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Abstract

:

We compared the effects of oral administration of high-dose or low-dose glutamine dipeptide (GDP), alanine (ALA), glutamine (GLN), and ALA + GLN on the blood availability of amino acids in rats submitted to insulin-induced hypoglycemia (IIH). Insulin detemir (1 U/kg) was intraperitoneally injected to produce IIH; this was followed by oral administration of GDP, GLN + ALA, GLN, or ALA. We observed higher blood levels of GLN, 30 min after oral administration of high-dose GDP (1000 mg/kg) than after administration of ALA (381 mg/kg) + GLN (619 mg/kg), GLN (619 mg/kg), or ALA (381 mg/kg). However, we did not observe the same differences after oral administration of low-dose GDP (100 mg/kg) compared with ALA (38.1 mg/kg) + GLN (61.9 mg/kg), GLN (61.9 mg/kg), or ALA (38.1 mg/kg). We also observed less liver catabolism of GDP compared to ALA and GLN. In conclusion, high-dose GDP promoted higher blood levels of GLN than oral ALA + GLN, GLN, or ALA. Moreover, the lower levels of liver catabolism of GDP, compared to ALA or GLN, contributed to the superior performance of high-dose GDP in terms of blood availability of GLN.
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1. Introduction


The amino acid glutamine (GLN) is involved in many processes that are vital to cell function [1]. The molecular mechanisms of GLN’s actions are not entirely clear, but they undoubtedly involve changes in gene and protein expression, protein activity, and intracellular metabolite concentrations [1,2]. Enteral and parenteral administration of GLN offers nutritional benefits for critically ill patients and is recommended for use in this population [3,4,5]. Additionally, oral GLN has been used by healthy individuals, particularly athletes, to maintain immune function [6,7,8].



Although oral GLN supplementation offers potential benefits, its low solubility and stability in aqueous solutions limits its blood availability [9]. Furthermore, approximately 50% of orally administered GLN is extracted by the splanchnic bed in healthy humans [10]. However, this limitation can be overcome with the use of synthetic, stable, highly soluble glutamine dipeptide (GDP), a dipeptide composed of alanine (ALA) and GLN [11,12].



However, the performance of oral GDP in terms of blood concentration compared to oral GLN is controversial. Few studies have investigated the pharmacokinetic responses to oral doses of GDP [13,14,15].



A proper evaluation of the efficacy of GDP compared to GLN requires controlled conditions [16]. Fasted rats submitted to insulin-induced hypoglycemia (IIH) represent a suitable experimental model to evaluate changes in blood levels of amino acids [17,18]. Therefore, we compared the effects of oral GDP, GLN plus ALA, GLN, or ALA on the blood availability of amino acids in hypoglycemic rats.




2. Experimental Section


2.1. Chemicals


Insulin detemir (Levemir®) was obtained from Novo Nordisk (São Paulo, SP, Brazil). GDP was purchased from Ajinomoto (Ajinomoto North America, NC, USA). GLN and ALA were obtained from ICN Pharmaceuticals, Inc. (Costa Mesa, CA, USA). All other reagents were of the highest purity obtainable.




2.2. Animals


A total of 214 male Wistar rats, weighing approximately 250 g, were housed under a controlled 12 h light/dark cycle and a temperature of 23°C ± 2°C. All rats were fasted for 15 h before initiating the experiments. The experimental protocol was approved by the Ethics Committee of State University of Maringá, Brazil and was in accordance with international law on the protection and use of animals.




2.3. Experimental Protocol


We produced IIH in the rats by the intraperitoneal (ip) injection of insulin detemir (1 U/kg). We chose the dose of insulin on the basis of a previous study [18]. The insulin was not diluted, and it was injected with an infusion pump. Next, the rats received an oral administration (gavage) of GDP, ALA + GLN, GLN, or ALA immediately after ip insulin injection. An additional control group which received ip saline + oral vehicle was included. The control group furnishes the values before the administration of insulin and the test substances.



All rats were anesthetized with an ip injection of sodium thiopental (45 mg/kg). We collected blood from the vena cava to measure levels of blood glucose [19] and amino acids [20].




2.4. Measurement of Blood Glucose and Amino Acid Levels after Oral Administration of Low-Dose GDP (100 mg/kg), GLN (61.9 mg/kg) + ALA (38.1 mg/kg), GLN (61.9 mg/kg), or ALA (38.1 mg/kg)


An oral vehicle (IIH + oral vehicle), GDP (IIH + oral GDP), GLN + ALA (IIH + oral GLN + oral ALA), GLN (IIH + oral GLN) or ALA (IIH + oral ALA) was administered to the rats by gavage immediately after ip injection of insulin. Blood was collected 15 min (Table 1), 30 min (Table 2), and 120 min (Table 3) after oral administration to measure glucose and amino acid levels. The dose of GDP was based on a previous study [18], and the doses of ALA and GLN reflected their proportions in the GDP molecule. An additional control group received ip saline + oral vehicle.
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Table 1. Blood glucose (mg/dL) and amino acid (nmol/mL) levels 15 min after intraperitoneal insulin injection (IIH group). The IIH group was divided into 5 subgroups: IIH + oral vehicle (VHC), IIH + oral glutamine dipeptide (GDP), IIH + oral glutamine (GLN) + oral alanine (ALA), IIH + oral GLN or IIH + oral ALA. GDP (100 mg/kg), GLN (61.9 mg/kg) + ALA (38.1 mg/kg), GLN (61.9 mg/kg) or ALA (38.1 mg/kg) or VHC was administered immediately after insulin injection. The Control group received intraperitoneal saline + oral VHC. Data expressed as means ± standard error were analyzed by ANOVA (Newman-Keuls post hoc test). a p< 0.05 vs. Control and b p< 0.05 vs. IIH + oral GDP.







Table 1. Blood glucose (mg/dL) and amino acid (nmol/mL) levels 15 min after intraperitoneal insulin injection (IIH group). The IIH group was divided into 5 subgroups: IIH + oral vehicle (VHC), IIH + oral glutamine dipeptide (GDP), IIH + oral glutamine (GLN) + oral alanine (ALA), IIH + oral GLN or IIH + oral ALA. GDP (100 mg/kg), GLN (61.9 mg/kg) + ALA (38.1 mg/kg), GLN (61.9 mg/kg) or ALA (38.1 mg/kg) or VHC was administered immediately after insulin injection. The Control group received intraperitoneal saline + oral VHC. Data expressed as means ± standard error were analyzed by ANOVA (Newman-Keuls post hoc test). a p< 0.05 vs. Control and b p< 0.05 vs. IIH + oral GDP.







	

	
Control (n = 4)

	
IIH + VHC (n = 5)

	
IIH + GDP (n = 5)

	
IIH+ GLN + ALA (n = 4)

	
IIH + GLN (n = 5)

	
IIH + ALA (n = 4)






	
Glucose

	
108.9 ± 9.0

	
86.2 ± 8.2

	
93 ± 3.0

	
94.2 ± 8.5

	
89.3 ± 3.2

	
90.2 ± 3.4




	
Alanine

	
704.3 ± 45.0

	
545.3 ± 66.7

	
781.1 ± 140.7

	
551 ± 81.2

	
556.6 ± 19.7

	
572.9 ± 89.3




	
Arginine

	
68.2 ± 19.0

	
26.5 ± 0.4 ab

	
79.5 ± 5.7

	
51.8 ± 14.5

	
57 ± 14.2

	
32.5 ± 2.1 b




	
Glutamine

	
844.4 ± 104.0

	
694.9 ± 101.2

	
660.8 ± 134.6

	
575.3 ± 121.6

	
775.3 ± 69.3

	
565.1 ± 58.2




	
Histidine

	
91 ± 1.3

	
90.9 ± 4.3

	
91.9 ± 4.0

	
90.3 ± 6.0

	
90.5 ± 6.6

	
82.3 ± 5.4




	
Isoleucine

	
114.5 ± 10.2

	
81.3 ± 10.8

	
114.5 ± 10.2

	
76.3 ± 11.0

	
108.6 ± 6.1

	
80 ± 5.9




	
Leucine

	
222 ± 16.3

	
165.4 ± 21.2

	
210.7 ± 26.6

	
172 ± 30.2

	
193.9 ± 12.2

	
164.1 ± 13.9




	
Metionine

	
62.6 ± 10.8

	
53.4 ± 6.6

	
63.8 ± 5.3

	
49.2 ± 11.2

	
53.7 ± 9.2

	
46.7 ± 3.2




	
Phenylalanine

	
94 ± 9.4

	
80.5 ± 9.2

	
91.6 ± 12.5

	
73 ± 11.7

	
87 ± 5.2

	
70.6 ± 3.2




	
Tryptophan

	
107.7 ± 6.8

	
117.9 ± 9.1

	
123.5 ± 15.1

	
94.9 ± 17.8

	
111.9 ± 12.9

	
89.1 ± 6.9




	
Tyrosine

	
111.7 ± 22.0

	
88.2 ± 5.6

	
95.9 ± 9.6

	
91 ± 6.8

	
97.6 ± 7.7

	
86.4 ± 10.8




	
Valine

	
255.6 ± 41.0

	
207.5 ± 29.7

	
270.5 ± 27.5

	
203.4 ± 31.8

	
263.7 ± 17.7

	
186.1 ± 15.7
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Table 2. Blood glucose (mg/dL) and amino acid (nmol/mL) levels 30 min after intraperitoneal insulin injection (IIH group). The IIH group was divided into 5 subgroups: IIH + oral vehicle (VHC), IIH + oral glutamine dipeptide (GDP), IIH + oral glutamine (GLN) + oral alanine (ALA), IIH + oral GLN or IIH + oral ALA. GDP (100 mg/kg), GLN (61.9 mg/kg) + ALA (38.1 mg/kg), GLN (61.9 mg/kg) or ALA (38.1 mg/kg) or VHC. The Control group received intraperitoneal saline + oral VHC. Data expressed as means ± standard error were analyzed by ANOVA (Newman-Keuls post hoc test).
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Control (n = 4)

	
IIH + VHC (n = 5)

	
IIH + GDP (n = 5)

	
IIH+ GLN + ALA (n = 4)

	
IIH + GLN (n = 5)

	
IIH + ALA (n = 4)






	
Glucose

	
105.9 ± 15.1

	
71.6 ± 21.3

	
82.5 ± 21.5

	
74.0 ± 14.9

	
68.6 ± 14.9

	
80.8 ± 10.6




	
Alanine

	
272.5 ± 94.4

	
243.9 ± 55.1

	
260.8 ± 60.7

	
304.9 ± 77.9

	
250.7 ± 31.0

	
287.5± 86.0




	
Arginine

	
66.8 ± 22.6

	
51.3 ± 19.6

	
49.2 ± 19.5

	
54.9 ± 15.1

	
46.6 ± 12.5

	
46.7 ± 12.4




	
Glutamine

	
367.9 ± 77.3

	
305.8 ± 57.5

	
282.3 ± 57.1

	
339.0 ± 68.8

	
327.7 ± 76.0

	
325.2 ± 85.0




	
Histidine

	
85.3 ± 7.9

	
90.2 ± 7.8

	
88.9 ± 9.5

	
88.3 ± 5.5

	
90.6 ± 8.2

	
91.4 ± 7.2




	
Isoleucine

	
83.7 ± 16.5

	
59.9 ± 17.0

	
54.6 ± 13.5

	
52.2 ± 14.2

	
48.3 ± 13.7

	
51.0 ± 9.0




	
Leucine

	
157.8 ± 33.0

	
115.5 ± 37.2

	
103.7 ± 19.9

	
104.7 ± 22.6

	
95.1 ± 19.9

	
101.0 ± 18.5




	
Metionine

	
37.3 ± 12.9

	
35.1 ± 3.4

	
33.9 ± 5.5

	
36.8 ± 6.5

	
37.0 ± 4.2

	
35.9 ± 11.9




	
Phenylalanine

	
69.2 ± 15.2

	
60.0 ± 12.8

	
54.3 ± 7.1

	
59.7 ± 11.0

	
56.1 ± 8.4

	
55.1 ± 11.4




	
Tryptophan

	
60.3 ± 19.9

	
76.2 ± 12.3

	
58.9 ± 11.2

	
60.9 ± 12.0

	
74.7 ± 13.0

	
60.8 ± 19.7




	
Tyrosine

	
77.8 ± 13.3

	
73.3 ± 16.7

	
74.5 ± 18.6

	
75.5 ± 18.7

	
73.0 ± 22.5

	
83.0 ± 16.5




	
Valine

	
180.8 ± 32.8

	
145.9 ± 34.7

	
134.7 ± 24.9

	
140.7 ± 23.5

	
127.4 ± 19.2

	
131.6 ± 15.7
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Table 3. Blood glucose (mg/dL) and amino acid (nmol/mL) levels 120 min after intraperitoneal insulin injection (IIH group). The IIH group was divided into 5 subgroups: IIH + oral vehicle (VHC), IIH + oral glutamine dipeptide (GDP), IIH + oral glutamine (GLN) + oral alanine (ALA), IIH + oral GLN or IIH + oral ALA. GDP (100 mg/kg), GLN (61.9 mg/kg) + ALA (38.1 mg/kg), GLN (61.9 mg/kg), or ALA (38.1 mg/kg) or VHC was orally administered. The Control group received intraperitoneal saline + oral VHC. Data expressed as means ± standard error were analyzed by ANOVA (Newman-Keuls post hoc test). a p< 0.05 vs. Control and b p< 0.05 vs. IIH + oral GDP.
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Control (n = 4)

	
IIH + VHC (n = 5)

	
IIH +GDP (n = 5)

	
IIH+ GLN + ALA (n = 4)

	
IIH + GLN (n = 5)

	
IIH + ALA (n = 4)






	
Glucose

	
87.9 ± 4.3

	
18.0 ± 1.7 a

	
20.8 ± 7.4 a

	
33.3 ± 17.0 a

	
23.2 ± 5.9 a

	
15.0 ± 1.4 a




	
Alanine

	
607.8 ± 39.8

	
457.6± 31.3

	
353.0 ± 33.3

	
470.4 ± 97.6

	
464.8 ± 36.7

	
506.9± 45.5




	
Arginine

	
111.8 ± 26.4

	
103.1± 12.2

	
101.7 ± 1.9

	
97.9 ± 18.2

	
102.9 ± 17.0

	
94.4 ± 16.5




	
Glutamine

	
871.7 ± 93.2

	
613.3± 38.0

	
463.7± 68.1 a

	
647.5 ±127.9

	
516.0 ±87.2 a

	
459.2 ±65.8 a




	
Histidine

	
88.6 ± 3.3

	
93.5 ± 4.9

	
85.3 ± 6.6

	
85.2 ± 3.7

	
88.8 ± 2.5

	
93.5 ± 1.6




	
Isoleucine

	
109.1 ± 6.3

	
58.2 ± 5.6 a

	
59.5 ± 6.1 a

	
73.7 ± 19.4 a

	
53.34 ± 4.4 a

	
62.5 ± 2.3 a




	
Leucine

	
196.3 ± 10.9

	
124.8± 9.6 a

	
118.5± 10.3 a

	
130.4 ±27.8 a

	
109.5 ± 8.9 a

	
136.4± 12.5 a




	
Metionine

	
54.1 ± 6.0

	
38.4 ± 4.0

	
23.2 ± 3.9 a

	
43.9 ± 9.4 b

	
45.1 ± 3.7 c

	
33.0 ± 3.6




	
Phenylalanine

	
85.0 ± 3.4

	
82.9 ± 4.4

	
69.8 ± 5.5

	
80.9 ± 5.6

	
75.8 ± 3.7

	
83.7 ± 5.7




	
Tryptophan

	
99.0 ± 6.4

	
175.1±20.5 a

	
121.5 ± 11.4

	
139.2 ± 19.4

	
156.2 ± 14.0

	
145.2 ± 11.6




	
Tyrosine

	
110.2 ± 10.7

	
99.7 ± 8.7

	
99.9 ± 2.4

	
96.6 ± 15.0

	
95.7 ± 12.4

	
109.0 ± 4.2




	
Valine

	
295.7 ± 18.9

	
164.5±10.1 a

	
152.4 ± 16.4 a

	
196.9 ±34.2 a

	
160.3 ±13.4 a

	
185.4 ± 6.3 a










2.5. Measurement of Blood Glucose and Amino Acid Levels after Oral Administration of High-Dose GDP (1000 mg/kg), GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg), or ALA (381 mg/kg)


An oral vehicle (IIH + oral vehicle), GDP (IIH + oral GDP), GLN + ALA (IIH + oral GLN + oral ALA), GLN (IIH + oral GLN) or ALA (IIH + oral ALA) was administered to the rats by gavage immediately after ip insulin injection. Blood was collected 15 min (Table 4) and 30 min (Table 5) after oral administration to measure glucose and amino acid levels. An additional control group received ip saline + oral vehicle. The doses of ALA and GLN reflected their proportions in the GDP molecule.




2.6. Liver Perfusion Experiments


The hepatic catabolism of GDP, GLN, and ALA, inferred from liver glucose and urea formation were evaluated. Liver perfusion experiments were conducted in an open system without recirculation of perfusate, as previously described [17]. The rats were anesthetized with an ip injection of sodium thiopental (45 mg/g). The abdomen was opened by midline incision and a cannula was inserted into the portal vein.



The perfusion fluid, Krebs-Henseleit buffer (KHB; pH 7.4), which was saturated with an oxygen/carbon dioxide (95%/5%) mixture, was pumped (4 ml/g·min of liver weight) through a temperature-regulated (37 °C) membrane oxygenator prior to entering the liver via the cannula inserted in the portal vein.
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Table 4. Blood glucose (mg/dL) and amino acid (nmol/mL) levels 15 min after intraperitoneal insulin injection (IIH group). The IIH group was divided into 5 subgroups: IIH + oral vehicle (VHC), IIH + oral glutamine dipeptide (GDP), IIH + oral glutamine (GLN) + oral alanine (ALA), IIH + oral GLN or IIH + oral ALA. GDP (1000 mg/kg), GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg), ALA (381 mg/kg), or VHC was administered. The Control group received intraperitoneal saline + oral VHC. Data expressed as means ± standard error were analyzed by ANOVA (Newman-Keuls post hoc test).







Table 4. Blood glucose (mg/dL) and amino acid (nmol/mL) levels 15 min after intraperitoneal insulin injection (IIH group). The IIH group was divided into 5 subgroups: IIH + oral vehicle (VHC), IIH + oral glutamine dipeptide (GDP), IIH + oral glutamine (GLN) + oral alanine (ALA), IIH + oral GLN or IIH + oral ALA. GDP (1000 mg/kg), GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg), ALA (381 mg/kg), or VHC was administered. The Control group received intraperitoneal saline + oral VHC. Data expressed as means ± standard error were analyzed by ANOVA (Newman-Keuls post hoc test).







	

	
Control (n = 5)

	
IIH + VHC (n = 5)

	
IIH + GDP (n = 5)

	
IIH+ GLN + ALA (n = 3)

	
IIH + GLN (n = 5)

	
IIH + ALA (n = 5)






	
Glucose

	
134.2 ± 9.2

	
128.1 ± 6.2

	
145.8 ± 11.7

	
126.7 ± 9.9

	
126.8 ± 5.3

	
118.1 ± 6.4




	
Alanine

	
532.1 ± 23.8

	
606 ± 104.6

	
1477 ± 601.2

	
792.3 ± 150

	
688.9 ± 65.3

	
1001.6 ± 172




	
Arginine

	
104.2 ± 13.1

	
146.9 ± 17.6

	
157.1 ± 32.5

	
94.3 ± 8.5

	
120.9 ± 24.2

	
118.4 ± 12.7




	
Glutamine

	
622 ± 33.3

	
608.2 ± 40.7

	
1052.7 ± 334

	
514.2 ± 101

	
853.7 ± 173

	
650 ± 14.0




	
Histidine

	
91.3 ± 4.5

	
94.5 ± 10.1

	
108.4 ± 17.6

	
87 ± 3.4

	
91.1 ± 8.0

	
85.1 ± 2.2




	
Isoleucine

	
78.8 ± 4.9

	
74 ± 5.9

	
69 ± 8.3

	
50.1 ± 0.9

	
65.6 ± 7.2

	
78.4 ± 3.3




	
Leucine

	
149.5 ± 13.2

	
138 ± 17.9

	
138 ± 20.6

	
102 ± 7.8

	
128.2 ± 14.8

	
141.8 ± 12.3




	
Metionine

	
51.2 ± 4.6

	
59 ± 7.1

	
49.2 ± 4.1

	
38.4 ± 6.5

	
47.2 ± 5.0

	
57.3 ± 6.7




	
Phenylalanine

	
61.3 ± 3.8

	
63.7 ± 8.6

	
67.8 ± 9.0

	
46.4 ± 3.8

	
58.7 ± 6.1

	
58.6 ± 3.5




	
Tryptophan

	
73.7 ± 6.0

	
100 ± 5.9

	
90.7 ± 3.8

	
68.9 ± 11.1

	
88.8 ± 12.1

	
85.3 ± 5.5




	
Tyrosine

	
135.3 ± 14.0

	
153.4 ± 17.2

	
210.1 ± 49.3

	
140.1 ± 28.8

	
143.8 ± 18.6

	
177.9 ± 27.5




	
Valine

	
193.9 ± 3.9

	
185.6 ± 8.5

	
172.2 ± 17.9

	
136.5 ± 6.3

	
171.9 ± 22.6

	
197.5 ± 10.3
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Table 5. Blood glucose (mg/dL) and amino acid (nmol/mL) levels 30 min after intraperitoneal insulin injection (IIH group). The IIH group was divided into 5 subgroups: IIH + oral vehicle (VHC), IIH + oral glutamine dipeptide (GDP), IIH + oral glutamine (GLN) + oral alanine (ALA), IIH + oral GLN or IIH + oral ALA. GDP (1000 mg/kg), GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg) or ALA (381 mg/kg) or VHC was administered immediately after insulin injection. The Control group received intraperitoneal saline + oral VHC. Data expressed as means ± standard error were analyzed by ANOVA (Newman-Keuls post hoc test). a p < 0.05 vs. Control, b p < 0.05 vs. IIH + VHC and c p < 0.05 vs. IIH + oral GDP.







Table 5. Blood glucose (mg/dL) and amino acid (nmol/mL) levels 30 min after intraperitoneal insulin injection (IIH group). The IIH group was divided into 5 subgroups: IIH + oral vehicle (VHC), IIH + oral glutamine dipeptide (GDP), IIH + oral glutamine (GLN) + oral alanine (ALA), IIH + oral GLN or IIH + oral ALA. GDP (1000 mg/kg), GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg) or ALA (381 mg/kg) or VHC was administered immediately after insulin injection. The Control group received intraperitoneal saline + oral VHC. Data expressed as means ± standard error were analyzed by ANOVA (Newman-Keuls post hoc test). a p < 0.05 vs. Control, b p < 0.05 vs. IIH + VHC and c p < 0.05 vs. IIH + oral GDP.







	

	
Control (n = 5)

	
IIH + VHC (n = 5)

	
IIH + GDP (n = 5)

	
IIH+ GLN + ALA (n = 4)

	
IIH +GLN (n = 5)

	
IIH + ALA (n = 5)






	
Glucose

	
102.4 ± 6.3

	
43.1 ± 6.8 a

	
80.1 ± 3.7 ab

	
67.4 ± 6.7 ab

	
69.2 ±4.2 ab

	
55.0 ± 6.8 a




	
Alanine

	
373.3 ± 19.4

	
358.3 ± 16.7

	
1318±73.3 ab

	
926.3± 90.5 ab

	
486.1 ± 0.8

	
959 ± 116 ab




	
Arginine

	
84.1 ± 14.0

	
67.1 ± 10.61

	
99.4 ± 19.1

	
76.9 ± 415.2

	
118.5 ± 9.2

	
76.0 ± 6.5




	
Glutamine

	
686.7 ± 10.0

	
589 ± 31.8

	
1225±63.1 ab

	
842.7± 87.8c

	
1006±87.2 abc

	
666.8 ± 48.7 c




	
Histidine

	
86.1 ± 5.8

	
99 ± 3.3

	
101.6 ± 8.6

	
92.4 ± 5.8

	
91.3 ± 5.3

	
93.4 ± 2.1




	
Isoleucine

	
107.1± 17.8

	
45.9 ± 5.9 a

	
55.4 ± 2.5 a

	
61.4 ± 6.7 a

	
58.4 ± 7.2 a

	
44.9 ± 2.4 a




	
Leucine

	
134 ± 5.4

	
83 ± 8.5 a

	
89.9 ± 6.4 a

	
97.8 ± 10.7 a

	
89.4 ± 10.7 a

	
75.6 ± 3.4 a




	
Metionine

	
40.2 ± 4.6

	
41.1 ± 4.2

	
36.1 ± 2.2

	
45.1 ± 3.3

	
37.4 ± 4.0

	
38.9 ± 2.9




	
Phenylalanine

	
64.5 ± 2.0

	
55.4 ± 3.1

	
51.3 ± 2.7 a

	
59.6 ± 2.8

	
51.6 ± 5.1 a

	
49.6 ± 0.5 a




	
Tryptophan

	
69.4 ± 1.8

	
81.6 ± 5.2

	
68.7 ± 7.0

	
82.4 ± 5.0

	
68.2 ± 7.3

	
80.1 ± 2.3




	
Tyrosine

	
97.7 ± 6.5

	
85.4 ± 5.1

	
129.9 ± 16.3

	
115.1 ± 7.1

	
104.8 ± 21.8

	
92.6 ± 6.7




	
Valine

	
162.6 ± 7.1

	
113.2 ± 10.2 a

	
121 ± 7.1 a

	
137.8 ± 11.9

	
116.2± 12.1 a

	
114 ± 5.0 a









The concentrations of ALA (5 mM), GLN (5 mM), or GDP (5 mM) to be dissolved in the perfusion fluid were chosen on the basis of a previous study [18]. As shown in Figure 1 and Figure 2, after a pre-infusion period (10 min), ALA, GLN, or GDP was dissolved in KHB and infused over 60 min. This was followed by a post-infusion period (10 min) to allow the return to basal values of the pre infusion period. Samples of the effluent perfusion fluid were obtained at 5 min intervals and the glucose [19] and urea [21] concentrations were measured. Glucose and urea formation indicated liver catabolism of ALA, GLN, and GDP. The areas under the curves (AUC) of the infusion periods are expressed as μmol/g.
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Figure 1. Glucose production from alanine (A); glutamine (B); and glutamine dipeptide (C) in livers from rats fasted for 15 h. Livers were perfused as described in the experimental section. Experiments were performed 30 min after intraperitoneal administration of saline (Control group, ■) or insulin detemir (Hypoglycemic group, ○). Data are expressed as means ± standard error of 4 experiments. AUC = area under the curves. 






Figure 1. Glucose production from alanine (A); glutamine (B); and glutamine dipeptide (C) in livers from rats fasted for 15 h. Livers were perfused as described in the experimental section. Experiments were performed 30 min after intraperitoneal administration of saline (Control group, ■) or insulin detemir (Hypoglycemic group, ○). Data are expressed as means ± standard error of 4 experiments. AUC = area under the curves.
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Figure 2. Urea production from alanine (A); glutamine (B); and glutamine dipeptide (C) in livers from rats fasted for 15 h. Livers were perfused as described in the experimental section. Experiments were performed 30 min after intraperitoneal administration of saline (Control group, ■) or insulin detemir (Hypoglycemic group, ○). Data are expressed as means ± standard error of 4 experiments. AUC = area under the curve. 
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2.7. Statistical Procedures


Data were analyzed by ANOVA (Newman-Keuls post hoc test) using Graph-Pad Prism Version 5.0 software (GraphPad Software, Inc., La Jolla, USA). Results are reported as means ± standard error of the means. p-values < 0.05 indicated statistical significance.





3. Results


Oral administration of low-dose GDP (100 mg/kg), GLN (61.9 mg/kg) + ALA (38.1 mg/kg), GLN (61.9 mg/kg), or ALA (38.1 mg/kg) did not change blood concentrations of GLN, ALA, histidine, valine, leucine, isoleucine, methionine, phenylalanine, tryptophan and tyrosine at 15 min (Table 1), 30 min (Table 2), or 120 min (Table 3) after insulin injection.



In contrast with the low-dose GDP, blood concentrations of GLN tended to be higher 15 min after administration of high-dose GDP (1000 mg/kg) compared to GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg) or ALA (381 mg/kg) (Table 4). However, we observed substantial variability in GLN blood levels, so we repeated the experiments to measure blood amino acid levels 30 min after oral administration of high-dose GDP, GLN + ALA, GLN, or ALA.



After 30 min, IIH rats that received oral GDP (1000 mg mg/kg) showed higher (p < 0.05) blood levels of GLN compared to GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg) or ALA (381 mg/kg) (Table 5).



On the other hand, the blood levels of arginine, histidine, valine, leucine, isoleucine, methionine, phenylalanine, tryptophan and tyrosine remained unchanged after oral administration of low-dose (Table 4) or high-dose (Table 5) of GDP, GLN + ALA, GLN, or ALA.



Since increased levels of GLN occurred 30 min after the administration of high-dose GDP, GLN + ALA, GLN or ALA, this time period was chosen to evaluate how much the liver catabolism of GDP, GLN or ALA, which were inferred from liver glucose and urea formation, contributed to blood levels of GLN or ALA. From these experiments, we observed more intense liver catabolism during the infusion of ALA (Figure 1A and Figure 2A for glucose and urea, respectively) and GLN (Figure 1B and Figure 2B for glucose and urea, respectively) compared to the infusion of GDP (Figure 1C and Figure 2C for glucose and urea, respectively).




4. Discussion


Hypoaminoacidemia is a common feature of IIH [22,23,24,25] and involves the inhibition of proteolysis and the stimulation of amino acid uptake in liver and muscle [26]. We observed decreased (p < 0.05) blood concentrations of branched chain amino acids (BCAA), such as valine, leucine and isoleucine, 30 min (Table 5) after insulin injection, which agrees with results of previous study [17]. In addition, high-dose oral GDP (1000 mg/kg), GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg), and ALA (381 mg/ kg) did not overcome the reduced blood levels of BCAA produced by insulin injection (Table 5).



Oral GDP (1000 mg/kg) performed better in terms of blood GLN availability than oral GLN (619 mg/kg) (Table 5). This could be because the enterocytes utilize GLN at high rates [1,2], which reduces its availability for intestinal absorption. This is reinforced by the fact that parenteral administration of GLN, which overcomes the influence of intestinal metabolism, showed better glycemia recovery than oral GLN in IIH rats [17].



It should be emphasized that the integrity of the GDP molecule is needed to obtain this effect. Blood GLN availability was lower (p < 0.05) with combined oral ALA (381 mg/kg) + GLN (619 mg/kg) than with oral GDP (1000 mg/kg) (Table 5).



The primary intestinal mechanism for GDP assimilation is its absorption as an intact dipeptide rather than by hydrolysis [15]. Additionally, it is difficult to estimate exactly how much oral GDP, GLN, or ALA enters the liver. Therefore, we compared the hepatic catabolism of these substances. Since GLN and ALA showed higher blood levels 30 min (Table 5) after the administration of GDP (1000 mg/kg), GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg), or ALA (381 mg/kg), we chose this time period to evaluate how much the liver catabolism of GDP, GLN, or ALA, which we inferred from liver glucose and urea production, contributed to blood levels of GLN and ALA.



It is noteworthy that the increase in liver catabolism was smaller with GDP (Figure 1C and Figure 2C) than with ALA (Figure 1A and Figure 2A) or GLN (Figure 2B and Figure 2B) in rats that received the vehicle (control group) and in rats that received insulin (IIH group). The reason for this difference is the fact that the hepatocytes do not have a transport system for dipeptides; hepatocytes assimilate dipeptides by extracellular hydrolysis from enzymes located on the plasma membranes following its release into the cytosol as ALA and GLN [27]. Therefore, like enterocytes, hepatocytes showed less intense catabolism with GDP than with GLN.



Less intense catabolism of GDP compared to ALA and GLN occurs not only in the enterocytes [28] but also in the liver (Figure 1 and Figure 2). Additionally, blood GDP is rapidly hydrolyzed [29] and liberated GLN is used for energy production [30]. These facts help explain why high-dose oral GDP yields superior blood availability of amino acids than oral GLN + ALA, GLN, or ALA.



Taken together, these results have great clinical interest because they help one to understand the performance of oral GDP and oral GLN in terms of blood concentration of GLN.




5. Conclusions


In conclusion, our results indicate that the oral administration of high-dose GDP (1000 mg/kg) displayed better performance than oral GLN (619 mg/kg) + ALA (381 mg/kg), GLN (619 mg/kg), or ALA (381 mg/kg) in terms of blood availability of GLN. No differences were observed in blood availability of ALA or GLN after the administration of low-dose GDP (100 mg/kg).







Acknowledgments


This research was supported by the Brazilian government (National Council for Scientific and Technological Development (CNPq)), Program of Support for Excellence Centers (PRONEX)/ Araucaria Foundation, and Research Program for the Unified Health System (PPSUS). We also thank the BioMed Proofreading Company for English revision.




Author Contributions


Roberto Barbosa Bazotte designed the study and wrote the paper; Vânia C. Minguetti-Câmara, Any de C. R. Marques, Fabiana P. M. Schiavon, and Vanessa R. Vilela conducted the experiments; Marcos L. Brusch revised the manuscript.




Conflicts of Interest


The authors declare that they have no conflicts of interest.




References


	



Newsholme, P.; Abdulkader, F.; Rebelato, E.; Romanatto, T.; Pinheiro, C.H.; Vitzel, K.F.; Silva, E.P.; Bazotte, R.B.; Procopio, J.; Curi, R.; et al. Amino acids and diabetes: Implications for endocrine, metabolic and immune function. Front. Biosci. 2011, 16, 315–339. [Google Scholar]

	



Newsholme, P.; Lima, M.M.; Procopio, J.; Pithon-Curi, T.C.; Doi, S.Q.; Bazotte, R.B.; Curi, R. Glutamine and glutamate as vital metabolites. Braz. J. Med. Biol. Res. 2003, 36, 153–163. [Google Scholar] [CrossRef] [PubMed]

	



Abunnaja, S.; Cuviello, A.; Sanchez, J.A. Enteral and parenteral nutrition in the perioperative period: State of the art. Nutrients 2013, 5, 608–623. [Google Scholar] [CrossRef] [PubMed]

	



Cynober, L.; de Bandt, J.P. Glutamine in the intensive care unit. Curr. Opin. Clin. Nutr. Metab. Care 2014, 17, 98–104. [Google Scholar] [PubMed]

	



Hall, K.L.; Shahrokhi, S.; Jeschke, M.G. Enteral nutrition support in burn care: A review of current recommendations as instituted in the Ross Tilley Burn Centre. Nutrients 2012, 4, 1554–1565. [Google Scholar] [CrossRef] [PubMed]

	



Sasaki, E.; Umeda, T.; Takahashi, I.; Arata, K.; Yamamoto, Y.; Tanabe, M.; Oyamada, K.; Hashizume, E.; Nakaji, S. Effect of glutamine supplementation on neutrophil function in male judoists. Luminescence 2013, 28, 442–449. [Google Scholar] [CrossRef] [PubMed]

	



Lagranha, C.J.; Hirabara, S.M.; Curi, R.; Pithon-Curi, T.C. Glutamine supplementation prevents exercise-induced neutrophil apoptosis and reduces p38 MAPK and JNK phosphorylation and p53 and caspase 3 expression. Cell Biochem. Funct. 2007, 25, 563–569. [Google Scholar] [CrossRef] [PubMed]

	



Gunzer, W.; Konrad, M.; Pail, E. Exercise-induced immunodepression in endurance athletes and nutritional intervention with carbohydrate, protein and fat-what is possible, what is not? Nutrients 2012, 4, 1187–1212. [Google Scholar] [CrossRef]

	



Imamoto, Y.; Tanaka, H.; Takahashi, K.; Konno, Y.; Suzawa, T. Advantages of AlaGln as an additive to cell culture medium: Use with anti-CD20 chimeric antibody-producing POTELLIGENT™ CHO cell lines. Cytotechnology 2013, 65, 135–143. [Google Scholar] [CrossRef] [PubMed]

	



Matthews, D.E.; Marano, M.A.; Campbell, R.G. Splanchnic bed utilization of glutamine and glutamic acid in humans. Am. J. Physiol. 1993, 264, 848–854. [Google Scholar]

	



Villa Nova, M.; Gonçalves, M.D.; Nogueira, A.C.; Herculano, L.D.; Medina, A.N.; Bazotte, R.B.; Bruschi, M.L. Formulation and characterization of ethylcellulosemicroparticles containing l-alanyl-l-glutamine peptide. Drug Dev. Ind. Pharm. 2013, 17, 1–10. [Google Scholar]

	



Mitsuhashi, S. Current topics in the biotechnological production of essential amino acids, functional amino acids, and dipeptides. Curr. Opin. Biotechnol. 2014, 26, 38–44. [Google Scholar] [CrossRef] [PubMed]

	



Klassen, P.; Mazariegos, M.; Solomons, N.W.; Fürst, P. The pharmacokinetic responses of humans to 20 g of alanyl-glutamine dipeptide differ with the dosing protocol but not with gastric acidity or in patients with acute dengue fever. J. Nutr. 2000, 130, 177–182. [Google Scholar] [PubMed]

	



Harris, R.C.; Hoffman, J.R.; Allsopp, A.; Routledge, N.B. l-glutamine absorption is enhanced after ingestion of l-alanylglutamine compared with the free amino acid or wheat protein. Nutr. Res. 2012, 32, 272–277. [Google Scholar] [CrossRef] [PubMed]

	



Minami, H.; Morse, E.L.; Adibi, A.S. Characteristics and mechanism of glutamine-dipeptide absorption in human intestine. Gastroenterology 1992, 103, 3–11. [Google Scholar] [PubMed]

	



Cruzat, V.F.; Bittencourt, A.; Scomazzon, S.P.; Leite, J.S.; de Bittencourt, P.I., Jr.; Tirapegui, J. Oral free and dipeptide forms of glutamine supplementation attenuate oxidative stress and inflammation induced by endotoxemia. Nutrition 2014, 30, 602–611. [Google Scholar] [CrossRef] [PubMed]

	



Garcia, R.F.; Gazola, V.A.; Barrena, H.C.; Hartmann, E.M.; Berti, J.; Toyama, M.H.; Boschero, A.C.; Carneiro, E.M.; Manso, F.C.; Bazotte, R.B. Blood amino acids concentration during insulin induced hypoglycemia in rats: The role of alanine and glutamine in glucose recovery. Amino Acids 2007, 33, 151–155. [Google Scholar] [CrossRef] [PubMed]

	



Felisberto-Junior, A.M.; Manso, F.; Gazola, V.A.F.G.; Obici, S.; Geisler, S.A.; Bazotte, R.B. Oral glutamine dipeptide prevents against prolonged hypoglycaemia induced by detemir insulin in rats. Biol. Pharm. Bull. 2009, 32, 232–236. [Google Scholar] [CrossRef] [PubMed]

	



Bergmeyer, H.U.; Bernt, E. Determination of glucose with glucose oxidase and peroxidase. In Methods of Enzymatic Analysis; Bergmeyer, H.U., Ed.; VerlagChemie-Academic Press: New York, NY, USA, 1974; pp. 1205–1215. [Google Scholar]

	



Fekkes, D.; Van Dalen, A.; Edelman, M.; Voskuilen, A. Validation of the determination of amino acids in plasma by high-performance liquid chromatography using automated pre-column derivatization with o-phthaldialdehyde. J. Chromatogr. B 1995, 669, 177–186. [Google Scholar] [CrossRef][Green Version]

	



Gutmann, I.; Bergmeyer, H.U. Determination of urea, indicator reaction with phenol and hypochlorite. In Methods of Enzymatic Analysis; Bergmeyer, H.U., Ed.; VerlagChemie-Academic Press: New York, NY, USA, 1974; pp. 1790–1798. [Google Scholar]

	



Adibi, S.A.; Morse, E.L.; Amin, P.M. Role of insulin and glucose in the induction of hypoaminoacidemia in man: Studies in normal, juvenile diabetic, and insulinoma patients. J. Lab. Clin. Med. 1975, 86, 395–409. [Google Scholar] [PubMed]

	



De Feo, P.; Perriello, G.; Santeusanio, F.; Brunetti, P.; Bolli, G.; Haymond, M.N. Differential effects of insulin-induced hypoglycemia on plasma branched-chain and non-branched-chain amino acid concentration in humans. Diabetes Metab. 1992, 18, 277–282. [Google Scholar]

	



Hatzakorzian, R.; Carvalho, G.; Bui, H.; Sato, T.; Wykes, L.; Shum-Tim, D.; Schricker, T. High-dose insulin administration is associated with hypoaminoacidemia during cardiac surgery. Metabolism 2011, 60, 1392–1397. [Google Scholar] [CrossRef] [PubMed]

	



Battezzati, A.; Benedini, S.; Fattorini, A.; PiceniSereni, L.; Luzi, L. Effect of hypoglycemia on amino acid and protein metabolism in healthy humans. Diabetes 2000, 49, 1443–1451. [Google Scholar] [CrossRef] [PubMed]

	



Battezzati, A.; Benedini, S.; Sereni, L.P.; DeTaddeo, F.; Maffi, P.; Secchi, A.; Luzi, L. Protein andglutamine kinetics during counter-regulatory failure in type 1 diabetes. Nutr. Metab. Cardiovasc. Dis. 2009, 19, 352–357. [Google Scholar] [PubMed]

	



Lochs, H.; Morse, E.L.; Adibi, S.A. Mechanism of hepatic assimilation of dipeptides. Transport versus hydrolysis. J. Biol. Chem. 1986, 261, 14976–14981. [Google Scholar] [PubMed]

	



Meynial-Denis, D.; Bielicki, G.; Beaufrère, A.-M.; Mignon, M.; Mirand, P.P.; Renou, J.-P. Glutamate and CO2 production from glutamine in incubated enterocytes of adult and very old rats. J. Nutr. Biochem. 2013, 24, 688–692. [Google Scholar] [CrossRef] [PubMed]

	



Albers, S.; Wernerman, J.; Stehle, P.; Vinnars, E.; Fürst, P. Availability of amino acids supplied intravenously in healthy man as synthetic dipeptides: Kinetic evaluation of Glutamine dipeptide and glycyl-l-tyrosine. Clin. Sci. 1998, 75, 463–468. [Google Scholar]

	



Stehle, P.; Ratz, I.; Fürst, P. In vivo utilization of intravenously supplied glutamine dipeptide in various tissues of the rat. Nutrition 1989, 5, 411–415. [Google Scholar] [PubMed]





© 2014 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
Urea production

(nmol.min™. g™

Alanine (5 mM)

P - AUC=220+1.0 umol.g”
| -8 AUC=23.0+23umol.g’

10 20 30 40 50 60 70 80

Time (min)

Urea production

{pmol.min".g")

25— '
1 Glutamine (5mM) 1
i
2.0+~ 'AUC= 45.9 2 6.2 ymol.g” \
-8 AUC= 34.5 + 4.0 ymol.g” :
[ |
1.54 . !
i
i
104 !
1
0.5- .
1
0.0

Time (min)

Urea production

{umol.min".g"")

Glutamine Dipe ptide (5 mM)

& AUC=17.3+39pumolg’
-©- AUC=26.0+32umolg’






nav.xhtml


  nutrients-06-04520


  
    		
      nutrients-06-04520
    


  




  





media/file3.png
A Glutamine (SmM) B Glutamine Dipeptide (5 mM)

Aanine (5 mM)

- AUC: 173239 umolg"
- AUC= 260 32umolg”

I I 3T
Oy

Urea production
(umol.min®.g")

Urea production
(umol.min®.g")

10 20 30 40 50 60 70 8 10 20 30 40 50 60 T
Time (min)

Time (min)






media/file1.png
Aanine (5 mM)

Glutamine (5 mM)

0 40 50
Time (min)

kL

B
5 5
F-a =06
S0 X % '(1
£% EAIEEN ]
8 £ 02, H
2“‘ 2 =0
H — s
vty
8

(wmolmin”.g")

Glucose production

Glutamine dipeptide (5 mM)

& fezsosumas,
= AUGH 262024

30 40 50
Time (min)






media/file2.png
|||||||||||| lm
|..u._1u.._ =
R E
EE
= 2
w04 lm _—
== E
H & E
we FF
o ed o
[[] m
(S = =
22 Fe
o
-]
lllll =
o
o
r.u "L Touwni)
uo|pnpold asoan|s
F - u
]
m
||||||||||||||| lvﬂr_.
|n4n.__
T 0
i
m -
m "l ._lw .In.l
4 -
2 - @ E
W - kS T
c "oy @
E 535 E
o .n._ﬂlm =
5
g oh|
3]
=]
lllllllllllllll =
T | =
= w = ™ =
= o =] =] [=]
(.6 ujwjoun)
uojanpoid asoan|9
(=]
]
<
i _ TR, e R —— L O
P~
dnn_dﬂ._ .
T O m
= £ £
M = = -2 —
E s— | °E
2 ._|...__u = .m.
- ao [T e
5 L8 Lg F
a4 25
o o
| o
¢p [
=
||||||||||||||| -
T 4 o
w0 ! ™ =
o = Lo | (=]

(,.6° upw own)
uopanpoid esoon|9





