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Parenteral glutamine increases serum heat
shock protein 70 in critically ill patients

Abstract Objective: Heat shock
protein 70 (HSP-70) is protective
against cellular and tissue injury. In-
creased serum HSP-70 levels are as-
sociated with decreased mortality in
trauma patients. Glutamine (Gln) ad-
ministration increases serum and tis-
sue HSP-70 expression in experi-
mental models of sepsis. Gln has
been safely administered to critically
ill patients and can improve clinical
outcomes, but the effect of Gln ad-
ministration on HSP-70 expression in
humans is unknown. We examined
whether Gln-supplemented parenteral
nutrition (PN) increases serum HSP-
70 levels in critically ill patients.
Design and setting: Randomized,
controlled, double-blind study in
surgical intensive care units (SICU)
in a university hospital. Patients: 29
patients admitted to the SICU and
requiring PN for more than 7 days.
Interventions: Patients received ei-
ther GIn-PN (containing alanyl-glu-
tamine dipeptide; 0.5 g/kg per day;
n=15) or standard Gln-free PN (con-
trol-PN) that was iso-nitrogenous to
GIn-PN (n=14). Serum HSP-70 con-
centrations were measured at enroll-
ment and at 7 days. Clinical outcome
measures were also determined. Re-
sults: HSP-70 concentrations were
unchanged in control-PN subjects

from baseline to day 7. In marked
contrast, GIn-PN subjects demon-
strated significantly higher (3.7-fold)
serum HSP-70 concentrations than
control subjects. In GIn-PN patients
there was a significant correlation
between increases in HSP-70 levels
over baseline and decrease in ICU
length of stay. Conclusions: Gln-PN
significantly increases serum HSP-70
in critically ill patients. The magni-
tude of HSP-70 enhancement in Gln-
treated patients was correlated with
improved clinical outcomes. These
data indicate the need for larger,
randomized trials of the Gln effect on
serum and tissue HSP-70 expression
in critical illness and relationship to
clinical outcomes.
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Introduction

It has long been recognized that enhanced expression of
heat shock protein 70 (HSP-70) protects proteins from
damage, allows restoration of function to damaged pro-
teins, and prevents cellular injury and death [1, 2, 3, 4, 5].
Further, enhanced expression of HSP-70 in experimental
models of sepsis, shock, and critical illness attenuates the
proinflammatory response, reduces organ injury, and
improves survival [5]. Of note, recent data demonstrate
that cellular levels of HSP-70 are markedly decreased in
clinical sepsis in critically ill patients [6, 7]. Further,
clinical data have revealed that serum HSP-70 concen-
trations measured early after severe trauma are positively
correlated with increased survival [8]. However, labora-
tory enhancers of HSP-70, including sublethal heating,
sodium arsenite, and adenoviral transfection, are not
practical for clinical administration.

A number of studies have shown that parenteral ad-
ministration of the amino acid glutamine (Gln) as a
component of nutrition support is safe and improves
clinical outcomes in critically ill patients [9, 10, 11, 12].
In addition, we have shown that Gln markedly enhances
cell survival against a variety of stressful stimuli by a
mechanism involving enhanced HSP-70 expression [13,
14]. Further, we have shown that administration of in-
travenous Gln upregulates HSP-70 expression in multiple
organs in a rat model of endotoxemia [15] and signifi-
cantly improves survival. We have also shown that par-
enteral Gln enhances HSP-70 in the serum of rodents
following polymicrobial sepsis induced by cecal/ligature
puncture, and that this response is associated with de-
creased mortality in this model [16]. Thus administration
of intravenous Gln may be a practical method to increase
HSP-70 in the circulation and tissues of critically ill pa-
tients. Further, the protective effects of this HSP-70 may
represent a mechanism for the improved clinical out-
comes observed with GIn administration in certain groups
of critically ill patients [17].

The aims of the current studies were: (a) to examine
whether intravenously administered Gln, as a component
of parenteral nutrition (PN) support increases serum HSP-
70 levels in critically ill adults admitted to a surgical
intensive care unit and (b) to determine the relationship
between serum HSP-70 responses and important clinical
outcomes in these individuals.

Methods

This clinical trial was approved by the Institutional Review Board
of Emory University, Atlanta, Georga, USA, and all patients or
their legal representative provided informed consent. The data re-
ported here are derived from a subgroup of adult subjects partici-
pating in a double-blind, randomized study of Gln dipeptide-sup-
plemented PN in postoperative patients requiring admission to a
surgical intensive care unit (SICU) necessitating PN at Emory

University Hospital (EUH), Atlanta. Subjects were selected based
on the availability of serum for analysis for HSP-70. In approxi-
mately one-half of the subjects (selected randomly and in a blinded
fashion) additional serum was drawn for analysis of HSP-70. The
randomization of patients was concealed and double-blinded in
nature. All data for HSP-70 expression were analyzed in a blinded
fashion. Serum for HSP-70 concentrations was obtained at entry
and 7 days after initiation of either Gln-supplemented PN or stan-
dard Gln-free PN in 29 patients with a history of necrotizing pan-
creatitis requiring surgical débridment or colonic, cardiac, or vas-
cular surgery.

Eligible subjects were those admitted to the EUH SICUs. In-
clusion criteria were: (a) signed informed consent, (b) age 18—
80 years, (c) SICU care required after pancreatic, coronary artery
bypass grafting (CABG), cardiac valve, nonneurological vascular,
or colonic surgery, (d) subject deemed by primary physicians and
the EUH Nutrition and Metabolic Support Service likely to require
PN for more than 7 days at entry, (e) subject without evidence of
acute, uncontrolled infection or history of clinical sepsis in previous
24 h, and (f) no evidence of active malignancy, significant hepatic
dysfunction (total bilirubin >4.0 mg/dl or more than fivefold ele-
vation in serum transaminase concentrations), or significant renal
dysfunction (evolving acute renal failure or on dialysis). Exclusion
criteria were: (a) study PN not given for 5 or more consecutive days
after initiation and (b) evidence of developing hepatic failure. The
subjects were block-randomized by the EUH research pharmacist
on the basis of type of operation to: (a) the control group, whose
subjects received standard, Gln-free PN (STD-PN) and (b) the
experimental group, whose subjects received isocaloric, isoni-
trogenous, Gln dipeptide-supplemented PN (GIn-PN). Patients were
required to receive Gln-supplemented or control PN for at least
7 days to be included in data analysis.

The control PN amino acid (AA) formula was a standard, Gln-
free AA solution (15% Clinisol, Baxter, Deerfield, I1l., USA), given
at a daily dose of 1.5 g/kg. The Gln group received PN containing
0.5 g/kg per day L-alanyl-L-Gln dipeptide (Dipeptiven, 20% alanyl-
Gln dipeptide solution; Fresenius-Kabi, Bad Homburg, Germany)
added to 1.0 g/kg per day 15% Clinisol AA solution (total 1.5 g/kg
per day). This dose of L-alanyl-L-Gln dipeptide provides 23 g L-GIn
daily for a 70 kg subject (two-thirds of AG is the Gln moiety). The
feeding goals were total daily calorie intake of 1.3 xbasal energy
expenditure (predicted by the Harris-Benedict equation) from PN
plus enteral intake, as tolerated, and total daily amino acid/protein
intake of 1.5 mg/kg. PN dextrose comprised 70% of PN non-AA
kilocalories, and intravenous fat emulsion (20% Intralipid, Kabi)
comprised 30% of PN non-AA kilocalories. Blood for serum cre-
atinine and bilirubin levels was drawn at enrollment and several
times weekly throughout study period and the maximal weekly
value determined. After enrollment blood was also drawn in the
morning between 0800 and 1000 hours for baseline plasma Gln
levels, C-reactive protein (CRP), and HSP-70 concentrations to
assess extent of systemic inflammation and the HSP-70 response to
GlIn dipeptide-supplemented PN. These determinations were re-
peated at 7 days after entry. Plasma GlIn levels were obtained using
standard methods with a Beckman amino acid analyzer at Emory
University. CRP concentrations were determined by the EUH
Laboratory using standard methods. Serum HSP-70 analyses were
performed by a specific enzyme-linked immunosorbent assay kit
method (EKS 700, Stressgen, Victoria, B.C., Canada). All samples
were analyzed in duplicate. Clinical outcome variables (hospital
and ICU length of stay, LOS, and days on mechanical ventilation)
were determined in a blinded fashion from day 1 of study until
hospital discharge.

In the 29 subjects for whom additional serum was obtained for
HSP-70 analysis all patients completed more then 7 days of par-
enteral nutrition. Thus this analysis included all eligible patients
and is an intention-to-treat analysis. Baseline characteristics of
study participants are shown in Table 1; the baseline characteristics
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Table 1 Baseline characteris-

tics of overall series and HSP- Overall series

HSP-70 subgroup

70 subgroup (no significant Glutamine Control Glutamine Control

differences between Gln-treated (n=15) (n=14) (n=30) (n=29)

and control groups)
Age 53.2+3.9 52.4+3.8 56+3 57+3
Sex: M/F 8/7 11/3 19/11 21/8
Diagnosis (n)
Pancreatic surgery 8 10 15 17
Colon surgery 2 2 3 2
Cardiac surgery 3 1 6 5
Vascular surgery 2 1 6 5
Baseline APACHE II 13+1.8 13+2.2 13+1.4 13+1.2
Baseline CRP (mg/1) 19.8+2.8 17.6+2 18+2 18+2
BMI 31.4+2 28.8+2 28+1 261
Hospital day at entry 14.2+1.4 13.9+1.4 10£1.0 12+2.0

Table 2 Nutritional Intake of overall series and HSP-70 subgroup (no significant differences between Gln-treated and control groups)

HSP-70 subgroup

Overall series

Glutamine (n=15)

Control (n=14) Glutamine (n=30) Control (n=29)

PN days 14.9+1.6
Intravenous total kcal/kg per day 20.5+1.2
Intravenous amino acid kcal/kg per day 1.12+0.05
Enteral total kcal per day 239+64

15+1.9 13+1 13+1
21.7£1.5 21+1 22+1
1.15+0.09 1.18+0.04 1.16+0.05
422+80 480+70 46361

of the study group as a whole (n=59 patients) are also included in
Table 1. As can be observed from the data, the selected subgroup
for whom serum for HSP-70 was available was very similar in all
respects to the entire study group. The only difference is that that
the subgroup of patients in whom serum HSP-70 was evaluated
were slightly younger then the averages of the entire study group
(see Table 1). The GIn-PN and control-PN groups were well mat-
ched at study entry with respect to age, baseline inflammation state
(serum CRP concentration), body mass index, and hospital day at
entry to study. There were also no significant differences in type of
surgery between groups. Perhaps, most importantly, the APACHE
IT scores between the GIn-PN and control-PN subgroups were
nearly identical, and this was also true when these two subgroups
were compared to the entire study group of 59 patients. Nutritional
intake information for the two subgroups is included in Table 2.
Information for the entire study groups is also included. There were
no differences with regard to the average number of days PN was
provided, intravenous total and protein calories, or enteral intake.
Although GIn-PN patients in the studied subgroup received fewer
enteral calories, this difference was not statistically significant from
the control-PN subgroup. There were no significant differences
between the studied subgroups and the entire study population of 59
patients. However, in the studied subgroup there was a trend to-
wards the GIn-PN subgroup receiving fewer enteral calories the
entire Gln group. Plasma GIn concentrations were measured at
initiation of the study and at day 7 posttreatment.

Unless otherwise specified, data are presented as arithmetic
means and standard deviations or as arithmetic means and 95%
confidence intervals (95% CI) for continuous variables and as
percentage of participants for categorical variables. Serum HSP-70
levels were highly skewed and exhibited a mean-variance rela-
tionship on the original scale. The distribution of HSP-70 was more
symmetric on a logarithmic scale and log-transformation stabilized
the variance across groups and time, and thus the log-transformed
HSP-70 values were used in the analysis, and data are presented as
geometric means with 95% ClIs on the original scale. Change in
HSP-70 concentrations from baseline to day 7 on the logarithmic
scale is interpreted as the proportional change on the original scale.

Serum HSP-70 levels, proportional change in HSP-70 levels, and
clinical outcomes were compared between Gln and control subjects
using independent samples ¢ tests for continuous data (log trans-
formed data for HSP-70) and Pearson’s y tests for categorical data.
The independent-samples ¢ test applied to log-transformed data is
used to compare the ratio of geometric means. Spearman’s rank
correlation coefficients were used to examine the association be-
tween clinical outcome measures and HSP-70. The level of statis-
tical significance was set at a=0.05. Statistical analyses were per-
formed using SPSS release 12.0 for Windows (SPSS, Chicago, III.,
USA).

Results

A significant increase in Gln concentration was noted in
the GIn-PN group 7 days after treatment (Fig. 1). No
adverse events deemed related to administration of Gln
dipeptide occurred. The geometric mean serum HSP-70
levels for study participants are shown in Table 3 and are
also displayed in Fig. 2. Blood HSP-70 concentrations
were similar in the two groups at baseline, but after 7 days
the HSP-70 levels were 3.7-fold higher (95% CI 1.2-11.9,
p=0.029) in patients receiving GIn than in patients re-
ceiving placebo. This was due to a 3.4-fold greater pro-
portional increase (ratio of geometric means 3.4, 95% CI
1.5-7.7, p=0.005) in serum HSP-70 in patients receiving
GIn compared to placebo. Further, circulating HSP-70
concentrations increased 6.9-fold (95% CI 3.5-13.7) in
patients receiving Gln compared to a 2.0fold increase
(95% CI 1.2-2.4) in patients receiving placebo.

There were no significant differences in hospital or
SICU LOS or ventilator days or maximal serum total



1082

Fig. 1 Plasma glutamine con- 700 -
centrations in GIn-PN (n=15)
and control-PN (n=14) patients. 600 -

Data are presented as mean
+SE. *p<0.01 vs. all other
measures

500 -
400 4

300 +

Glutamine mmol/dL

200 +

100 A

*
0 I T I T I T I 1

Baseline GLN-PN 7 Day GLN-PN Baseline CONT-

7 Day CONT-PN
PN

Table 3 Geometric mean se-
rum HSP-70 levels (ng/ml) for

Control (n=14)

a

Glutamine (n=15) Glutamine/control p

glutamine and control Patients Baseline HSP-70 0.23 (0.12-0.44)  0.25 (0.13-0.51) 1.09 (0.44-2.68) 0.849

@arentheses 95% confidence 7-day HSP-70 0.47 (0.21-1.08) 1.75 (0.71-4.32) 3.70 (1.15-11.85) 0.029*

interval) 7-day HSP/baseline HSP 2.03 (1.22-3.40) 6.91 (3.49-13.69)  3.40 (1.50-7.70) 0.005%*
p<0.05

“Independent samples ¢ test on log-transformed data for testing ratio of geometric means

Fig. 2 Geometric mean serum 4.0
HSP-70 levels at baseline and

day 7 in critically ill patients

receiving glutamine (shaded

bars; n=15) or iso-nitrogenous

—_— 2.0'
control (open bars) supple- =
mented (n=14) parenteral nutri- %,
tion. Bars Geometric means; c
error bars £1 SD of the geo- peax

. o
metric mean N 1.07

o

7]

I

E

2 0.5

Q

77]

0.25+

bilirubin or creatinine levels between patients treated with
Gln in PN and control PN participants (Table 4). How-
ever, changes in HSP-70 concentration from baseline to
day 7 of study were significantly associated with these
clinical outcome measures in patients receiving Gln
dipepetide-supplemented PN (Table 5). The strongest
correlations were observed for the relative percent change
in HSP-70. Greater relative increases in HSP-70 con-
centrations were significantly associated with fewer ICU

Day 1 Day 7

days (Spearman’s p=—-0.649, p=0.009) and fewer venti-
lator days (Spearman’s p=-0.551, p=0.033). The rela-
tionship between the number of ICU days and relative
increase in HSP-70 is displayed in Fig. 3 for Gln and
control subjects. Greater relative increases in HSP-70
were significantly associated with fewer ICU days for Gln
subjects (Spearman’s p=-0.649, p=0.009) but not for
control subjects (Spearman’s p=0.418, p=0.155). Trends
were observed for absolute changes in HSP-70 expression
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Table 4 Clinical outcomes for
glutamine-PN Vs. control PN

patients’ Length of stay (days)
ICU days

Ventilator days

Maximum total bilirubin (mg/dl)
Maximum creatinine (mg/dl)

Glutamine (n=15) Control (n=14%) »°
29.7 (21.7-37.7) 33.3 (20.5-46.1) 0.617
15.7 (6.8-24.7) 17.4 (3.8-31.0) 0.828
11.1 (3.6-18.6) 15.8 (2.7-28.8) 0.505
1.2 (0.9-1.6) 2.0 (0.9-3.1) 0.174
1.3 (0.8-1.8) 1.5 (0.6-2.3) 0.653

# n=13 for number of ICU days and ventilator days
" Independent samples ¢ test or Pearson’s x> test

Table 5 Relationship between clinical outcomes and serum HSP-70 levels in patients receiving GIn-PN and controls: Spearman’s rank
correlation coefficient (p) (parentheses p value)

GIn-PN (n=15)

Controls (n=14)

HSP-70
at 1 week

Absolute change
in HSP-70

% change
in HSP-70

HSP-70
at 7 days

Absolute change
in HSP-70

% change
in HSP-70

Hospital length
of stay

ICU days
Ventilator days
Maximum total

—0.082 (0.771)

~0.438 (0.103)
-0.327 (0.235)
—0.213 (0.445)

—0.123 (0.661)

-0.615 (0.015)
-0.483 (0.068)
-0.371 (0.173)

—0.206 (0.462)

~0.649 (0.009)
-0.551 (0.033)
-0.025 (0.929)

—0.026 (0.928)

0.170 (0.579)
0.069 (0.822)
0.139 (0.635)

—0.093 (0.753)

0.262 (0.387)
0.194 (0.526)
0.216 (0.458)

~0.071 (0.811)

0.418 (0.155)
0.329 (0.272)
0.291 (0.312)

bilirubin (mg/dl)
Maximum creatinine
(mg/dl)

—0.327 (0.235) -0.476 (0.073)

—0.230 (0.410)

—-0.078 (0.792)  -0.029 (0.922) —0.060 (0.839)

being correlated with renal function, as defined by max-
imum measured creatinine concentration (Spearman’s
p=-0.476, p=0.07). No significant correlations were noted
between HSP-70 levels and outcome in the control-PN
treated group (Table 5).

Discussion

These results are, to our knowledge, the first demonstra-
tion that parenteral Gln administration upregulates serum
HSP-70 concentrations in humans. Specifically, we show
that 7 days of Gln administration increased serum HSP-70
levels compared to responses in clinically matched sub-
jects requiring SICU care and receiving a PN formulation
that was iso-nitrogenous and isocaloric. These results
reveal that parenteral Gln can enhance not only mean
serum HSP-70 levels after 7 days, but also the change in
serum HSP-70 from baseline vs. control subjects receiv-
ing standard, Gln-free PN. In addition, our results show
that in patients receiving Gln, the increase in serum HSP-
70 over baseline was correlated with a decrease in ICU
length of stay and days on the ventilator. A trend towards
a decrease in the maximum serum creatinine concentra-
tion was also seen in patients receiving Gln when corre-
lated with the absolute increase in HSP-70 over baseline.
Although this was a small study, these initial pilot data
show promise for Gln being the first clinically relevant
enhancer of HSP-70 in critical illness.

The physiological role of serum HSP-70 has yet to be
determined. However, the significance of serum HSP-70

expression has been examined in a number of settings.
Data in severely traumatized patients reveal a direct
correlation between serum HSP-70 levels at hospital ad-
mission and survival to discharge. That study demon-
strated that serum HSP-70 levels are independent of the
severity of injury. Patients presenting with an Injury
Severity Score higher than 16 and a low HSP-70 level at
admission had a mortality rate twice as high as historical
controls of similar ages [8]. In addition, no deaths oc-
curred in patients with serum HSP-70 levels greater then
15 ng/ml. The average HSP-70 level at presentation in our
patients were lower than in the previous study [8] and not
different between GlIn treated and the control patients.
Differences in clinical condition (i.e., acute trauma Vvs.
postoperative critical illness), illness severity, hospital
LOS prior to entry, nutrient intake, assay employed or
other factors may be responsible for the differences in
HSP-70 levels between the earlier study and the current
trial. Our observation that PN supplemented with Gln
markedly increases serum HSP-70 levels in SICU patients
studied an average of 14 days after hospital admission
raises the question of whether Gln administration has a
similar effect if given acutely at presentation to the
emergency room or intensive care unit.

The origin of serum HSP-70 is being widely debated.
Traditionally HSP-70 has been believed to be released
from necrotic cells and not apoptotic cells [18]. However,
recent data indicate that HSP-70 can be secreted from
viable cells as a number of cell types have been shown to
release HSP-70 [19, 20, 21]. The answer to this question
remains unclear. The precise function of serum HSP-70 is
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Fig. 3 Number of ICU days by
relative change in HSP-70

(7 day/baseline) for patients re-
ceiving Gln (a) and contol-
supplemented (b) parenteral
nutrition

70—
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also unclear. Recent in vitro studies have suggested that
extracellular HSP-70 activates the immune system and
signal through a CD-14 [22] and toll-like receptors 2 and
4 [23] dependent pathway to induce the release of
proinflammatory cytokines. However, some investigators
have expressed concern that these in vitro effects may be
due to lipopolysaccharide contamination of the recombi-
nant HSP-70 preparations, as lipopolysaccharide and HSP
each signal through toll-like receptor 4 [24, 25]. An al-
ternative view is that extracellular HSP-70 stimulates an
anti-inflammatory Th2 response and induces Cd4" T-cells
releasing anti-inflammatory cytokines such as interleukin
(IL) 10 [18]. This is supported by a study of serum HSP-
70 levels in CABG vs. patients studied “off-pump,” in
which the off-pump patients who had lower levels of

T T T T T T
64

serum HSP-70 had a higher levels of IL-6, a proinflam-
matory cytokine. More importantly, “on-pump” CABG
patients who had the highest serum HSP-70 concentra-
tions also had increased blood concentrations of IL-10,
whereas the “off-pump” patients who had low concen-
trations of HSP-70 and no increase in IL-10 release [26].
Given these data, it appears that HSP-70 may be part of an
immunoregulatory response that potentially downregu-
lates the inflammatory response.

The dose of GIn dipeptide utilized in this trial was
based on results of previous safety and efficacy studies of
Gln-supplemented PN [9, 20, 11, 12]. The GIn-PN group
received a lower dose of essential amino acids than the
control-PN group did. No data regarding essential amino
acid intake effecting serum HSP-70 response are currently
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available. Recent studies have indicated that parenteral
and enteral Gln can improve clinical outcomes when
administered to certain critically ill and injured patients
[9, 11, 12, 27, 28]. However, the mechanism of this
benefit is not yet understood [17]. It is possible that Gln-
mediated enhancement of HSP-70 expression is an im-
portant mechanism of the GIn protective effects. This is
supported by data from our laboratory indicating that Gln
can protect gut epithelial cells against injury [13]. This
protection is lost if HSP-70 expression is inhibited either
by quercetin (an inhibitor of HSP-70 expression) or by
specific antisense inhibition of the HSP-70 gene [13, 14].
Further, we have data in the cecal/ligature puncture model
of polymicrobial sepsis that Gln induces pulmonary and
serum HSP-70 and prevents mortality from sepsis [29].
This survival benefit is lost if Gln-mediated increases in
HSP-70 are blocked by preadministration of quercetin
[29].

In summary, these data indicate that PN supplemented
with alanyl-Gln dipeptide at a daily dose of 0.5 mg/kg can
increase serum concentrations of HSP-70 after 7 days in
critically ill patients. This is the first demonstration of a

safe, nontoxic enhancer of serum HSP-70 in humans.
Although our data cannot confirm a causal effect of HSP-
70 responses, and the study was not powered to detect
changes in clinical outcome between the Gln and control
group, our data indicate that Gln-mediated increases in
HSP-70 over baseline levels are significantly correlated
with decreased in ICU length of stay and days on me-
chanical ventilation. It is important to note that ventilator
days and ICU length stay are likely linked, and thus the
ICU length of stay has been focused on in our analysis.
Additional studies to define the effects of enteral and
parenteral Gln administration on serum and tissue HSP-70
levels and which are designed to examine cellular and
tissue induction of HSP-70 and clinical outcomes in
critically ill patients are indicated.
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