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Introduction 

ORIGINAL 

Effects on skeletal muscle of intravenous 
glutamine supplementation to ICU patients 

Abstract Objective: To evaluate the 
effect of four doses of intravenous 
glutamine supplementation on skele
tal muscle metabolism. Design: A 
prospective, blinded, randomized 
study. Setting: The general Intensive 
Care Unit (ICU) of a university 
hospital. Patients: ICU patients with 
multiple organ failure (n=40), who 
were expected to stay in the unit for 
more than five days. Intervention: 
Patients received 0, 0.28, 0.57 or 
0.86 g of glutamine per kg body
weight per day intravenously for five 
days as part of an isocaloric, isoni
trogenous and isovolumetric diet. 
Results: Plasma glutamine concen
tration responded to glutamine sup
plementation with normalization of 

plasma levels in a dose-dependent 
way, while free muscle glutamine 
concentration, as well as muscle 
protein synthesis and muscle protein 
content, did not change significantly. 
Conclusion: Intravenous glutamine 
supplementation to ICU patients for a 
period of five days resulted in nor
malization of plasma glutamine con
centrations in a dose-dependent way 
whereas muscle glutamine concen
trations were unaffected. 

Keywords Protein synthesis · 
Glutathione · 3-methyl histidine · 
Protein degradation · Lactate · 
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The effects of glutamine supplementation on clinical 
outcome have been summarized in a recent meta-analysis 
[1]. The morbidity and mortality of intensive care patients 
is reduced [2-5], as well as the morbidity and length of 
hospital stay following major elective surgery [6, 7]. 
Although the clinical effects of glutamine depletion are 
preferably seen in intestinal organs and in the immune 
system, skeletal muscle holds a central role in glutamine 
metabolism as the main producer and exporter of 
glutamine. In Intensive Care Unit (ICU) patients, muscle 
free glutamine concentration is reduced by 75% early in 
the course of disease [8, 9]. It has been shown that 
glutamine production is enhanced in the critically ill at the 
expense of muscle proteins [10], but it is obviously not 
sufficient to maintain intracellular levels of glutamine in 

muscle. Exogenous glutamine supplementation has, there
fore, been suggested to supply sufficient amounts of 
glutamine to target organs, and in parallel to prevent 
undesired muscle wasting. 

Available reports indicate that glutamine-supplement
ed nutrition to ICU patients to be only marginally 
effective in restoring muscle protein synthesis rate and 
muscle glutamine content [11, 12]. However, the dose of 
glutamine given in these earlier studies was 0.28 g per kg 
body weight (bw) and day, which is insufficient to restore 
the concentration of glutamine in plasma and in muscle. 
Furthermore, there are pilot studies indicating that a 
higher dose of glutamine may have an effect on muscle 
glutamine concentration [13]. 

The aim of the present study was to investigate three 
different levels of glutamine supplementation to critically 
ill patients. The effects on muscle were primarily 



evaluated in terms of muscle glutamine concentration, 
muscle protein synthesis and muscle protein content. In 
addition, the concentrations of DNA, RNA, energy-rich 
phosphates, water, electrolytes, lactate and glutathione 
were studied, as well as urinary excretion of nitrogen and 
3-methy !histidine. 

Materials and methods 

Subjects and experimental protocol 

Critically ill patients (n=4x 10) submitted to the multi-disciplinary 
Intensive Care Unit (ICU) at Huddinge University Hospital 
between October 1997 and February 1999, who were expected to 
stay for more than five days were included in the study. Exclusion 
criteria were children (below 18 years), pregnancy, patients with 
severe liver failure, patients undergoing dialysis and patients with 
coagulation disorders precluding muscle biopsies. Prior to hospital 
admission, all patients lived in their own homes, had full-time 
work, if not retired due to age (over 65 years). Patient character
istics are given in Table 1. 

Parenteral nutrition was given continuously throughout the 
study, with a change of containers at 14:00 each day according to 
the routine of the unit. Patient care and treatment were in every 
other aspect in accordance with the routine of the unit. All patients 
except one (no. 8) were intubated and mechanically ventilated at 
the beginning of the study. If propofol was given as sedation, the 
amount of fat emulsion given as nutrition was consequently and 
continuously adjusted. In six cases analgesia was given via an 
indwelling epidural catheter. At the end of the study period, seven 
out of 39 patients were weaned off the ventilator. 

Patients were studied twice: once before and once at the end of a 
five-day intervention period. The patients were randomized to 
receive total parenteral nutrition (TPN) without glutamine supple
mentation or TPN supplemented with glutamine at a dose of 0.28, 
0.57 or 0.86 g of glutamine/kg bw/day, corresponding to 0, 20, 40 
or 60 g of glutamine per day for a 70 kg man, given as a continuous 
infusion over 24 h. 

Randomization was performed by the closed envelope system 
after inclusion. Blood and tissue samples were blinded throughout 
the procedure for sample analysis, but treatment was not blinded for 
attending physicians. 

The five-day study period started on average on day three 
(range 1-26) of ICU stay. The first determination of protein 
synthesis rate was performed on day one of the study. An injection 
of L-[2H5] phenylalanine (45 mg/kg bw as a 2% solution, 
15 atomo/oexcess) was given intravenously over 10 min. A muscle 
biopsy was taken before and 90 min after the isotope injection. The 
procedure to obtain percutaneous muscle biopsies from the lateral 
portion of the quadriceps femoris muscle has been described in 
detail previously [14]. 

Arterial blood samples were taken from the radial artery every 
morning during the study period for plasma amino acid determi
nations. Urine was collected in 24-h portions from between 06:00 
to 06:00 from day one, 8 h before the start of glutamine 
supplementation until the morning of day seven, 16 h after the 
end of the study period. 

The patients, or if communication was not possible, the relatives 
of the patient, were informed of the nature, purpose, procedures and 
potential risks involved in the study before obtaining their 
voluntary consent to participate in the study. The study protocol 
was approved by the Ethical Committee at Karolinska Institutet, 
Huddinge University Hospital, Stockholm, Sweden. 
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Parenteral nutrition 

P~or to the study no glutamine-containing intravenous feeding was 
given to the patients. During the study period all patients received 
parenteral nutrition with a nonprotein energy content of 126 kJ/kg 
bw/24 h. The nonprotein calories were provided as equal amounts 
of glucose (200 mg/ml; B. Braun Medical) and fat (Intralipid, 
2~0 mg/ml; Fresenius Kabi). In the control group the nitrogen was 
given as 0.18 g N/kg bw/24 h (Yamin, 18 g Nil; Fresenius Kabi). In 
the groups receiving total parenteral nutrition supplemented with 
glutamine, the glutamine was provided as Glavamin (Fresenius 
Kabi) combined with a solution containing L-glutamine (36 mg/ml 
in a glucose solution of 100 mg/ml). Nutrition was isocaloric and 
isonitrogenous for all groups and infusion was isovolumetric (36-
43 ml/kg bw/24 h). The glucose solution containing L-glutamine 
was prepared by the hospital Pharmacy Department. The total 
parenteral nutrition was given continuously from 14:00 to 14:00 
according to the routines of the unit. 

Analyses 

The measurement of protein synthesis rate in muscle tissue of man 
by the flooding dose technique employing gas chromatography
mass spectrometry has been described in detail previously [15]. 

The free amino acids in plasma and skeletal muscle were 
determined by ion exchange chromatography after derivatization 
with o-phtaldialdehyde as described previously [16]. 

Thiols in human muscle tissue were determined by HPLC, as 
described by Luo et al. [17]. 

The assays for water, electrolyte, protein, nucleic acids, lactate 
and energy-rich phosphates have been described in detail elsewhere 
[18]. 

The total nitrogen content of the urine was determined by a 
c~emiluminescent nitrogen system (771C Pyroreactor, 720C 
Nitrogen Detector; ANTEK, Houston, Texas, USA), and 3-
methylhistidine in urine was analyzed using HPLC [19]. 

Calculations and statistics 

All data are presented as means±SD if not indicated otherwise. The 
statistical analysis was performed with analysis of variance 
ANOV A/MANOV A for repeated measure employing Statistica 
for Windows (StatSoft, Tulsa, USA). Correlations were evaluated 
using Pearson's linear correlation coefficient. 

Results 

Thirty-seven out of 40 randomized critically ill patients 
were able to adhere to the full protocol for the five-day 
study period, with determination of muscle protein 
synthesis rate, muscle free amino acids and other muscle 
parameters at two occasions, day one and day six, blood 
sampling every day and urine collection in 24-h portions 
during the whole study period. Three patients were 
excluded from the protocol; patient number 4 died on 
study day three, patient number 27 was rapidly weaned 
off the ventilator and transferred to another ward where it 
was not possible to continue the study, and patient 
number 40 completed the protocol but the second 
determination of muscle protein synthesis rate was not 
performed because the muscle biopsy material was lost. 
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Table 1 Patients characteristics (ND not determined) 

Patient Diagnosis 
no. 

GLN 
(g/kg 
bw) 

Gender 
(F/M) 

1 
2 
3 
4 
5 

6 
7 

8 
9 

10 

11 
12 
13 

14 
15 
16 
17 
18 
19 
20 

21 
22 
23 
24 

25 
26 
27 

28 
29 
30 
31 

32 
33 
34 
35 

36 

37 
38 
39 

40 

Abdominal sepsis (surg.) 0 M 
Pneumonia 0 F 
Pneumonia, COPD 0 M 
Pneumonia 0 M 
Abdominal sepsis (surg.) 0 M 

Abdominal sepsis (surg.) 0 M 
Gastrointestinal bleeding 0 M 
(surg) 
Acute pancreatitis 0 M 
Pneumonia, sepsis 0 M 
Acute hemorragic 0 M 
pancreatitis 
Pneumonia (surg.) 0.28 F 
Acute pancreatitis, sepsis 0.28 F 
Pneumonia, sepsis 0.28 F 

Pneumonia, sepsis 0.28 M 
Pneumonia, sepsis 0.28 M 
Aortic aneurysm, sepsis 0.28 M 
Meningitis, pneumonia 0.28 F 
Aortic aneurysm, sepsis 0.28 M 
Pneumonia, COPD 0.28 M 
Abdominal sepsis (surg.) 0.28 F 

Hemorrhagic pancreatitis 0.57 F 
Pneumonia, sepsis 0.57 F 
Pneumonia, sepsis 0.57 M 
Clostridium perfringens 0.57 F 
(surg.) 
Pneumonia 0.57 M 
Respiratory failure (surg.) 0.57 M 
Respiratory failure, 0.57 M 
COPD 
Mediastinitis 0.57 M 
Respiratory failure, COPD 0.57 M 
Pneumonia, sepsis (surg.) 0.57 F 
Pneumonia, sepsis 0.86 M 

Bilateral pneumonia 0.86 F 
Mediastinitis 0.86 F 
Pneumonia, sepsis 0.86 M 
Circulatory arrest, 0.86 F 
pneumonia 
Abdominal sepsis (surg.) 0.86 F 
MOF 
Pneumonia, sepsis 0.86 M 
Pneumonia 0.86 M 
Pneumonia 0.86 M 

Pneumonia 0.86 M 

Age 
(years) 

72 
73 
65 
84 
66 

48 
55 

51 
66 
62 

40 
60 
86 

69 
74 
71 
72 
64 
67 
52 

34 
44 
66 
69 

56 
73 
73 

88 
64 
58 
70 

22 
82 
66 
74 

66 

56 
74 
70 

72 

25.3 
19.5 
28.1 
22.5 
23.1 

19.5 
26.3 

37.6 
23.7 
26.6 

33.7 
30.1 
24.4 

20.3 
24.1 
30.0 
17.3 
25.2 
21.9 
21.4 

25.4 
19.3 
22.7 
21.3 

29.7 
28.7 
25.7 

26.3 
30.8 
24.7 
19.4 

21.4 
23.7 
27.2 
21.1 

34.5 

23.7 
21.1 
17.6 

22.5 

No statistically significant differences were observed 
between the groups in age, BMI, starting day, Apache II 
score or SOFA scores (Table 1). 

APACHE II Days in 
at ICU at 
admission start of 

study 

18 
21 
20 
13 
21 

24 
20 

25 
28 
15 

8 
14 
14 

19 
23 
15 
31 
14 
21 
11 

10 
19 
14 
18 

17 
19 
31 

16 
17 
18 
16 

14 
19 
26 
22 

19 

20 
23 
15 

23 

2 
2 
2 
2 
2 

4 
2 

3 
2 
5 

4 
3 
4 

6 
1 
3 
3 
1 
2 
5 

24 
5 
4 

13 

6 
4 
1 

1 
l 
l 
6 

3 
2 
2 
3 

26 

2 
2 
4 

2 

Plasma amino acids 

SOFA 
score at 
day of 
sample 
occasion 

0 5 

Outcome 
(6 months) 

10 6 Survived 
6 9 Died at day 15 in ICU 
3 1 Survived 
6 ND Died at day 4 in ICU 
7 3 Died after 4 months 

at home 
10 5 Died at day 45 in ICU 
7 6 Survived 

5 2 Survived 
12 5 Survived 
10 5 Survived 

3 2 Survived 
6 4 Survived 
6 3 Died after 4 months 

at home 
4 2 Survived 
5 6 Survived 
9 7 Survived 

13 8 Died at day 9 in ICU 
8 12 Survived 
5 2 Survived 
3 3 Died after 5 months 

at home 
6 4 Survived 

10 7 Survived 
7 4 Survived 
4 5 Died after 3 months 

in hospital 
9 8 Survived 
5 4 Survived 
8 ND Died at day 20 

in hospital 
7 ND Survived 
5 3 Survived 
6 5 Died at day 23 in ICU 
8 4 Died at day 54 

in hospital 
5 3 Survived 
7 8 Survived 
8 9 Died at day 22 in ICU 
4 5 Survived 

10 12 Survived 

10 7 Survived 
6 6 Died at day 17 in ICU 
2 2 Died after 3 months 

at home 
12 12 Died at day 11 in ICU 

Total amino acids in plasma did not differ between the 
groups (Table 2). Glutamine concentration taken before 
intervention on day three (1-26) of ICU stay, was 
376±160 ,umolll. Control patients remained on the same 



Table 2 Plasma amino acids (pmol/1) in critically ill patients 
(n=4x10) randomized to receive intravenous glutamine supple
mentation for five days (0, 0.28, 0.57 or 0.86 g of glutamine per kg 
body weight per day). The data are expressed as means ±SD. BCAA 

Biopsy Og 0.28 g 

Before After Before After 

Total amino 1,742 ± 349 2,395 ± 502* 2,591 ± 852 2,647 ± 561 
acids 

BCAA 332 ± 71 430 ± 81 436 ± 180 466 ± 61 
EAA 745 ± 141 1,035 ± 179* 995 ± 356 1,025 ± 178 
AAA 169 ± 40 236 ± 30 208 ± 46 209 ± 47 
BAA 250 ±57 354 ± 110* 333 ± 141 347 ± 101 
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branched chain amino acids, EAA essential amino acids, AAA 
aromatic amino acids, BAA basic amino acids. The 95% confidence 
intervals for a healthy reference group (n=21) are from Harnmar
qvist et al. [28] 

0.57 g 0.86 g Healthy 
reference 

Before After Before After group 

1,880 ± 443 2,101 ± 921 2,045 ± 490 2,584 ± 848 1,789-2,195 

358 ± 159 344 ± 149 352 ± 152 373 ± 195 257-284 
798 ± 257 816 ± 347 849 ± 263 944 ± 407 699-887 
212 ± 90 188 ± 82 206 ±55 221 ± 119 70-100 
232 ± 48 282 ± 133 286 ± 74 358 ± 142 242-284 

* Denotes a significant difference from the paired value of the biopsy before treatment (P<0.05) 
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Fig. 1 Plasma glutamine concentration (pmol/1) in ICU patients 
(n=4x10) randomized to receive 0 (+), 0.28 (0), 0.57 ( ... )or 0.86 
(Q) gram glutamine per kg body weight per day intravenously 
during a five-day study period. For all glutamine-treated groups the 
plasma glutamine concentration increased (P<O.Ol) from the first 
day of treatment and onwards. Data are expressed as means±SD 

level, while the glutamine-treated groups showed a 
32±35%, 72±53% and 87±55% increase for 0.28, 0.57 
or 0.86 g of glutamine/kg bw/24 h, respectively (P<0.01), 
reaching a plateau after 24 h of glutamine supplementa
tion (Fig. 1). 

Muscle amino acids 

The mean concentration of muscle free glutamine in the 
initial biopsy before intervention was 3.5±1.9 mmollg wet 
weight and at the second biopsy, after treatment it was 
4.5±2.3 mmol/g wet weight, which was not significantly 
different among any of the four groups of patients 
(Table 3). The results of the other free amino acid 
concentrations in muscle are given in Table 4. 

Muscle protein synthesis rate 

The mean protein fractional synthesis rate (FSR) at the 
time of the first biopsy was 1.61±0.62% per day (n=40) 
and it did not change significantly in any of the four 
groups, so there were no differences between the groups 
irrespective of whether glutamine supplementation was 
given or not (Table 3). 

Thiols in skeletal muscle 

Muscle concentrations of reduced glutathione and total 
glutathione before and after the five-day study period are 
given in Table 5. In addition, the glutathione precursors y
glutamyl-cysteine and cysteine in their total and reduced 
concentrations are included. No significant changes in the 
levels could be detected during the study period or related 
to glutamine supplementation. 

Fat, water and electrolytes in skeletal muscle 

The fat and total water content of the muscle related to fat 
free solid (FFS) did not differ between the groups or 
change over time (Table 6). Intracellular water content 
was the same in all groups and did not change signifi
cantly between the first and second biopsy, whereas 
extracellular water increased significantly in the groups 
receiving 0.28 and 0.57 g glutamine (P<0.05). Hence, 
there was a significant difference between the combined 
glutamine treated groups and the control group (P<0.01). 

Muscle protein and nucleic acids 

The protein concentration expressed as alkali soluble 
protein (ASP) per DNA decreased in all patients by 11% 
between the first and second biopsy, although the 0.28-g 
glutamine supplemented group remained unaltered, no 
significant differences between the groups were observed 
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Table 3 Muscle glutamine concentration, fractional synthesis rate supplementation for five days (0, 0.28, 0.57 or 0.86 g of glutamine 
(FSR) and muscle protein content ASP/DNA of critically ill per kg body weight per day). The data are expressed as means ±SD 
patients (n=4x10) randomized to receive intravenous glutamine 

Biopsy Og 0.28 g 0.57 g 0.86 g Healthy 
reference 

Before After Before After Before After Before After group 
Glutamine 2.56 ± 1.12 3.26 ± 1.22 5.05 ± 2.80 5.65 ± 2.50 3.39 ± 1.45 5.11 ± 2.62 2.92 ± 0.96 4.08 ± 2.28 11.11-13.691 

(mmollkg 
wet weight) 
ASP/DNA 311 ± 83 266 ± 88* 305 ± 90 285 ± 82 320 ± 105 285 ± 94* 282 ± 113 234 ± 81* 311-3702 

(kg/kg) 
FSR (%/day) 1.32 ± 0.44 2.08 ± 1.77 1.86 ± 0.66 1.95 ± 0.63 1.69 ± 0.79 1.85 ± 0.78 1.50 ± 0.49 1.58 ± 1.24 1.11-1.993 

* Denotes a significant difference from the paired value of the biopsy before treatment (P<0.05) 
1 The 95% confidence intervals for a healthy reference group are from Hammarqvist et al. (n=21) [28] 
2 The 95% confidence intervals for a healthy reference group are from Forsberg et al. (n=50) [18] 
3 The 95% confidence intervals for a healthy reference group are from Garlick et al. (n=6) [29] 

Table 4 Free amino acid concentration in skeletal muscle (mmol/ data are expressed as means ±SD. The 95% confidence intervals for 
kg wet weight) of critically ill patients (n=4x10) randomized to a healthy reference group (n=21) are from Hammarqvist et al. [28]. 
receive intravenous glutamine supplementation for five days (0, BCAA branched chain amino acids, EAA essential amino acids, 
0.28, 0.57 or 0.86 g of glutamine per kg body weight per day). The AAA aromatic amino acids, BAA basic amino acids 

Biopsy Og 0.28 g 0.57 g 0.86 g Healthy 
reference 

Before After Before After Before After Before After group 
Glutamate 1.67 ± 0.70 2.05 ± 1.13 2.01 ± 1.01 2.16 ± 0.74 2.01 ± 1.14 2.21 ± 0.96 2.25 ± 1.90 1.72 ± 1.06 2.68-3.67 
Glutamine 2.56 ± 1.12 3.26 ± 1.22 5.05 ± 2.80 5.65 ± 2.50 3.39 ± 1.45 5.11 ± 2.62 2.92 ± 0.96 4.08 ± 2.28 11.11-13.69 
Total 27.30 ± 8.04 30.36 ± 5.80 34.56 ± 5.85 33.06 ± 4.69 31.70 ± 6.22 31.47 ± 8.18 30.46 ± 6.56 28.41 ± 7.78 20.85-26.26 
amino acids 
BCAA 0.71 ± 0.21 0.77 ± 0.19 0.84 ± 0.36 0.76 ± 0.10 0.75 ± 0.27 0.61 ± 0.18 0.70 ± 0.24 0.65 ± 0.34 0.28-0.40 
EAA 1.93 ± 0.56 2.32 ± 0.50* 2.46 ± 0.65 2.28 ± 0.28 2.19 ± 0.68 1.87 ± 0.58 2.07 ± 0.69 1.81 ± 0.79 2.38-3.05 
AAA 0.53 ± 0.24 0.58 ± 0.20 0.53 ± 0.17 0.50 ± 0.09 0.57 ± 0.21 0.51 ± 0.19 0.56 ± 0.11 0.52 ± 0.21 0.13-0.18 
BAA 0.62 ± 0.19 0.79 ± 0.22 0.94 ± 0.27 0.90 ± 0.29 0.66 ± 0.25 0.58 ± 0.15 0.66 ± 0.25 0.61 ± 0.25 1.25-1.68 

* Denotes a significant difference from the paired value of the biopsy before treatment (P<0.05) 

Table 5 Thiols in skeletal muscle of critically ill patients 
(n=8+9+8+9) randomized to receive intravenous glutamine sup
plementation for five days (0, 0.28, 0.57 or 0.86 g of glutamine per 
kg body weight per day). The data are expressed as means ±SD. 

Biopsy Og 0.28 g 

Tot. GSH total glutathione (GSH + GSSG), Red. GSH reduced 
glutathione (GSH), y-GLU-CySH y-glutamyl-cysteine, Tot. CYSH 
total cysteine, Red. CYSH reduced cysteine (CYSH + CYSSyC), 
ww wet weight 

0.57 g 0.86 g 

Before After Before After Before After Before After 

Tot. GSH 1.32 ± 0.47 1.49 ± 0.29 1.43 ± 0.38 1.68 ± 0.58 1.53 ± 0.62 1.83 ± 0.42 1.28 ± 0.60 1.65 ± 0.62 
(mmol/kg ww) 

Red. GSH 1.06 ± 0.44 1.21 ± 0.31 1.19 ± 0.35 1.37 ± 0.56 1.22 ± 0.62 1.48 ± 0.55 1.04 ± 0.57 1.35 ± 0.62 
(mmollkg ww) 

y-GLU-CySH 5.80 ± 2.4 4.50 ± 1.56 10.3±19.1 4.79 ± 2.44 3.14 ±1.51 3.54 ± 1.72 6.01 ± 2.83 5.53 ± 2.64 
(,umollkg ww) 

Red. y-GLU-CySH 2.83 ± 1.23 2.45 ± 0.54 3.58 ± 1.50 3.69 ± 1.62 4.94 ± 5.20 3.24 ± 1.98 4.09 ± 2.33 5.01 ± 2.77 
(,umol!kg ww) 

Tot. CySH O.D7 ± 0.02 0.09 ± 0.03 0.08 ± 0.00 0.10 ± 0.04 O.D7 ± 0.02 0.08 ± O.Dl 0.08 ± 0.06 0.09 ± 0.05 
(mmol!kg ww) 

Red. CySH 0.01 ± 0.01 0.03 ± O.D2 0.02 ± 0.03 0.03 ± 0.02 0.01 ± O.Dl 0.01 ± 0.01 0.02 ± O.D3 0.02 ± 0.03 
(mmol!kg ww) 



Table 6 Skeletal muscle fat, water and electrolytes in critically ill 
patients (n=4xl0) randomized to receive intravenous glutamine 
supplementation for five days (0, 0.28, 0.57 or 0.86 g of glutamine 

Biopsy Og 0.28 g 

Before After Before After 
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per kg body weight per day). The data are expressed as means ±SD. 
The 95% confidence intervals for a healthy reference group (n=21) 
are from Forsberg et al. [18]. FFS fat free solid 

0.56 g 0.86 g Healthy 
reference 

Before After Before After group 

Fat (kg/kg FFS) 0.35 ± 0.35 0.33 ± 0.26 0.29 ± 0.31 0.33 ± 0.35 0.25 ± 0.14 0.24 ± 0.22 0.28 ± 0.25 0.31 ± 0.32 0.06-0.12 
H20m (1/k:g FFS) 4.32 ± 0.48 4.43 ± 0.76 4.28 ± 1.24 4.18 ± 0.53 4.05 ± 0.82 4.17 ± 0.79 4.11 ± 0.40 4.42 ± 0.71 3.30-3.43 
H20e (1/k:g FFS) 1.51 ± 0.66 1.93 ± 0.58 0.95 ± 0.43 1.43 ± 0.75* 1.10 ± 0.78 1.67 ± 0.99* 1.62 ± 0.50 1.78 ± 0.77 0.39-0.53 
H20i (1/k:g FFS) 2.68 ± 0.29 2.56 ± 0.44 3.33 ± 1.28 2.73 ± 0.32 2.95 ± 0.25 2.51 ± 0.58 2.53 ± 0.30 2.64 ± 0.30 2.87-2.94 
Cl (mmol/kg FFS) 186 ± 82 242 ± 71 123 ± 45 180 ± 81 135 ± 90 199 ± 113 188 ± 45 215 ± 90 57-69 
Na (mmol/kg FFS) 247 ± 108 315 ± 78 181 ± 48 249 ± 99 192 ± 112 264 ± 148 252 ± 70 285 ± 108 83-97 
Mg (mmol/kg FFS) 43.1 ± 4.4 38.7 ± 3.3 42.0 ± 2.8 39.3 ± 4.1 42.2 ± 2.4 38.9 ± 3.4 41.3 ± 3.5 39.5 ± 3.6 40.2-42.1 
K (mmol/kg FFS) 436 ± 48 384 ± 36 442 ± 22 408 ± 40 439 ± 29 405 ± 37 422 ± 17 397 ±50 429-441 

* Denotes a significant difference from the paired value of the biopsy before treatment (P<0.05) 

Table 7 Skeletal muscle protein and nucleic acids in critically ill per kg body weight per day). The data are expressed as means ±SD. 
patients (n=4xl0) randomized to receive intravenous glutamine The 95% confidence intervals for a healthy reference group (n=50) 
supplementation for five days (0, 0.28, 0.57 or 0.86 g of glutamine are from Forsberg et al. [18]. FFS fat free solid 

Biopsy Og 0.28 g 0.57 g 0.86 g Healthy 
reference 

Before After Before After Before After Before After group 

DNA (g/kg FFS) 2.5 ± 0.6 3.0 ± 1.3* 2.5 ± 0.7 2.7 ± 0.7 2.4 ± 1.0 2.8 ± 1.0 2.9 ± 1.1 3.2±1.1* 1.9-2.3 
RNA (g/kg FFS) 4.3 ± 0.6 5.1 ± 1.7* 4.5 ± 0.5 5.1 ± 0.7 4.4 ± 1.1 5.2 ± 1.7* 4.8 ± 0.9 5.8 ± 1.2* 3.4-3.7 
ASP (g/kg FFS) 728 ± 23 692 ± 29* 713 ± 29 715 ± 65 705 ± 47 715 ± 23 715 ± 45 674 ± 42* 691-709 
RNA (kg/kg DNA) 1.8 ± 0.3 1.8 ± 0.3 1.9 ± 0.4 2.0 ± 0.4 1.9 ± 0.3 1.9 ± 0.3 1.8 ± 0.5 1.9 ± 0.4 1.4-1.8 
ASP (kg/kg DNA) 311 ± 83 266 ± 88* 305 ± 90 285 ± 82 320 ± 105 285 ± 94* 282 ± 113 234 ± 81 * 311-370 

* Denotes a significant difference from the paired value of the biopsy before treatment (P<0.05) 

Table 8 Skeletal muscle energy-rich phosphates in critically ill 
patients (n=4xl0) randomized to receive intravenous glutamine 
supplementation for five days (0, 0.28, 0.57 or 0.86 g of glutamine 
per kg body weight per day). The data are expressed as means ±SD. 

Biopsy Og 0.28 g 

Before After Before After 

The 95% confidence intervals for a healthy reference group (n=l2) 
are from Gamrin et al. [30], except for lactate, which is from [31]. 
FFS fat free solid, Cr Creatine, PCr phosphocreatine, TCr total 
creatine 

0.57 g 0.86 g Healthy 
reference 

Before After Before After group 

ATP (mmol/kg FFS) 19.5 ± 2.2 17.2±2.3* 19.5 ± 2.2 18.1 ± 2.4 19.1 ± 3.1 18.2 ± 2.3 18.3 ± 3.5 16.2 ± 2.9* 23.6-25.7 
PCr (mmo1/kg FFS) 70.9 ± 12.3 59.0 ± 13.7* 67.2 ± 11.6 64.4 ± 11.5 72.0 ± 19.1 63.3 ± 15.2 63.3 ± 11.5 58.5 ± 15.8 77.0-85.8 
Cr (mmol/kg FFS) 70.2 ± 11.0 72.9 ± 8.6 81.4 ± 16.1 75.6 ± 9.0 72.3 ± 15.5 71.3 ± 7.4 72.3 ± 6.8 74.4 ± 11.0 32.0-42.72 
TCr (mmol/kg FFS) 141 ± 19 132 ± 19 149 ± 12 140 ± 17 145 ± 13 135 ± 18 136 ± 15 133 ± 23 109-126 
ATP (mol/mol TCr) 0.14 ± 0.02 0.13 ± 0.02 0.13 ± 0.02 0.13 ± 0.02 0.13 ± 0.02 0.14 ± 0.01 0.14 ± 0.02 0.12 ± 0.01 0.20-0.23 
PCr (mol/mol TCr) 0.50 ± 0.05 0.44 ± 0.05* 0.45 ± 0.08 0.46 ± 0.04 0.49 ± 0.12 0.47 ± 0.06 0.46 ± 0.05 0.43 ± 0.06 0.66-0.71 
Lactate (mmol/kg 14.5 ± 4.2 22.4 ± 9.1 21.9 ± 12.3 19.8 ± 6.2 20.3 ± 4.6 17.5 ± 6.3 17.4 ± 5.4 18.7±11.6 2.4--8.0 

FFS) 

* Denotes a significant difference from the paired value of the biopsy before treatment (P<0.05) 

(Table 3). The capacity for protein synthesis expressed as 
RNA/DNA [20] also remained unchanged during the five
day study period (Table 7). 

Muscle lactate 

The ICU patients in this study had high lactate concen
trations in muscle, 18.8±7.6 mmol/kg fat free solid (FFS). 
The control group increased over time by 64±87%, from 
14.5±4.2 to 22.4±9.1 mmol/kg fat free solid (P<0.05). In 

contrast, the glutamine-treated groups did not change 
significantly; before and after treatment for the 0.28 g 
group 21.9±12.3 and 19.8±6.2 for the 0.57 g group 
20.3±4.6 and 17.5±6.3, and for the 0.86 g group 17.4±5.4 
and 18.7±11.6 mmol/kg FFS, respectively. 

Energy-rich phosphates in muscle 

Concentrations of A TP, total creatine, free creatine, as 
well as ATP related to total creatine did not show any 
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Fig. 2a, b Cumulated urinary 
excretion of 3-methylhistidine 
(a) and nitrogen (b) in critically 
ill patients (n=9+ 10+9+ 10) 
randomized to receive intrave
nous glutamine supplementa
tion for five days (0, 0.28, 0.57 
or 0.86 g of glutamine per kg 
body weight per day). Data are 
given as means±SD 
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significant differences between the groups or between the 
two biopsies taken five days apart (Table 8). Phospho
creatine and the phosphorylated fraction of phosphocre
atine decreased significantly in the control group 
(P<0.05) between the two biopsies, but remained un
changed in the glutamine-treated groups. 

Urine analyses 

No significant difference was seen in the cumulative 
excretion of 3-methylhistidine or total nitrogen related to 
the different levels of glutamine supplementation (Fig_ 2a, 
b). 
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Discussion 

The main hypothesis in this study was that a large enough 
dose of exogenous glutamine supplementation would 
influence plasma glutamine concentration and secondarily 
muscle free glutamine concentration, muscle protein 
synthesis and muscle protein content. The results showed 
that whereas glutamine supplementation for five days can 
restore plasma glutamine levels in ICU patients (Fig. 1), 
this did not directly influence muscle glutamine levels, 
muscle protein synthesis rates and muscle protein content. 

This study, randomizing ICU patients to four different 
levels of glutamine supplementation demonstrated an 
increased plasma glutamine level in all three treatment 
groups. Plasma glutamine levels have been reported to be 



consistently low in ICU patients and also to be related to 
outcome as an independent variable [8, 9, 21]. Glutamine 
supplementation of 0.28 g/kg bw/day restored mean 
plasma glutamine levels to normal after 24 h of infusion. 
The uppermost glutamine supplementation (0.86 g/kg bw/ 
day) increased plasma glutamine concentrations to normal 
in all individual patients and most values were at upper 
normal or even supra-physiological levels. Despite these 
high levels of plasma glutamine concentration, muscle 
concentrations of free glutamine were not influenced, 
indicating that muscle glutamine concentration in these 
patients might be more related to the state of general 
inflammation than to glutamine depletion. Since muscle 
levels were not influenced by the glutamine supplemen
tation, the absence of any changes in muscle protein 
synthesis was an expected finding. In particular, as the 
average rate of muscle protein synthesis in ICU patients is 
not very different from that in normal individuals [22, 
23], in contrast to the decrease seen following surgery 
involving moderate stress [24]. 

The fact that plasma glutamine concentration can be 
restored into the normal range by exogenous glutamine 
supplementation, while the control group remained sub
normal, is of course a feasible explanation to the positive 
clinical results reported when glutamine supplementation 
is given to ICU patients [1, 2, 4]. This also indicates that 
free glutamine status in muscle tissue may not be the 
crucial factor for immediate survival. Instead, availability 
of glutamine for other cells - preferably in the splanch
nic region- may be most important during the ICU stay. 
However, to prove that the mortality rate for ICU patients 
decreases when their plasma glutamine concentration is 
normalized takes a prospective controlled clinical trial. 
Such a trial would require more than 2,000 patients, if a 
hypothesis of a decrease in mortality rate of 5% is to be 
proven or dismissed. From existing clinical studies there 
are clear indications that patients given glutamine 
supplementation for a longer period of time are those 
who benefit most [4]. A recent study shows no difference 
in clinical outcome after five days of treatment, while 
patients receiving more than nine days of treatment had a 
statistically significant better outcome [ 4]. At the time 
when the present study was designed a five-day treatment 
period seemed sufficient. From what we know today, a 
longer period of treatment may be necessary to show 
effects on muscle biochemistry. 

Although the muscle free glutamine concentrations did 
not directly follow the plasma concentrations, the two 
compartments were not totally independent. At the start of 
the study a statistically weak correlation was seen 
between the free glutamine concentration in plasma and 
muscle (r=0.32; P<0.05). After the treatment period the 
changes in the two compartments also showed a statistical 
correlation (Fig. 3), which may be interpreted as an effect 
of exogenous glutamine supply even though the period of 
supplementation was too short. 

• 

• 

• • • 

273 

r = .43 
P< .01 
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Fig. 3 The change in muscle free glutamine concentration in 
relation to the change in plasma glutamine concentration in ICU 
patients with multiple organ failure (n=38) 
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Fig. 4 Total glutathione concentration in skeletal muscle in 
relation to length of ICU stay during the initial week. Data are 
from patients (n=34) before treatment 

In order to generate hypotheses for how to design 
future studies concerning muscle protein depletion in ICU 
patients, we allowed ourselves to combine the glutamine
treated groups and compare them with the controls. We 
then found that the 3-methylhistidine excretions in urine 
decreased by 30% (Fig. 2a), and that the continuing 
increase in the muscle lactate level seen in the control 
group was attenuated in the combined glutamine treated 
groups. The post-hoc finding of a lower 3-methylhistidine 
excretion in urine suggests that external provision of 
glutamine decreased the rate of muscle protein degrada-
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tion, which should be addressed in a study designed for 
this particular question. There are experimental data in 
favor of such a possibility [25]. The possibility that a 
longer period of glutamine treatment is needed cannot be 
totally ruled out by the present protocol. 

It is known that glutathione concentration in muscle of 
ICU patients is decreased and, in addition, there is a larger 
fraction of oxidized glutathione compared with healthy 
individuals [26]. When the muscle glutathione concen
tration of the patients in this study, before treatment with 
glutamine, were put in relation to length of ICU stay, an 
increase was seen during the initial week of ICU stay 
(Fig. 4). In parallel, a reduction over time in the oxidized 
fraction of glutathione was seen during the same period 
(r=0.50; P<0.002; n=34). Furthermore the change in 
muscle glutamine concentrations during the five-day 
study period correlated with the change in muscle protein 
content. The change in muscle glutamate concentration 
correlated statistically with the change in muscle total 
glutathione as well as with the red-ox status of glutathione 
(r=0.40; P<0.02; n=38). These descriptive findings indi
cate that glutamine depletion in muscle is related to the 
reduction of muscle glutathione observed in ICU patients, 
and that if we can find means to attenuate muscle 
glutamine depletion we may have a possibility to 
attenuate muscle protein depletion. The increase in 
muscle glutathione during the initial period of ICU stay 
is in accord with findings reported elsewhere [27], and 
also to the relationship between the change in glutamate 
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