype=0.303
Pireatment<0.0001
Pgenotypextreatmen|=0-364
ns
=)
E *x *kk
2 30 —
o 25 * ns ns  ns
= —i
£ 20 o s |
o 15 ° @
=
i-’. 10
o
=z

Glucagon (pmol/L)

Ghrelin (pg/ml)

Pgenotype=0.630
Pireatment<0-0001

Pge“OWPextreatment:0-945

Pgenotype<0-0001
Plreatment=0-0002

Pgenotypextreatment=0-0002

% % % %k

C

S
o o o

wn o

3
3
25
2
1
i

o

&
£
£
)
£
o
c
k=
£
[
@
=
S
w

o un

Pgenolype:0-057
Ptreatmem<0-0001

Pgeﬂotypextrealmenl=0-71 0

[®1 wild-type
B Ghrelin-KO





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Ghrelin does not impact the blunted counterregulatory response to recurrent hypoglycemia in mice

      

        		

          Introduction

        



        		

          Methods

        



        		

          Results

        



        		

          Conclusions

        



        		

          Introduction

        



        		

          Methods

        

          		

            Animals

          



          		

            Recurrent hypoglycemia mouse model

          



          		

            Determination of plasma hormone levels

          



          		

            Statistical analyses

          



        



        



        		

          Results

        

          		

            Recurrent hypoglycemia exaggerates the fall in blood glucose and impairs the CRR in C57BL/6N mice

          



          		

            Ghrelin deletion does not further impair the CRR following recurrent hypoglycemia

          



          		

            Increasing ghrelin via ghrelin cell-selective insulin receptor deletion does not augment the CRR following recurrent hypoglycemia

          



        



        



        		

          Discussion

        



        		

          Data availability statement

        



        		

          Ethics statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fendo.2023.1181856_cover.jpg
& frontiers | Frontiers in Endocrinology

Ghrelin does not impact the blunted
counterregulatory response to recurrent
hypoglycemia in mice





OEBPS/Images/fendo-14-1181856-g003.jpg
A B C
Pgenotype= 0.222
Ptrea(ment<0-0001

Pgenotype=0-334

Pgenotypextreatment= 0.464 ns Pgenotype=0-802 Pireatment<0-0001
w Pireatment<0.0001 PgenotypeXlreatmem=0-083
300 % %k %k %k ] 100 Pgenolype)(lreatmem=0-660 40 ns
—_
T 2509 rwkn i 5 ok = 338 *kk e
= — 3 w Ea] 2 —
E g 7 2 ®okkok Kok
e g 60 o
o c 50 =
o o =
5 g g
3 3 H
2 o 20 Lﬁ'
o 10
0
-2 o & (] & R4 ] R4 o o
& & o S F
g & s A & S N & N IR
< S <& S < 0‘9‘ <& oo“
<€ < < <€
D E KAk
% %
Pgenotype=0.662 ggenmypei%agg
= treatment™ >+
P“ea\mem_OAOO7 o F’genmype)(treatmenl<0-0001 |_|* I_lnS
40 Pgenotypextrealment_o-297 9000

[o] rR"Gcre™"

Norepinephrine (ng/mL)






OEBPS/Images/fendo-14-1181856-g001.jpg
A B Blood Glucose and
CRR hormones

1\

'

'

Salineor 1

Food withdrawn insulin '
at ~7AM administration :

-180 -150 -120 -90 -60 -30 0 30

Time (min)
ns
c D E
300 F 3k %k % 40
) 1
— =35
3 250 Kokkk  Kokk d = .
E [ | — S N
= 200 £ £ 25
3 ] °
g 150 c £ 20
3 ) < 15
O 100 ] 2
3 3 £ 10
o 50 o I.I"} 5
o
0 0

m
[o]

Norepinephrine (ng/mL)
Ghrelin (pg/mL)






