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Abstract

Objective—The decline in insulin sensitivity (SI) associated with puberty increases the difficulty 

of achieving glycemic control in adolescents with type 1 diabetes (T1D). The aim of this study 

was to determine whether glutamine supplementation affects blood glucose by enhancing SI in 

adolescents with T1D.

Methods—Thirteen adolescents with T1D (HbA1C 8.2 ± 0.1%) were admitted to perform 

afternoon exercise (four 15-min treadmill/5-min rest cycles of exercise) on two occasions within a 

4-wk period. They were randomized to receive a drink containing either glutamine (0.25 g/kg) or 

placebo before exercise, at bedtime, and early morning in a double-blind, crossover design. Blood 

glucose was monitored overnight, and a hyperinsulinemic-euglycemic clamp was performed the 

following morning.

Results—Blood glucose concentration dropped comparably during exercise on both days. 

However, the total number of nocturnal hypoglycemic events (17 versus 7, P = 0.045) and the 

cumulative probability of overnight hypoglycemia (50% versus 33%, P = 0.02) were higher on the 

glutamine day than on the placebo day. During clamp, glucose infusion rate was not affected by 

glutamine supplementation (7.7 ± 1 mg • kg−1 • min−1 versus 7.0 ± 1; glutamine versus placebo; P 
= 0.4).

Conclusions—Oral glutamine supplementation decreases blood glucose in adolescents with 

T1D after exercise. Insulin sensitivity, however, was unaltered during the euglycemic clamp. 

Although the mechanisms involved remain to be elucidated, studies to explore the potential use of 

glutamine to improve blood glucose control are needed.
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Introduction

Puberty is associated with a physiological decline in insulin sensitivity [1,2]. This is of 

particular concern in adolescents with type 1 diabetes (T1D) [3] as insulin resistance can 

make it more difficult to achieve glycemic control during this stage of life [3]. Glutamine is 

the most abundant free amino acid in the body and contributes to the regulation of protein 

and energy homeostasis. Glutamine (GLN) is a major carbon donor for gluconeogenesis [4, 

5] and glycogen synthesis [6]. It is thought to inhibit lipolysis in fasting dogs [7] and 

postabsorptive human volunteers [8], and is a potent stimulus of glucagon-like peptide 

(GLP)-1 secretion in healthy individuals [9], and adults with type 2 diabetes [10]. It has been 

suggested that GLN improves glucose tolerance, insulin sensitivity, or both in various 

settings, including in critically ill patients [11], trauma patients [12], children with cystic 

fibrosis treated with recombinant growth hormone [13], and experimental animals [14]. 

GLN also enhanced glycogen storage after exercise in healthy individuals [6]. Recent studies 

suggest GLP-1 reduces endogenous glucose production through mechanisms independent of 

insulin [15] and GLP-1 improved insulin sensitivity in rodents [16]. Lower nighttime blood 

glucose concentrations after afternoon exercise sessions in adolescents with T1D who 

received oral GLN compared with placebo (PL) have been observed [17]. As adolescents 

with T1D have no significant endogenous insulin production, we hypothesized that GLN had 

a role in modulating insulin sensitivity. The present study was designed to determine 

whether oral GLN increased insulin sensitivity, as assessed by the hyperinsulinemic-

euglycemic clamp technique. Whether GLN affects GLP-1 and free fatty acids (FFA) 

concentrations were assessed as secondary outcomes.

Material and methods

After approval by the Wolfson Children’s Hospital Institutional Review Committee,13 

adolescents (8 boys and 5 girls; mean age 15.9 ± 1.6 y) with T1D on insulin pump therapy 

were recruited among patients followed at the Nemours Children’s Clinic, Jacksonville, 

Florida after written informed consent and participant’s assent. Inclusion criteria included 

diabetes duration >1 y, on stable insulin therapy, body mass index (BMI) above the 10th but 

below the 85th percentile, hemoglobin (Hb) A1C >7.5 but <10%, and Tanner V puberty, as 

determined by a pediatric endocrinologist based on breast maturity or testicular volume.

Adolescents were excluded if they received any dietary supplement or medication likely to 

interfere with glucose metabolism. Other medications were continued at constant doses 

throughout the study. None of the participants had any diabetes-related complications.

Each adolescent was admitted on two separate occasions to the Clinical Research Center 

(CRC) at Wolfson Children’s Hospital, once for the GLN study, and the second time for the 

PL study. Studies were performed within a 4-wk window, and in randomized order. Patients, 
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investigators, and CRC staff were blinded as to randomization. Participants maintained a 

similar dietary intake and exercise routine as measured by an accelerometer (GTX+3, 

Actigraph) 3 d before each admission. Diabetes was managed as per their home routine. 

Patients were admitted at 1200 h. Lunch, dinner, and snacks were provided based on 

patients’ dietary history. The calorie and protein intake was identical on both CRC 

admissions. Protocol is depicted in Figure 1. After lunch, an intravenous (IV) line was 

placed in the antecubital fossa for blood glucose (BG) sampling. BG was titrated (129 ± 37 

mg/dL) before exercise at 1500 h. Children were randomized to receive a drink containing 

either GLN (0.25 g • kg−1 •dose−1) or PL (calorie- and nitrogen-free) before exercise, at 

bedtime, and at 0530 h the following morning. The dose (0.75 g • kg−1 • 24 h−1) was chosen 

to match doses used in clinical trials in other settings [11–13] and found to affect BG in our 

earlier study [17]; such doses are of the same order of magnitude as endogenous GLN 

production (348 μmol • kg−1 • h−1, i.e., 1.2 g • kg−1 • d−1) [18].

Exercise and overnight monitoring

The exercise sessions consisted of four consecutive 15-min treadmill cycles with 5-min rest 

breaks, for a total of 75 min as previously described [17]. BG concentration was checked 

during each rest period and 30 min after exercise. If BG was <70 mg/dL, patients were not 

allowed back on the treadmill until BG concentration was restored to >70 mg/dL. Exercise 

intensity was titrated to achieve a heart rate of ~140 bpm. Basal subcutaneous insulin 

infusion was discontinued during exercise if adolescents had BG of <80 mg/dL at exercise 

initiation or after a first episode of hypoglycemia. Plasma GLN concentrations were 

measured immediately before and at the end of exercise. Patients were not allowed food or 

liquids after midnight until the end of the euglycemic clamp the following day. BG was 

monitored hourly overnight from 2100 h to 0500 h. A BG of ≤70 mg/dL prompted treatment 

with a fast-acting oral carbohydrate (until 2400 h) or 10% dextrose IV (after 2400 h). 

Treatment was repeated as needed until BG was ≥80 mg/dL.

Stable isotope infusion and hyperinsulinemic-euglycemic clamp

At 0500 h the following morning, the subcutaneous insulin pump was stopped. Another 

catheter was inserted in a retrograde fashion into a vein of the contralateral arm, heated to 

arterialize venous blood during sampling. An IV insulin infusion using regular insulin mixed 

with normal saline (1:1 dilution) was started at 0.05 unit • kg−1 • h−1 and adjusted every 30 

min to maintain BG between 80 and 160 mg/dL.

At 0630 h, a 5-h primed, continuous infusion of D-[6,6-2H2] glucose (8 μmol • kg−1 • h−1) 

(Cambridge Isotope Laboratories, Andover, MA, USA) was started, and continued until 

completion of the clamp, using a calibrated, volume-controlled syringe. At 0800 h, a 3-h, 

two-dose hyperinsulinemic-euglycemic clamp was started: Insulin was infused at a low-dose 

(8 mU • m−2 •min−1) for the first 90 min followed by a high-dose (80 mU •m−2 •min−1) for 

the subsequent 90 min. BG concentration was kept constant using an IV infusion of 12.5% 

dextrose, adjusted based on every 5- to 10-min BG sampling using published algorithms 

[19]. Arterialized venous blood samples were obtained at baseline, midclamp, and at 10-min 

intervals during plateau (last 30 min of each portion of the clamp) for the determination of 

substrate and hormone concentrations, and stable isotope enrichments.
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After IV infusion was discontinued, patients were fed and discharged home on their usual 

treatment regimen. They returned to the CRC within 4 wk for a second, identical study. The 

PL or GLN treatment order was randomized.

Calculations

Glucose infusion rate (GIR) (mg •kg−1•min−1) was calculated using the mean rate of 

dextrose infused during the last 30 min of each portion of the clamp. Rate of glucose 

appearance (Ra, mg • kg−1 •min−1) into plasma was calculated using equations for near-

steady state conditions with a single pool model as Ra = i × [(Ei/Ep)–1], where i is the tracer 

infusion rate (mg • kg−1 • min−1), Ei and Ep are isotope enrichments (mol %excess) in the 

IV infusate and plasma at steady state, respectively. Endogenous glucose production (EGP) 

(mg • kg−1 • min−1) was calculated by subtracting GIR from Ra (at plateau) (EGP = Ra–

GIR), and Ra reduction was determined by subtracting Ra at baseline (i.e., before the start of 

the clamp) from EGP (Ra reduction = EGP–Ra (baseline)) at the end of the low-dose 

hyperinsulinemic clamp. Insulin sensitivity index (SI, mL • kg−1 •min−1 per μU/mL) was 

calculated, using the following equation: SI = M/(BG × ΔI), where M is the glucose disposal 

rate (assumed to be equal to GIR during the high-dose clamp), BG is the mean steady-state 

plasma glucose (mg/mL) concentration at plateau, and ΔI is the difference between fasting 

and steady-state plasma-free insulin concentrations.

Assays

BG concentrations were measured with a FreeStyle Lite meter (Abbott Laboratories, Lake 

Bluff, IL, USA) and plasma glucose by glucose oxidase method with a YSI 2300 STAT Plus 

glucose analyzer (YSI, Yellow Springs, OH, USA). Insulin was measured by 

radioimmunoassay. Bioactive GLP-1 was measured by enzyme-linked immunosorbent assay. 

Plasma amino acid concentrations were measured by liquid chromatography mass 

spectrometry. FFAs were quantitated using an enzymatic colorimetric method and 

[2H2]glucose enrichments and GLN concentrations measured via gas chromatography-mass 

spectrometry (Agilent 6890 GC interfaced with a 5975 B Mass Spec in EI mode) after 

derivatization to glucose pentacetate, and N-acetyl propylester-glutamate, respectively, as 

previously described [5]. Ammonia was measured using an automated chemistry analyzer.

Statistical analysis

Baseline and demographic characteristics are summarized. Sample size was designed to 

detect a minimum of 20% difference in mean glucose disposal rate between GLN and PL 

with a power of 90% at the 5% level of significance using a two-sided, paired t test. 

Quantitative variables are summarized by mean ± SE. A mixed-effects model was used to 

compare mean glucose homeostasis between GLN and PL days. Treatment (PL or GLN), 

period, and the interaction of treatment and period were used as fixed effects and 

participants were used as random effect. We used an AR(1) covariance structure. Estimated 

marginal means and P values are presented. All tests were two-tailed with a level of 

significance of 0.05. Correlation between insulin sensitivity and the number of 

hypoglycemic events was tested using Spearman test. All analyses were performed using 

IBM SPSS Statistics for Windows, Version 22.0 (Armonk, NY, USA).
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Results

Thirteen adolescents were recruited, 12 of 13 completed the study; 2 did not receive isotope 

infusions but underwent all other procedures and were included in all analyses. Selected 

clinical characteristics are listed in Table 1. BMI was in the normal range (69th ± 16th 

percentile).

Exercise

Participants achieved a mean heart rate of 143 ± 8 bpm. Baseline BG before exercise was 

comparable between study visits (GLN: 132 ± 11; PL: 125 ± 11 mg/dL; P = 0.66), and 

decreased comparably postexercise (GLN: −30 ± 12; PL: −20 ± 14 mg/dL; P = 0.58). The 

mean amount of carbohydrate consumed during exercise to maintain euglycemia was similar 

on both days (GLN: 21 ± 5; PL: 27 ± 8 g; P = 0.56).

Baseline GLN concentrations were identical on both study days (GLN: 591 ± 33; PL: 597 

± 30 μmol/L; P = 0.9) and increased ~20% after exercise on the GLN day (734 ± 37; P = 

0.0012 versus baseline), whereas they remained unaltered on the PL day (616 ± 43; P = 0.1 

versus baseline).

Plasma GLP-1 and free fatty acids

GLP-1 concentrations did not differ at baseline (preexercise) between study days (GLN: 

4.47 ± 0.9; PL: 4.45 ± 0.9 pmol/L; P = 0.98). GLP-1 concentrations did not differ between 

regimens either in the immediate postexercise period (GLN: 4.6 ± 0.8; PL: 5.6 ± 0.7 pmol/L; 

P = 0.37) or in the postabsorptive state the following morning (0600) (GLN: 2.3 ± 0.3; PL: 

1.8 ± 0.1 pmol/L; P = 0.2).

Concentration of FFA did not differ between study days either before (P = 0.66) or after 

exercise (P = 0.78; data not shown).

Overnight glucose control

The number of postexercise, nocturnal hypoglycemic events (BG <70 mg/dL) was higher 

after GLN administration than PL (17 versus 7, P = 0.045). The cumulative probability of 

overnight hypoglycemia was increased on the GLN day compared with PL day (50 versus 

33% respectively, P = 0.02; Fig. 2).

Low-dose, hyperinsulinemic-euglycemic clamp

Basal plasma-free insulin concentrations were not significantly different between study days 

(GLN: 140 ± 34; PL: 98 ± 19 μU/mL; P = 0.14). Baseline glucose concentrations at the 

initiation of the clamp were similar on both days (GLN: 103 ± 7; PL: 113 ± 10 mg/dL; P = 

0.35) and maintained at plateau with a mean coefficient of variation of <6% (low dose: 

GLN: 136 ± 11; PL: 145 ± 12 mg/dL; high dose: GLN: 95 ± 4; PL: 92 ± 6 mg/dL; Table 2).

During the low-dose clamp, participants required a larger GIR on the GLN day than on the 

PL day, but this trend did not reach significance (GLN: 1.6 ± 0.6; PL: 0.6 ± 0.6 mg • kg−1 • 

min−1; P = 0.25). Endogenous glucose production (EGP) at plateau was nearly identical 
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between days (GLN: 4.24 ± 0.8; PL: 4.32 ± 0.6 mg • kg−1 •min−1; P = 0.9). Reduction in 

EGP, defined as the change in EGP between baseline and plateau during the low-dose insulin 

clamp tended to be larger on the GLN day but the trend did not reach significance (GLN: 

−2.74 ± 0.53; PL: −1.82 ± 0.45; P = 0.14). Similar free insulin concentrations were reached 

at plateau during the low-dose clamp on both days (GLN: 72 ± 21; PL: 83 ± 20 μU/mL; P = 

0.2).

High-dose hyperinsulinemic-euglycemic clamp

Participants required comparable GIRs on GLN day and PL day (7.7 ± 1 and 7 ± 1 mg • 

kg−1 •min−1, respectively; P = 0.4) and nearly identical free insulin concentrations were 

reached at plateau during the high-dose clamp on both days (GLN: 231 ± 36; PL: 235 ± 33 

μU/mL; P = 0.82; Fig. 3 and Table 2).

Insulin sensitivity

Insulin sensitivity did not differ between the days (GLN: 0.10 ± 0.02; PL: 0.07 ± 0.02 mL • 

kg−1 • min−1 per μU/mL; P = 0.186; Fig. 3).

Discussion

Consistent with an earlier preliminary report [17], the present study demonstrates that GLN 

supplementation acutely increases the likelihood of postexercise, overnight hypoglycemia in 

adolescents with T1D. These data demonstrate that after strenuous exercise, GLN decreases 

glucose production or increases glucose utilization in T1D. As these participants had long-

standing T1D with no residual β-cell function, this effect is unlikely due to any increase in 

insulin secretion. Yet the exact mechanism remains unclear.

In theory, GLN may affect glucose homeostasis through multiple mechanisms including

1. Enhanced insulin sensitivity;

2. Direct, noninsulin-mediated effects of GLN on glucose transport or glycogen 

synthesis [6,20–23], or lipolysis [7,8];

3. Enhanced secretion of hormones (other than insulin) affecting glucose 

metabolism such as GLP-1 [9,10]; and

4. Insulin-independent mechanisms such as those involving leptin [24], brain-

derived neurotrophic factor [25] or fibroblast growth factor 19 [26].

We are aware of a single earlier study that explored the effect of GLN on glucose 

metabolism in patients with T1D in the literature [27]. That study compared BG recovery 

after acute hypoglycemia was induced by a gradual, hypoglycemic, hyperinsulinemic clamp 

in adults with T1D who received an infusion of either alanyl-glutamine dipeptide, or a PL, 

and found that glucagon secretion was enhanced in the group receiving alanyl-glutamine. 

That study design and the present study differ in several aspects:

1. The present study enrolled adolescents compared with adults in the previous 

study.
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2. In the present study, participants had a session of vigorous exercise the night 

before the euglycemic clamp, whereas in the previous study, hypoglycemia was 

induced by a hypoglycemic, hyperinsulinemic clamp;

3. We administered natural L-glutamine orally, whereas a dipeptide of GLN and 

alanine was administered intravenously in the earlier study.

Such differences likely explain the discrepant results: We indeed observed an increase in the 

incidence of nocturnal hypoglycemia with oral GLN administration, whereas the earlier 

study observed enhanced glucagon secretion with the alanyl-glutamine dipeptide. 

Additionally, much higher plasma GLN concentrations were achieved in the previous study, 

most likely due to the IV route of delivery. Although we did not measure plasma glucagon 

concentrations, the incidence of hypoglycemic events was higher, rather than lower, in our 

participants on the GLN day, suggesting glucagon secretion likely did not increase on the 

GLN day. We speculate that the rise in plasma glucagon observed in the previous study may 

be an effect of alanine because the dipeptide delivered equimolar amounts of alanine and 

GLN, and alanine is known to increase glucagon secretion [28]; in contrast, we only 

administered GLN. Moreover, impaired secretion of counterregulatory hormones has been 

documented in children with T1D even with a relatively short diabetes duration [29,30].

In the literature, GLN was shown to enhance GLP-1 secretion in healthy volunteers [9] or 

adults with type 2 diabetes [10]; although GLP-1 primarily increases insulin secretion 

through an incretin effect, GLP-1 also affects glucose metabolism via insulin-independent 

mechanisms [15]. Yet no rise in GLP-1 was observed on the GLN day in the present study.

In other settings, glutamine was found to inhibit lipolysis [7,8] and therefore could decrease 

energy substrate availability, potentially leading to postexercise hypoglycemia. Yet FFA 

concentrations after exercise did not differ in our patients between the 2 days.

Such insulin-independent mechanisms therefore are unlikely. We did not observe a clearcut 

difference in insulin sensitivity during the hyperinsulinemic-euglycemic clamp after GLN 

administration. There were, however, nonstatistically significant trends toward a greater 

reduction in endogenous glucose production, and a greater glucose infusion rate on GLN 

day. Moreover, the postexercise incidence of nocturnal hypoglycemic events correlated with 

insulin sensitivity on the GLN day (r = 0.65; P = 0.03), whereas such correlation was not 

evident on PL day (data not shown). Whether GLN truly improves insulin sensitivity in T1D 

thus remains to be established.

Limitations in our study could have affected our ability to detect a significant rise in insulin 

sensitivity after oral GLN supplementation. First, only 13 patients were studied: We may 

have missed an effect of insulin because of a type II statistical error due to small sample 

size. Based on the ≈ 10% difference observed in GIR, an unrealistically high number of 

patients (>80) would need to be enrolled for such difference to reach statistical significance. 

Second, the hyperinsulinemic-euglycemic clamp was performed 15 h after exercise, by 

which time the effects of GLN, in combination with exercise, could have dissipated. 

Additionally, plasma GLN concentrations during clamp were not significantly different 

between the 2 days, which can be explained by the timing of the last dose of GLN (2 h 
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before clamp initiation). Therefore, we speculate that GLN may only transiently improve 

insulin sensitivity while circulating GLN concentration is elevated, as it was immediately 

postexercise. It also is possible that the lower BG concentrations prevailing overnight on the 

GLN-supplemented day could enhance the secretion of counterregulatory hormone 

concentrations, which in turn could counteract any insulin-sensitizing effect of GLN during 

the clamp the following morning. Yet, counterregulatory responses are variable between 

individuals as blunted overnight counter-regulatory hormone response to hypoglycemia has 

been observed in toddlers and adolescents with T1D even early after diagnosis [28,29].

Regardless of the mechanism involved, the lower blood sugars induced by GLN is an 

intriguing finding as it occurred in the absence of residual insulin or glucagon secretion. As 

a nitrogen-free PL was used in the present study, further studies using a nonessental amino 

acid PL mix would be needed to ensure the effect is specific for GLN per se. If so, studies 

with more extended periods of GLN supplementation and larger population samples would 

be warranted to determine whether GLN supplementation improves insulin sensitivity in 

patients with T1D. Should such effect of GLN on glucose metabolism be sustained with 

repeat dietary GLN supplementation, large-scale clinical trials of long-term dietary GLN 

supplementation in the home setting would be warranted in adolescents with T1D.

Conclusion

The present study confirmed our previous observation that GLN has acute glucose-lowering 

effects in adolescents with longstanding T1D after exercise. As such patients do not retain 

endogenous insulin secretion, the effect cannot be due to increased insulin secretion. 

Although no change in insulin sensitivity was observed the following morning, insulin 

sensitivity correlated with the number of nocturnal hypoglycemic events. Whether GLN 

directly stimulates postexercise glucose transport into skeletal muscle or exerts a transient 

effect on insulin sensitivity after exercise is unclear. Although the current finding suggests 

the potential role of GLN as a glucose-lowering agent under conditions of insulin deficiency, 

further studies would clearly be needed to determine whether GLN supplementation has 

benefit improving glucose control in clinical practice.
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Fig. 1. 
Protocol design to assess the effect of glutamine on insulin sensitivity in children with type 1 

diabetes.
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Fig. 2. 
Cumulative probability of nighttime hypoglycemia (BG ≤70 mg/dL) if the same adolescent 

with type 1 diabetes mellitus took glutamine or placebo before afternoon exercise and at 

bedtime.
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Fig. 3. 
GIR during high-dose hyperinsulinemic-euglycemic clamp after participant received 

glutamine or placebo. Individual changes are depicted by lines joining individual data 

points. GIR, glucose infusion rate.
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Table 1

Clinical characteristics of study participants (means ± SE)

Parameter Males Females

Height, cm 173 ± 2 161 ± 4

Weight, kg 66 ± 11 59 ± 2

Body mass index, kg/m2 22 ± 0.6 23 ± 0.4

Sex ratio, M:F 8:5

Duration of diabetes, y 7.9 ± 1.3

HbA1C, % 8.2 ± 0.1
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Table 2

Glucose homeostasis during the hyperinsulinemic-euglycemic clamp in adolescents with type 1 diabetes 

receiving either glutamine or placebo

Parameter Glutamine Placebo P value*

Low-dose (8 mU • m−2 • min−1), hyperinsulinemic-euglycemic clamp

 Plasma glutamine at plateau, μmol/L† 608 ± 26 560 ± 25 0.15

 Plasma glucose at plateau, mg/dL 136 ± 11 145 ± 12 0.6

 Free insulin at baseline, μU/mL 140 ± 34 98 ± 19 0.14

 Free insulin at plateau, μU/mL 72 ± 21 83 ± 20 0.2

 Glucose infusion rate, mg • kg−1 • min−1 1.4 ± 0.8 0.7 ± 0.3 0.4

 Baseline glucose Ra, mg • kg−1• min−1 6.9 ± 1.0 6.0 ± 1.0 0.2

 Glucose Ra at plateau, mg • kg−1 • min−1 6.0 ± 0.9 4.8 ± 0.9 0.3

 Endogenous glucose production at plateau, mg • kg−1 • min−1 4.2 ± 0.8 4.3 ± 0.6 0.96

 Reduction in endogenous glucose production, mg • kg−1 • min−1 −2.7 ± 0.5 −1.8 ± 0.4 0.14

High-dose (80 mU • m−2 • min−1), hyperinsulinemic-euglycemic clamp

 Plasma glutamine at plateau, μmol/L 516 ± 29 488 ± 29 0.14

 Plasma glucose at plateau, mg/dL 95 ± 4 92 ± 6 0.7

 Free insulin at plateau, μU/mL 231 ± 36 235 ± 33 0.8

 Glucose infusion rate, mg • kg−1 • min−1 7.8 ± 0.8 7.0 ± 0.8 0.4

 Insulin sensitivity, mL • kg−1 • min−1 per μU/mL 0.097 ± 0.02 0.071 ± 0.02 0.19

*
Estimated marginal mixed-effects model for a crossover design.

†
Last dose of oral glutamine given at 0530 h.
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