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The effects of severe infection on luminal transport of amino
acids and glucose by the small intestine were investigated. Studies
were done in endotoxin-treated rats and in septic patients who
underwent resection of otherwise normal small bowel. In rats
the kinetics of the brush border glutamine transporter and the
glutaminase enzyme were examined. In patients the effects of
severe infection on the transport of glutamine, alanine, leucine,
and glucose were studied. Transport was measured using small
intestinal brush border membrane vesicles that were prepared
by Mg++ aggregation/differential centrifugation. Uptake of ra-
diolabeled substrate was measured using a rapid mixing/filtration
technique. Vesicles demonstrated 15-fold enrichments of enzyme
markers, classic overshoots, transport into an osmotically active
space, and similar 2-hour equilibrium values. The sodium-de-
pendent pathway accounted for nearly 90% of total carrier-me-
diated transport. Kinetic studies on rat jejunal glutaminase in-
dicated a decrease in activity as early as 2 hours after endotoxin
secondary to a decrease in enzyme affinity for glutamine (K.1
= 2.23 ± 0.20 mmol/L [millimolarl in controls versus 4.55 ± 0.67
in endotoxin, p < 0.03), rather than a change in V,,,. By 12
hours the decrease in glutaminase activity was due to a decrease
in V,,,x (222 ± 36 nmol/mg protein/min in controls versus 96
± 16 in endotoxin, p < 0.03) rather than a significant change in
K.. Transport data indicated a decrease in sodium-dependent
jejunal glutamine uptake 12 hours after endotoxin secondary to
a 35% reduction in maximal transport velocity (V-,,, = 325 ± 12
pmol/mg protein/10 sec in controls versus 214 ± 8 in endotoxin,
p < 0.0001) with no change in K. (carrier affinity). Sodium-
dependent glutamine transport was also decreased in septic pa-
tients, both in the jejunum (V,,x for control jejunum = 786 ± 96
pmol/mg protein/10 sec versus 417 ± 43 for septic jejunum, p
< 0.01) and in the ileum (V.,, of control ileum = 1126 ± 66
pmol/mg protein/10 sec versus 415 ± 24 in septic ileum, p
< 0.001) The rate of jejunal transport of alanine, leucine, and
glucose was also decreased in septic patients by 30% to 50% (p
< 0.01). These data suggest that there is a generalized down-
regulation of sodium-dependent carrier-mediated substrate
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transport across the brush border during severe infection, which
probably occurs secondary to a decrease in transporter synthesis
or an increase in the rate of carrier degradation. The decrease
in the number of active brush border carriers for glutamine and
the decrease in glutaminase activity, in conjunction with dimin-
ished consumption of circulating glutamine demonstrated during
sepsis in previous studies, may result in inadequate amounts of
this key small intestinal substrate.

T n HE SMALL INTESTINE plays a key role in the ab-
sorption of luminal nutrients. This process not
only supplies amino acids for synthetic pathways

in the gut mucosa but also provides substrate for the liver
and other tissues. Failure to consume adequate amounts
of dietary amino acids leads to weight loss, negative ni-
trogen balance, and erosion of lean body mass. Such con-
sequences may be devastating in critically ill patients who
are already catabolic from their underlying disease and
who also require greater amounts of dietary protein to
maintain nitrogen balance.

Recent studies indicate that the intestinal tract, an organ
generally regarded as inactive or quiescent during critical
illness, occupies an important physiologic and metabolic
position after injury and infection."2 For example the in-
testinal epithelium functions as a barrier to luminal toxins.
This barrier may become threatened or compromised in
septic states, leading to an increase in mucosal perme-
ability and subsequent translocation of enteric bacteria
and their endotoxins.3 In addition the gut plays a pivotal
role as a processor of circulating substrate, cooperating
with the liver and other organs in maintaining amino acid
homeostasis. This role in nitrogen metabolism revolves
to a considerable extent around the ability of the small
intestine to extract large amounts of glutamine from the
bloodstream and from the gut lumen.2'4 Glutamine is the
most abundant amino acid in the blood and free amino
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acid pool of the body.5 Functionally glutamine metabo-
lism by the small intestine (1) provides a major energy
source for the gut mucosa to support biosynthetic path-
ways, (2) provides amide nitrogen that may support nu-

cleotide biosynthesis, and (3) processes nitrogen and car-

bon from the diet or from the bloodstream for export to
other tissues for further metabolism. Glutamine is simi-
larly metabolized whether it enters the mucosal cells across
the brush border from the lumen or across the basolateral
membrane from the arterial blood, and it is even more

important than glucose as an oxidative fuel.4 This ability
ofthe gut mucosa to extract and metabolize large amounts
of glutamine is due to avid transport activity and high
levels of the enzyme glutaminase, the major enzyme of
glutamine metabolism.
We previously reported that glutamine uptake from

the bloodstream is diminished in septic patients and in
endotoxin-treated rats.6 Although the consequences ofthis
impairment are unclear, the mechanism by which uptake
of circulating glutamine is decreased during sepsis appears
to be due primarily to a decrease in glutamine extraction
by the bowel and a decrease in the specific activity of
mucosal glutaminase, rather than a significant reduction
in intestinal blood flow. The changes that occur in brush
border substrate transport during septic states are un-

known. These changes are important to investigate be-
cause certain amino acids, in particular glutamine,2 may
be required for enterocyte growth and function. The pur-

pose of this study was to examine the effects of severe

infection on brush border transport ofglutamine and other
substrates and to study the kinetics of the enzyme glu-
taminase under these circumstances.

Materials and Methods

Studies were done in rodents and in surgical patients.
In rats a model ofendotoxemia that results in physiologic
and physical signs of sepsis was used. In the patients the
diagnosis of sepsis was made clinically and confirmed in-
traoperatively.

Reagents and Chemicals

All chemicals and reagents used were of analytical
quality and were purchased from Sigma Chemical Co.
(St. Louis, MO). Radiolabeled L-glutamine, L-alanine, L-
leucine, and D-glucose were purchased from Amersham
(Arlington Heights, IL).

Animal Studies

Male Sprague Dawley rats weighing 250 to 300 g (n
= 36, Harlan Sprague Dawley, Indianapolis, IN) were used
for the studies. The animals were kept in separate meta-
bolic cages and were fed standard laboratory rat chow
(Purina Rodent Chow 5001, Purina Inc., St. Louis, MO)

and water ad libitum. They were subjected to alternate
12-hour periods ofdark and light. Animal care and treat-
ment and study procedures were in accordance with the
guidelines of the Animal Care Committee at the Univer-
sity of Florida and the Gainesville Veterans Administra-
tion Hospital and the DHEW guide for the care and use
of laboratory animals. On the evening before the study,
chow was removed from the cages (ad libitum intake of
water was allowed) and the rats were randomized to re-

ceive an intraperitoneal injection of endotoxin (Lipo-
polysaccharide, Escherichia coli 01 27:B8, Lot #76F4035,
Sigma, 7.5 mg/kg body weight [BW]) or saline vehicle.
Batches of six rats were pooled from each group on three
separate occasions such that a total of 18 rats were studied
in each group. The next morning (12 hours after the saline
or endotoxin injection) the animals were anesthetized with
ketamine (1 mg/kg BW). The entire length of jejunum
was excised, opened along the antimesenteric border, and
washed with ice-cold saline (0.9%) solution. The mucosa

was then scraped with a glass slide and brush border
membrane vesicles (BBMV) were prepared immediately
as described below. In separate groups of control and en-

dotoxin-treated rats, jejunal mucosa was obtained 2 and
12 hours after administration ofendotoxin or saline. This
mucosa was frozen immediately in liquid nitrogen for
later determination of glutaminase activity (see below).

Human Studies

Adult surgical patients admitted to the Shands Hospital
at the University of Florida of the Gainesville Veterans
Administration Hospital were eligible to participate in the
study. The studies were approved by the Institutional Re-
view Board at the University of Florida College of Med-
icine and by the Subcommittee for Clinical Investigation
at the Gainesville Veterans Administration Medical
Center.

Segments of small intestine were obtained intraopera-
tively from seven healthy patients and from four septic
patients over a 15-month period. The control patients
underwent elective abdominal surgery for their primary
disease, the treatment ofwhich required resection of small
intestine. Four of these patients had a standard right
hemicolectomy (two patients with villous adenomas of
the cecum, two patients with small carcinomas of the as-

cending colon). A 10- to 15-centimeter section of ileum
was obtained from the surgical specimen and used for
transport studies. Portions of jejunum (about 10 cm in
length) were obtained from three other patients. One pa-

tient had a Roux-en-Y limb ofjejunum anastamosed to
a pancreatic pseudocyst (for drainage), and a portion of
small bowel was obtained at the time the jejunal limb was
created. Two other patients had en bloc resection of a

sigmoid carcinoma and small bowel adherent to the mass.
Ileum was obtained from two septic patients, both of
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whom had perforation ofthe cecum and peritonitis. They
were treated with right hemicolectomy and ileotranverse
colostomy. Jejunum was obtained from two other septic
patients, one ofwhom had en bloc resection ofa perforated
sigmoid diverticular abscess. The other patient had a per-
foration of a colon cancer with obvious peritonitis that
required resection of an adjacent portion ofjejunum.

Care was taken in the control patients to study only
small bowel specimens from healthy individuals who had
no weight loss, normal intake of food before surgery, and
no evidence of organ dysfunction. Criteria for inclusion
in the septic group were normotension, no evidence of
intestinal ischemia or obstruction, previously healthy pa-
tients without weight loss who required an emergency op-
eration based on clinical findings, and evidence of peri-
tonitis intraoperatively. Intestine from patients who were
not eating normally before the development ofabdominal
sepsis (i.e., those being NPO [nulla per os, nothing by
mouth] for greater than 36 hours) were excluded from
study, because food intake may affect transport activity.7'8
Small intestine from septic patients appeared otherwise
normal. All surgical procedures were done by the same
surgeon (W. W. Souba), and one of us (R. M. Salloum)
was present in the operating room each time a portion of
small intestine was submitted for study. The specimen
was not devascularized until immediately before passing
it off the operating table, at which time it was placed
promptly on ice and transported immediately to the Sur-
gical/Metabolism Laboratories. The mucosa was rinsed
with 0.9% ice-cold saline, scraped with a glass slide, and
stored in liquid nitrogen. Brush border membrane vesicles
from human small intestinal mucosa were prepared as
described below.
Membrane vesiclepreparation. Brush border membrane

vesicles (BBMVs) were prepared by a Mg++ aggregation/
differential centrifugation technique.9"'0 For rat studies,
the vesicles were prepared immediately after scraping the
mucosa. In the patients, the previously frozen mucosa
was first thawed. All steps of the preparation were con-
ducted at 0 to 5 C. Briefly each gram ofmucosal scrapings
was homogenized in 8 mL of 300 mmol/L mannitol and
1 mmol/L N-2 hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid (HEPES)-TRIS (pH 7.4) buffer with a Polytron
homogenizer (Brinkman, setting #6 for 15 seconds). Ho-
mogenates from each group were then treated with 100
mmol/L MgCl2/1 mmol/L HEPES/TRIS, to yield a final
concentration of 10 mmol/L MgCl2. After stirring for 20
minutes, the homogenate was centrifuged for 5 minutes
at 5000g. The supernatant containing brush border ma-
terial was collected and this step was repeated once. The
supernatant was then centrifuged at 45,000g for 30 min-
utes. The brush border membrane pellet was resuspended
in 350 mmol/L mannitol/50 mmol/L HEPES/TRIS and
centrifuged again at 45,000g for 30 minutes. The final
pellet was resuspended in the same buffer to yield a final
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protein concentration of 10 to 15 mg/mL. The brush bor-
der enzymes alkaline phosphatase and gamma glutamyl
transpeptidase were routinely measured to assay for brush
border vesicle purity." Protein concentration was deter-
mined by the Biorad protein assay (Bio-Rad Laboratories,
Richmond, CA) with gamma globulin as the protein stan-
dard.

Transport measurements. The uptake of 3[H]-labeled
substrate was measured using a rapid mixing/filtration
technique.9"0 In the BBMVs from rats and human ileal
specimens, only L-glutamine transport was studied. In
BBMVs from human jejunal specimens, the transport of
3H-L-glutamine (3H-Gln), 3H-L-alanine (3H-Ala), 3H-L-
leucine (3H-Leu), and 3H-D-Glucose (3H-Glucose) were
investigated. For each uptake measurement, 10 ,uL of
BBMVs and 40 ,uL of the radioactive uptake buffer were
placed separately at the bottom of a 12 X 75 polystyrene
tube (Fisher Scientific Inc, Pittsburgh, PA). The uptake
buffer components were adjusted so that the final con-
centration mixture contained initial gradients of 120
mmol/L NaCl or KCI and labeled substrate at 10 to 50
,umol/L (micromolar) concentrations. An electronically
controlled device was used to initiate the reaction by rap-
idly vibrating the tube.'° After the prescribed reaction pe-
riod (15 seconds to 2 hours), 1 mL of ice-cold stop buffer
(150 mmol/L NaCl/10 mmol/L HEPES/TRIS, pH 7.5)
was added to quench the reaction. The quenched reaction
mixture was then filtered using a prewetted and chilled
0.45-,um membrane filter (Gelman Scientific product no.
63068 Gn-6). The membranes were washed once with 5
mL of stop buffer and then dissolved in Aquasol Scintil-
lation cocktail (Dupont, NEN Research Products, Boston,
MA). The radioactivity trapped by the vesicles was mea-
sured by liquid scintillation counting. Values for nonspe-
cific retention of the radioactivity by the filter and the
vesicles were obtained from time zero uptakes and were
subtracted from the total filter radioactivity. The radio-
activity was converted to units of uptake and expressed
as picomoles per milligram protein per time. Uptake was
measured in the presence and absence of sodium with
potassium as the control cation.

Statistical analysis. All data are expressed as mean
± standard error. Data were compared using the unpaired
two-tailed Student's t test (MacIntosh Plus Computer,
Statview 512 Statistical Program, Apple Computers, Cu-
pertino, CA). A probability value less than 0.05 was con-
sidered statistically significant.

Results

Brush Border Purification
The purity of the brush border membranes was ascer-

tained by determining the activities of the brush border
marker enzymes alkaline phosphatase and gamma-glu-
tamyl transpeptidase. Both enzymes showed a 14- to 16-
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o Control
* Endotoxin

ure 1. The data were linearized, generating an Eadie-Hof-
stee plot (Fig. 2), by plotting enzyme activity versus ac-
tivity/glutamine concentration. The Km (a measure of
enzyme affinity for the glutamine) is the negative of the
slope of the line and the Vmax (a measure of the number
of active enzyme molecules) is the activity of the enzyme
at infinite substrate concentration. This linear relationship
is summarized by the following equation:

V = Vmax - KmV/[Gln]

If where transport velocity V is measured on the y-axis, V/
o.o - . , . , . , . , . , [GLN] is measured on the x-axis, Km is the slope of the

0 1 02 o 30 40 5 0 line, and Vm. is the y-intercept. At the 12-hour time point,

Glutamine (mM) the Km was not different between both groups, but there

Saturation plot ofjejunalgutaminaseactivitwas a significant decrease in Vmax in the endotoxin-treated
. Saturation plot ofjejunal glutaminase activity in control and 12- . I
ndotoxin-treated rats. The activity of phosphate-dependent glu- rats (Fig. 2, Table 1). In contrast, the 2-hour endotoxin-
ise was measured at various glutamine concentrations ranging from treated rats showed a significant increase in Km, indicating
D mmol/L as described in the Methods section. Enzyme activity a decrease in the affinity of the phosphate-dependent glu-
ted versus glutamine concentration. taminase enzyme for glutamine at this time point (Fig. 3,

Table 1).
mrichment in vesicles from control and endotoxin- Glutamine uptake rates. The sodium-dependent ti-
od rats and from normal and septic patients when mecourse of 3H-Gln by rat jejunal BBMVs is shown in
)ared with the crude homogenate (in rat jejunum, Figure 4. The BBMVs from endotoxin-treated rats had
± 32 nmol/mg protein/minute versus 7401 ± 676 significantly decreased glutamine uptake compared with
l/mg protein/min in the original homogenate and control rats.
3BMV suspension, respectively, and in human je- Glutamine transport kinetics. Glutamine transport rates
mr 416 + 62 versus 6652 ± 598, p < 0.0001). were measured as a function of concentration (10 Amol/

L - 10 mmol/L) in the presence of 120 mmol/L NaCl
sport Characteristics or KCl. Incubations were performed for 10 seconds. Total

both human and rat BBMVs, glutamine transport
glutamine uptake velocity (VTo°ll) was resolved into three

-both_ 3 -&.- _ -. __rX-f1 ..-U transport pathways:
was measurec in tne presence ano amsence Ot NauA (witn
KCl substitution). Transport was significantly higher in
the presence of sodium and demonstrated classical over-

shoots. Sodium-dependent carrier-mediated transport ac-

counted for 90% of total carrier-mediated uptake. Hence
sodium-dependent glutamine transport data are presented
in the results. Sodium-independent transport was not al-
tered by severe infection. Osmolarity studies (data not
shown) showed uptake into an osmotically active intra-
vesicular space. Vesicular size was similar in all compared
groups, as evidenced by the 2-hour equilibrium values of
substrate uptake by the BBMVs.

Rat Studies

Effects of endotoxin. Rats receiving endotoxin devel-
oped decreased physical activity, conjuctivitis, and pilo-
erection. Saline-treated animals appeared normal.

Glutaminase kinetic parameters. The activity of phos-
phate-dependent glutaminase was measured at various
glutamine concentrations ranging from 1 to 40 mmol/L,
using a fluorometric assay similar to the one described by
Pinkus and Windmueller.'2 In rats studied 12 hours after
endotoxin treatment, data in the form ofa saturation plot
(activity versus glutamine concentration) is shown in Fig-

vTotal = VD + vNa-dep + VNa-indep

VK = vNa-indep + VD

a0.2
._

0*;, t

-

o Control (r = 0.96)

* Endotoxin (r = 0.94)

1.0 2.0

V/[GLN]xlOe-5

3.0 4.0

FIG. 2. Eadie-Hofstee plots of saturable glutaminase activity in control
and 12-hour endotoxin-treated rats. The activity of phosphate-dependent
glutaminase was measured at various glutamine concentrations ranging
from 1 to 40 mmol/L as described in the Methods section. Enzyme
activity is plotted against activity/[GLN]. Plots shown are representative
of data generated from assays performed on three separate control and
endotoxin-treated rat mucosal preparations, each done in triplicate. The
slopes of the lines indicated a similar Ki,, while y-intercepts indicate a

decrease in Vmax in endotoxin-treated rats.
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TABLE 1. Glutaminase Kinetics in Control and Endotoxin-Treated Rats

2 Hours After Endotoxin 12 Hours After Endotoxin

Km Vma Km Vma
Group (mmol/L) (nmol/mg/min) (mmol/L) (nmol/mg/min)

Control 2.23 ± 0.20 146 ± 19 3.67 ± 1.05 222 ± 36
Endotoxin 4.55 ± 0.67* 163 ± 7 2.20 ± 0.50 96 ± 16*

Data = mean ± SEM ofthree separate experiments done in triplicate.

such that VTotal refers to the total uptake in the sodium
buffer, VNa1eP is the carrier-mediated sodium-dependent
uptake, VNa-indeP refers to carrier-mediated sodium-inde-
pendent uptake, VD is the passive diffusional uptake, and
VK is the uptake of glutamine in the absence of sodium,
using potassium (K+) as the control cation. The sodium-
dependent component oftotal uptake, which represented
nearly 90% oftotal uptake, is obtained from the following
equation:

VNadeP VTotal-VK

An Eadie-Hofstee plot (Fig. 5) is generated by plotting
VNa-deP versus VNaAdP/[Gln] according to the following
linear equation:

VNa-deP =vmax - Km VNa-deP/[Gln]

where Km represents the apparent affinity of the trans-
porter and Vmax is the maximal uptake velocity. The mean
kinetic constants from three separate experiments done
in triplicate are shown in Table 2. Endotoxin treatment
resulted in a significant decrease in Vmax, but no change
in Km (Fig. 5).

0.2
a3 Control (r= 0.97)

Endotoxin (r =0.90)

S 0.1

0.
E. \

0.0 1.0 2.0 3.0 4.0 5.0 6.0

V/[GLNlxlOe-5

FIG. 3. Eadie-Hofstee plots of saturable glutaminase activity in control
and 2-hour endotoxin-treated rats. The activity ofphosphate-dependent
glutaminase was measured at various glutamine concentrations ranging
from 1 to 40 mmol/L as described in Methods. Enzyme activity is plotted
against activity/[GLN]. Representative plots are shown. The slopes of
the lines show an increase in Km in endotoxin-treated rats, indicating a
decrease in enzyme affinity. The V.n, (y-intercept) was not affected.

* p < 0.03 versus control.

Human Studies

Glutamine uptake rates. The time course of sodium-
dependent jejunal transport is shown in Figure 6. The
overshoot phenomenon was observed in both groups of
patients and the 2-hour equilibrium values were the same,
indicating similar vesicular size. Transport of 3H-Gln by
BBMVs was significantly decreased in the septic patients.

Glutamine transport kinetics. Glutamine transport rates
were measured as a function of glutamine concentration
(10 ,mol/L to 10 mmol/L) in the presence of 120 mmol/
L NaCl or KCI. Incubations were performed for 10 sec-
onds. Total glutamine uptake velocity (VT'I) was resolved
into the three transport pathways as described above.
Eadie-Hofstee plots for both jejunal and ileal transport
were generated by plotting VNaleP versus VNaIeP/[Gln] to
generate the lines shown in Figures 7 and 8. The apparent
Km for the sodium-dependent transporter in both the je-
junum and ileum was not altered by the septic state.
However the Vmax ofthe transporter in septic patients was
significantly decreased compared with controls, consistent
with a decreased number of active transport molecules.
Kinetic data are shown in Table 3.

100

80

o: ,

'a SO 60

E 40

2o

U X, 20

0

o Control
* Endotoxin

. I .- -

100 I

0 2 00 4 00 1 000 3600 7200

Time (seconds)

FIG. 4. Time course of glutamine uptake by BBMVs from control and
12-hour endotoxin-treated rats. BBMVs were incubated with 50 ,mol/
L glutamine uptake buffer as described in Methods. The figure is a rep-
resentative time course of three assays performed separately from three
different BBMVs preparations. Each data point represents mean ± SEM
of triplicate measurements. When not shown the error bars are contained
within the symbol. BBMV, brush border membrane vesicles.
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Control (r = 0.97)

Endotoxin (r = 0.93)
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V/[Glnl x lOe-7
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FIG. 5. Eadie-Hofstee plots ofglutamine transport in BBMVs from control
and 12-hour endotoxin-treated animals. BBMVs were incubated with
varying concentrations ofglutamine ranging from 10 tmol/L to 10 mmol/
L for a period of 10 seconds. Sodium-dependent glutamine uptake was

determined as described in Methods and uptake velocity was plotted as

a function of velocity/[glutamine]. The y-axis intercept represents max-
imal transport velocity (Vmax) and negative slope corresponds to the ap-

parent Km (transporter affinity). Plots shown are representative of data
generated from transport assays performed on three separate control and
endotoxin-treated rat BBMV preparations, each done in triplicate.

0

o Control
* Septic

1/

IhI
0 250 500 3600 7200

Time (seconds)

FIG. 6. Time course ofglutamine uptake byjejunal BBMVs from control
and septic patients. BBMVs were incubated in 50 umol/L glutamine as

described in Methods. The figure is a representative time course of three
assays performed separately from three different BBMVs preparations
from each of three control and two septic patients. Each data point rep-

resents the mean ± SEM of triplicate measurements. When not shown,
the error bars are contained within the symbol.

Effects ofsepsis on other transporters. To determine the
specificity ofthe effects of sepsis on brush border transport,
the total uptake (VNa-deP + VNa-indeP + VD) of 3H-alanine,
3H-leucine, and 3H-glucose by human jejunal BBMVs was
also measured. The uptake of all substrates was signifi-
cantly decreased in the septic patients (Fig. 9, Table 4).

Discussion

Small intestinal brush border transport of glutamine
and other substrates was studied in septic patients and in
endotoxin-treated rats to gain further knowledge of the
changes in gut fuel use that occur during severe infection.
The results demonstrate similar decreases in brush border
glutamine transport in septic humans and in rodents re-
ceiving E. coli lipopolysaccharide (LPS). Additional stud-
ies in jejunal BBMVs from healthy and septic patients
indicated a generalized decrease in amino acid and glucose
transport during severe infection.

Endotoxicosis is an accepted laboratory model of
sepsis13; animal'4 and human'" studies demonstrate that

TABLE 2. Jejunal Brutsh Border Gluitamine Transport Kinetics in
Control and Endotoxin- Treated Rats

Km Vmax
Group (umol/L) (pmol/mg prot/1O s)

Control 492 ± 35 325 ± 12
Endotoxin 488 ± 16 214 ± 8*

Data = mean ± SEM of three separate experiments done in triplicate.
* p < 0.0001 versus control.

a single dose ofendotoxin evokes many ofthe physiologic
responses observed in severe bacterial infection. The rat
endotoxin model we used is a reproducible model that
has clinical relevance because septic patients develop the
same impairment in gut glutamine metabolism as do en-

totoxin-treated rats. In addition, the regulation of these
transport alterations (e.g., by cytokines) at the molecular
level can be studied. Such knowledge of metabolic regu-

lation is essential for treatment strategies to be envisioned
and implemented.

Luminal amino acids are transported across the brush
border membrane of the small intestine by several well-

700

czni) Quu

500
%0

o O 400

x. o 300

fi 200

X100

,

o Control (r = 0.94)
* Septic (r = 0.99)

0 1.0 2.0 3.0
V/[GlnlxiOe-6

FIG. 7. Representative Eadie-Hofstee plot ofglutamine transport injejunal
BBMVs from control and septic patients. BBMVs were incubated as
described in Methods. The plot is representative ofdata generated from
three assays performed on three separate control and two septic BBMV
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1200 -oa Control (r 0.84)

? Septic (r = 0.99)> 1000
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V/[GLN]x10e-6
FIG. 8. Representative Eadie-Hofstee plot ofglutamine transport in ileal
BBMVs from control and septic patients. BBMVs were incubated as
described in Methods. The plot is representative of data generated from
three assays performed on four separate control and two septic BBMV
preparations, each done in triplicate.

described transport systems.'6"7 In general translocation
of luminal substrates into the cytoplasm ofthe enterocyte
occurs by three separate pathways: a sodium-dependent
route, a sodium-independent pathway, and by diffusion,
which reflects the permeability of the membrane. The so-

dium-dependent route is usually the dominant pathway.
In the case of glutamine, the jejunal brush border carrier
for glutamine has not been fully characterized but may

bear some resemblance to system N.'8 9 The carrier for
alanine, however, is principally the sodium-dependent
system A,'7 whereas leucine is mainly transported by the
sodium-independent system L.'7 Glucose uptake from the
lumen also occurs through a sodium dependent co-trans-
porter.20 Under normal circumstances the rate of trans-
porter synthesis is balanced by the rate of carrier degra-
dation such that a steady state exists and the number of
copies of transporter molecules on the brush border is
constant.

Three principal factors determine the uptake of amino
acids and glucose across the brush border. They are the
quantity of luminal substrate available to the epithelial

TABLE 3. Brush Border Glutamine Transport Kinetics in Control
and Septic Patients

Jejunum Ileum

Km Vmax Km Vmax
Group (gmol/L) (pmol/mg/l0 s) (Mmol/L) (pmol/mg/10 s)

Control 729 ± 84 786 ± 96 513 ± 46 1126 ± 66
Septic 619 ± 92 417 ± 43* 552 ± 10 415 ± 24t

Data = mean ± SEM of two separate experiments done in triplicate.
* p < 0.01; tp <0.001 versus control.
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FIG. 9. Total substrate transport in jejunal BBMVs from septic patients
expressed as a percentage of transport in jejunal BBMVs from healthy
controls. BBMVs were incubated in 50 ,mol/L each of glutamine, ala-
nine, glucose, and leucine for a period of 10 seconds as described in
Methods. The bar graph is the mean ofthree assays performed separately
in triplicate on BBMVs preparations from each of two control and two
septic patients. Each data point represents the mean ± SEM of triplicate
measurements.

cells, the capacity of the individual cells to translocate the
compound into the intracellular compartment, and the
capacity of the cell to use intracellularly available sub-
strate. In the current investigations, we focussed on the
intrinsic activity of the transport machinery as well as on
the activity ofthe glutaminase enzyme. The use ofplasma
membrane vesicles to assess brush border substrate trans-
port activity offers several advantages over other ap-
proaches. Alterations in membrane transport activity are
preserved during the preparation of vesicles9 and transport
activity can be evaluated apart from other confounding
influences such as metabolism and trans-stimulation/in-
hibition. The decrease in glutamine transport activity we
observed was not the result of nonspecific differential ef-
fects of endotoxin on vesicle membrane permeability or
transport characteristics, as we did not observe alterations
in sodium-independent glutamine uptake (data not
shown). In addition, BBMVs from endotoxin-treated rats
and septic patients demonstrated enrichments and over-
shoots, indicating vesicle purity and functionality.

Severe infection did not change the affinity ofthe Na+-
dependent cotransporter for glutamine (the apparent Km
was unchanged) but the VmaxNa decreased to about one

TABLE 4. Brush Border Jejunal Substrate Transport in Control
and Septic Patients (pmol/mg protein/1O s)

Group Glutamine Alanine Leucine Glucose

Control 36.1 ± 1.5 49.5 ± 6.9 83.7 ± 7.8 193.1 ± 9.6
Septic 19.9 ± 1.9* 34.4 ± 1.8* 52.1 ± 2.8* 94.3 ± 3.9*

Data = mean ± SEM of two separate determinations done each in
triplicate.

* p < 0.01 versus control.
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half of that observed in control rats and healthy humans.
In addition, total transport of alanine, leucine, and glucose
was diminished. Interestingly kinetic measurements in
animals studied 4 hours after endotoxin treatment showed
that glutamine transport was actually increased at this
early timepoint (data not shown). Thus it appears that
the gut mucosal response to endotoxemia may be biphasic
in nature, with an early increase in transport activity fol-
lowed by a later decrease in the number of active trans-
porters on the cell surface. Whether this change in carrier
activity is the result of reduced transporter synthesis or

increased transport degradation (or both) is not clear from
the present study. Interestingly, recent work by von All-
men and colleagues2' demonstrated that mucosal protein
synthesis is increased 16 hours after induction of fecal
peritonitis by cecal ligation and puncture. Protein content
of the bowel was unchanged, indicating a concomittant
increase in protein breakdown in the mucosa or export
of newly synthesized proteins. Thus small intestinal pro-

tein synthesis may be reprioritized during severe infection.
At a time when energy use is at a premium and protein
synthetic requirements must be prioritized, the mucosa

may redirect the flow of energy to more acute synthetic
needs (such as acute phase protein synthesis) at the ex-

pense of transport-related protein synthesis. Simulta-
neously the gut uses increased amounts of glucose,22 its
alternate fuel. In contrast to the gut, a decrease in the
intrinsic glutamine transport activity does not occur in
the hepatocyte ofendotoxin-treated rats (Souba et al., un-
published observations), and synthesis of the glutamine
carrier in pulmonary endothelial cells is actually increased
by endotoxin.23 Thus whether the bowel becomes pur-

posefully 'subservient' to the glutamine needs ofthe liver
and lungs requires further elucidation.
One important question raised by these studies is

whether luminal transport activity can be stimulated in
septic patients by providing luminal nutrients. Evidence
exists that the activity of brush border nutrient trans-
porters can be regulated by their respective substrates.7
Diamond and Karasov8 studied the influence of diet on
the adaptive regulation of intestinal nutrient transporters.
They suggested that fluctuations in transport activity are

based on trade-offs among factors such as cost of trans-
porter synthesis and nutrient requirements. Their work
indicated that the basal rate of luminal transport can be
up-regulated by dietary substrate. This observation may

be important in critically ill patients, as it suggests that
enteral nutrition may help offset the decrease in luminal
transport activity that occurs during severe infection.
Maintenance oftransport function may also be important
in such individuals, as dietary substrate can profoundly
influence protein synthesis in the gut mucosa. Further-
more it is clear that enteral feedings improve outcome in
critically ill patients,24 an event that may be related to

reprioritization ofhepatic protein synthesis.25 Early enteral
nutrition can also blunt the catabolic response to burn
injury and help preserve mucosal integrity.26
The amino acid glutamine has received considerable

attention in the past decade, partly because ofnew knowl-
edge demonstrating that its metabolism changes markedly
during critical illness and also because of studies that sug-

gest that it may be a conditionally essential amino acid.
Supplemental glutamine, for example, can improve in-
testinal morphometrics and improve survival in animals
receiving whole abdominal radiation27'28 or chemother-
apy.29 Thus the relationship between the septic insult and
the metabolic derangements may be more than casual.
In view of the data presented in this study in conjunction
with recent work, one might ask whether the provision
ofglutamine-enriched diets could stimulate mucosal me-

tabolism and improve gut function during septic states.
We recognize that severe infection may result in changes

in the mucosal microcirculation that may directly affect
substrate transport by the gut epithelium. Such alterations
might be mediated by endothelial cells or inflammatory
cells. Certainly, like the changes in permeability that occur
during endotoxemia, the regulation ofthe changes in sub-
strate use that occur is likely to be complex and multi-
factorial. Regardless ofthe specific mechanisms involved,
it is clear that sepsis results in a marked inability of the
bowel to consume glutamine and other nutrients. The
consequences of this impairment as well as its natural
history with regard to progression and resolution require
further study.
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DISCUSSIONS

DR. EDWIN DEITCH (Shreveport, Louisiana): As you have just heard,
the authors have presented data indicating that brush-border glutaminase
activity and the transport of glutamine is decreased, and this decrease
appears to be due primarily to quantitative decreases in the amount of
glutaminase enzyme or glutamine transporters and not due to functional
alterations of these systems. That is, what is there works. The problem
is that what is there is reduced in number.

This basic work has very important clinical implications because we
have information indicating that glutamine has several unique and im-
portant functions. We know that glutamine, rather than glucose, is the
primary nutrient to the small intestine and that maintenance of intestinal
structure and function may depend significantly on glutamine availability.

In addition we know that glutamine is an optimal and essential nutrient
that's required for the immune system to function. Thus one clinical
implication of these results is that the net effect of these impairments in
intestinal glutamine metabolism and transport may result in an inade-
quate availability of glutamine to support optimally intestinal barrier
functions during stress states.

This assumption fits in very well with the previously published data
from my laboratory looking at endotoxin and barrier function of the
intestine. We have shown, and others have as well, that endotoxin in
stress states can lead to gut barrier failure and potential lethal gut origin
septic states.
Would the authors comment on the potential therapeutic role of glu-

tamine administration? I ask this question because the second implication
of this work is that because the glutaminase and glutamine transporters
that are present function normally, it may be possible to meet the cells'
glutamine needs by increasing substrate availability.

In other words, it may be possible to compensate for these defects in
glutamine transport by increasing the amount of exogenously supplied
glutamine.

Because the physiology ofglutamine metabolism and transport in vivo
is incredibly complex and is influenced by more variables than can be
addressed by in vitro studies, I would like to ask the following questions.

In vivo glutamine is transported to the cells from both the blood via
the basal lateral membrane as well as to the intestine across the brush
border. Thus would you put your data on luminal transport into per-
spective with the information you have generated on basal lateral trans-
port? This question is potentially important because, especially in a nonfed

state, the majority of glutamine transported to the epithelial cells may
come from the blood.

There are two glutaminases. A phosphate-independent glutaminase,
which is in the brush border, and a membrane-dependent glutaminase,
which is in the mitochondria.

Because mitochondria glutaminase activity may be more important
physiologically than brush-border glutaminase in vivo under certain cir-
cumstances, do you have any information on whether mitochondrial
glutaminase activity is altered?

This question may be important because, methodologically, when the
vesicles are formed from homogenized mucosa, it is possible that it could
contain or have been contaminated with mitochondria or mitochondrial
fragments.
Thus do you have any data documenting whether brush-border glu-

taminase was contaminated with mitochondrial glutaminase?
Last because glucose, alanine, and leucine transport also were de-

creased, it appears that the observations of glutamine transport are not
specific. Instead they may reflect a global and nonspecific change in
membrane transport. Would you speculate on the mechanisms underlying
these changes?

DR. J. W. ALEXANDER (Cincinnati, Ohio): I think it's fairly clear from
Dr. Copeland's very lucid presentation what the implications of this
paper are. That is why it's so difficult to maintain nutritional status by
either the enteral or parenteral route in individuals who are septic.

I'll make my discussion relatively short by focusing on four areas of
questions, one of which is methodologic. And that is partly because of
my ignorance. It would be interesting for all of us to know whether there
could be some methodologic variance ofthis study because ofdifferences
in potential fragility of the vesicles as they are prepared. It could be, as
an example, that they are more fragile in the septic state. They could
create a methodologic error decreasing the apparent transport.
They have shown clearly that glutamine and glucose and aminoacid

uptake is decreased, and I would like to know if there is any evidence
ofdecrease of other alternative fuels for the gut, such as short chain fatty
acids, ketoacids, or even lipids.

Next is there anything that might reverse this process? This has tre-
mendous therapeutic implications for the septic patient who is trying to
be fed. As we know in normal individuals, there are a variety of things


