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Abstract
Background—Sepsis and septic shock syndrome are the leading causes of death in critically ill
patients. Lipopolysaccharide (LPS) released by the colonic microorganisms may translocate across
a compromised lumen, leading to upregulated reactive oxidative stress, inflammation, and sepsis.
The authors examined an enteral formula high in cysteine (antioxidant precursor), ω-3 fatty acids,
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), and prebiotic
fructooligosaccharides (FOS) against systemic inflammatory syndrome.

Methods—Rats were allocated to (1) standard soy-based diet high in cysteine and crude fiber and
devoid of EPA-DHA (CHOW); (2) whey-peptide-based liquid diet high in cysteine, EPA-DHA,
and FOS (CYSPUFA); or (3) casein-based liquid isonitrogenous diet, low in cysteine and devoid
of EPA-DHA-FOS (CASN). Liquid diets provided 25% and CHOW, 23% of calories as protein.
After 6 days on diets, rats received an intraperitoneal injection of LPS or saline. Animals gained
weight on their respective diets and lost weight after LPS administration. The CYSPUFA group
lost considerably less weight (vs CASN or CHOW, P < .05). Inflammatory cytokines significantly
increased by 4 hours and subsided 18 hours after assault. The CASN group showed elevated liver
enzyme alanine aminotransferase release from damaged hepatocytes and developed severe hepatic
pathology with low hematocrit. The CHOW group developed more severe hepatic lesions
compared with those on liquid diets. Concentration of liver enzyme and pathology were improved
in rats receiving CYSP-UFA.

Conclusions—Data indicate that CYSPUFA, a diet rich in EPA-DHA-FOS, protects against
LPS-induced systemic inflammatory responses and warrants clinical studies in critically ill
patients.
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Severe sepsis and septic shock syndrome are the leading causes of death in critically ill
patients, claiming approximately 225,000 deaths annually in the United States alone.1 The
incidence of sepsis in intensive care patients has been increasing over the past 2 decades and
is predicted to continue to rise over the next 20 years.2 Despite improvement in critical care
management in recent years, sepsis still remains the major obstacle in managing these
patients. Bacterial endotoxemia is considered to play a key role in sepsis, stemming from the
release of lipopolysaccharide (LPS) by colonic microorganisms that translocate across a
compromised lumen.3 In the lumen of the normal colon, there is a large population of
microorganisms (approximately 1010–12/g contents). LPS, a cell wall constituent of gram-
negative bacteria, is present in high concentrations in the normal colonic lumen. Critical
illness has been associated with overgrowth of gut microbiota, increase in gut permeability,
and uptake of lumenal toxins.4–7 This uptake is thought to lend itself to endotoxemia,
increased reactive oxygen species (ROS), sepsis, multiple organ failure, and death.8–10

In patients with sepsis, the liver has 2 opposing roles: it is a source of inflammatory
mediators and a target organ for the effects of the inflammatory mediators. The liver is
pivotal in modulating the systemic response to severe infection because it contains the
largest mass of macrophages in the body. Kupffer cells can clear the endotoxin and bacteria
that initiate the systemic inflammatory response.11–13 There are binding sites for endotoxic
lipopolysaccharide on the plasma membrane of hepatocytes,14 but the phagocytes
(neutrophils and macrophages) provide the first line of defense against infections with
bacteria and viruses as well as endotoxin.15,16 Lipopolysaccharide binding protein (LBP)
and CD14 together may enhance the sensitivity to LPS, but neither protein is required for
LPS responses. Toll-like receptor 4 (TLR4) and myeloid differentiation (MD)-2 are
suggested to be required for mediating proinflammatory phagocytosis of gram-negative
bacteria.17 This process induces proinflammatory cytokines, leukotrienes, and
prostaglandins that localize the infection at the site of entry.18 Kupffer cells and neutrophils
of the innate immune system provide the responses by expressing and secreting the
cytokines.

Cytokines represent diverse groups of secreted proteins that together exert wide ranges of
actions. Many individual cytokines are themselves pleiotropic, exerting multiple actions.19

Because cytokines are important targets in the management of inflammatory conditions, we
decided to look at the levels of cytokines as markers of inflammation and/or repair in our
experimental systemic inflammatory syndrome model that resembles sepsis. The responses
of these cytokines may provide some insight into the role of nutrition components in sepsis.

Glutathione (GSH) is essential for both the functional and structural integrity of the gut.20

GSH protects against intracellular free radicals, ROS, and several endogenous and
exogenous toxins.21–27 GSH is depleted during inflammatory illness,4 and GSH deficiency
predisposes humans and animals to increased risk of organ failure and death.28–32

Knowing that cysteine is a conditionally essential amino acid and the rate-limiting precursor
to GSH synthesis, it is reasonable to hypothesize that a diet rich in cysteine will increase the
GSH deposits. In addition, the ω-3 long-chain polyunsaturated fatty acids (PUFA),
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA), have been associated with a
reduced production of proinflammatory eicosanoids in the modulation of the inflammatory
response.33 Furthermore, probiotic short-chain frooctooligosaccharides (FOS) and inulin are
considered to promote gut wall integrity, enhance colonic microbiota, and stimulate innate
immune system.34

Oz et al. Page 2

JPEN J Parenter Enteral Nutr. Author manuscript; available in PMC 2011 March 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



We hypothesized that an enteral nutrition formula high in cysteine, EPA-DHA, and FOS
would protect against systemic inflammatory syndrome in a well-established rat model that
resembles sepsis.

Materials and Methods
The test formula (CYSPUFA, Peptaman AF, Nestlé Healthcare Nutrition, Minneapolis, MN)
contained 100% partially hydrolyzed whey protein as its source of nitrogen, providing a rich
source of cysteine, the rate-limiting amino acid in glutathione synthesis used in this study
(CYSPUFA 1800 mg/1000 mL). The test formula also provided the long-chain PUFAs EPA
(900 mg/1000 mL) and DHA (1500 mg/1000 mL). EPA-DHA has been associated with a
reduced production of proinflammatory eicosanoids. Additionally, the test formula
contained a mixture of inulin and short-chain FOS blend fiber (5.24 g/1000 mL). The
control diet was a commercially available casein-based liquid diet (CASN) that contained
low levels of cysteine (100 mg/1000 mL) and was devoid of fiber and EPA-DHA, as well as
a soy-based (plant) standard Harlan 1018 rat diet (CHOW). CHOW diet was rich in dietary
fiber, trace elements, and cysteine (CHOW 3300 mg/1000 g). CYSPUFA, CASN, and
CHOW diets each provided 25%, 25%, and 23% of calories as protein (Table 1),
respectively. The chemicals, including LPS used in this model, were purchased from Sigma
Chemical Co (St. Louis, MO) unless otherwise mentioned.

Animals
Seventy 4- to 6-week-old (200 g) specific pathogen-free male Wistar rats were purchased
from Sprague Dawley (Indianapolis, IN) and housed in micro-filter-top cages at the VA
Medical Center Animal Research facility at Lexington, Kentucky. They were placed in a
room maintained at 22°C with a 12:12-hour light:dark cycle and provided with rodent chow
and water ad libitum. This experimental study was approved and performed in accordance
with the guidelines for the Institutional Animal Care and Use Committee (IACUC/ACORP),
the Veterans Administration Medical Center, and the University of Kentucky (UK) Research
Resource Facility (Lexington, KY), certified by the American Association of Accreditation
of Laboratory Animal Care (AAALAC). The experimental model was conducted in a
manner consistent with the relevant ethical guidelines for animal research.

Experimental Design Methods
After an initial week of acclimatization, rats were randomized to receive the test diet, a
whey-peptide-based liquid diet containing cysteine, EPA-DHA, and FOS (CYSPUFA); the
control diets, a commercially available casein-based liquid diet devoid of EPA-DHA and
fiber and low in cysteine (CASN); or a standard rat diet (CHOW), rich in crude fiber and
cysteine but devoid of EPA-DHA.

Rats were provided with ad libitum fresh liquid diets twice daily or the dry chow. Food,
water intake, and body weight were monitored daily. After 6 days on the respective diets, all
rats consumed their designated diets and similarly gained weight with no statistical
difference (Figure 1). Then the rats were randomly assigned to groups for intraperitoneal
injection of 6 mg/kg LPS (Sigma Chemical) or saline for sham challenge. Subsequently,
each rat was injected subcutaneously with 20 mL of ringer solution to prevent dehydration.
Animals were euthanized at 0, 4, and 18 hours after the LPS administration, and blood and
tissue samples were collected.

Whole Blood and Plasma Isolation
Immediately after euthanizing the rats with an overdose of halothane inhalation, blood was
collected from the right ventricle of the heart into a syringe containing a minute amount of
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heparin and placed on ice. Plasma was separated by centrifugation at 5000 g for 5 minutes at
4°C. Samples were kept at −80°C until further analysis.

Tissue Collection
Liver was perfused with phosphate-buffered saline (PBS). Samples from liver and intestines
were collected and fixed in formalin for histopathology, and the remaining tissue was
immediately snap-frozen in liquid nitrogen and stored at −80°C for analysis of reduced
GSH, oxidized GSH (GSSG), S-adenosylmethionine (SAMe) concentrations, and other
analysis.

Blood and Tissue Preparation for Antioxidant Determination
Blood samples were collected in heparinized tubes, and a 20% homogenate in 5%
metaphosphoric acid was prepared. After standing for 30 minutes on ice, the homogenate
was centrifuged for 10 minutes (10,000 g) and the acid-soluble fraction was collected for
measurement of sulfhydryl and disulfide compounds. Tissue homogenates (10%, w/v) were
prepared in 5% (w/v) metaphosphoric acid, using all-glass Tenbroeck homogenizers, and
kept on ice. After standing for 20–40 minutes, the homogenates were centrifuged for 1
minute (10,000 g) and the acid-soluble fractions collected for measurement of free thiol-
disulfides.

Analysis of Glutathione (GSH) and Other Thiols (SH) and Disulfides (SS) by High-
Performance Liquid Chromatography

GSH, GSSG, cysteine, and cystine were simultaneously quantified by high-performance
liquid chromatography with dual electrochemical detection (HPLC-DEC).35 In brief, 20-μL
samples were injected onto a 250 × 4.6-mm, 5-μm, C-18 column (Val-U-Pak HP, fully end-
capped ODS, 5 μm, 250 × 4.6 mm; Chrom Tech, Inc, Apple Valley, MN). Samples (20 μL)
were injected onto the column and eluted with a mobile phase consisting of 0.1 M
monochloroacetic acid, 2 mM heptane sulfonic acid, and 2% acetonitrile at pH 2.8 and
delivered at a flow rate of 1 mL/min. The compounds were detected in the eluant with a
Bioanalytical Systems model LC4B dual electrochemical detector using 2 Au-Hg electrodes
in series with potentials of −1.2 V and 0.15 V for the upstream and downstream electrodes,
respectively. Current (nA) was measured at the downstream electrode. Analytes were
quantified from peak area measurements using authentic external standards.

Intracellular SAMe assay by HPLC
Deproteinized tissue extracts (4% metaphosphoric acid) and blood were prepared, and
SAMe was determined by an HPLC method using a 5-μm Hypersil C-18 column (250 × 4.6
mm). The mobile phase consisted of 40 mM ammonium phosphate, 8 mM heptane sulfonic
acid (ion-pairing reagent, pH 5.0), and 6% acetonitrile, and was delivered at a flow rate of
1.0 mL/min. SAMe was detected using a Waters 740 UV detector at 254 nm. An internal
standard, S-adenosylethionine (SAE), was added to all samples and standard solutions to a
concentration of 100 nmol/mL. Protein concentrations were measured by a protein assay kit
from Bio-Rad (Bio-Rad Laboratories, Hercules, California) in accordance with the
manufacturer’s instructions.

Plasma Density Assay
Albumin density was measured using an optical densitometer.
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Plasma Enzyme Assay
Plasma transaminase activities (alanine aminotransferase [ALT]) were measured by a
spectrophotometer using a diagnostic kit (ALT/GPT, Stanbio labs, Boerne, TX) according to
the instructions provided.

Histopathological Examination
A small portion of the right lobe from the liver, kidney, intestines, pancreas, and lungs was
placed in cassettes and fixed with 10% neutral formalin. The specimens were dehydrated
and embedded in paraffin, and tissue sections of 5 μm were stained by hematoxylin and
eosin (H&E) and evaluated using light microscopy. Hepatic lesions were graded on a scale
of 0 to 4+, as reported previously,24,26 based on degeneration, infiltration of inflammatory
cells, and necrosis as follows:

Score 0: no degeneration, infiltration of inflammatory cells, or necrosis

Score 1+: 5%–30% of hepatocytes showing degeneration, infiltration of inflammatory
cells, or necrosis

Score 2+: 31%–50% of hepatocytes showing degeneration, infiltration of inflammatory
cells, or necrosis

Score 3+: 51%–70% of hepatocytes showing degeneration, infiltration of inflammatory
cells, or necrosis

Score 4+: 71% or more of hepatocytes showing degeneration, infiltration of
inflammatory cells, or necrosis

Statistical Analysis
All data are expressed as mean ± SEM. Statistical analysis was performed on GraphPad
Instat4 and Prism software using ordinary or repeated-measures analysis of variance
(ANOVA). The data were further analyzed by post hoc test for statistical difference (Tukey-
Kramer multiple comparison test). Differences between groups were considered to be
statistically significant at P < .05.

Results
Seventy young Wistar rats (6 weeks of age, weighing approximately 200 g) consumed their
diets for 6 consecutive days, gained weight (25%) on the respective diets, and, when only
the saline (sham) injection was received, had normal results for all parameters measured in
this study. As a whole, animals tolerated LPS administration, and all survived for at least 18
hours after assault but significantly lost weight (Figure 1).

Rats in the CYSPUFA group lost considerably less weight after the LPS injection (P < .05)
compared with other dietary groups.

The LPS provoked release of inflammatory cytokines with no significant difference between
the groups. Serum concentrations of inflammatory cytokines—tumor necrosis factor α
(TNFα; 37-fold), interferon γ (IFNγ; 60-fold), and interleukin-6 (IL-6; 24-fold)—were
significantly increased by 4 hours and subsided 18 hours after the LPS administration,
regardless of the assigned diets (Table 2).

The LPS caused significant increases (2-fold) in the concentration of liver enzyme ALT, a
marker of hepatocyte injury, and those rats that received the CYSPUFA diet were partially
but significantly protected against this effect (P ≤ .05; Figure 2). In comparison, rats on the
CASN diet showed increased levels of ALT (2-fold) and developed severe hepatic
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pathology (H&E slides scored from 0 to 4; Figures 3–4) with low hematocrit (Table 2). In
contrast, rats on the CHOW diet and injected with LPS developed more severe hepatic
lesions with extensive multifocal necrosis and infiltration of inflammatory cells compared
with those allocated to liquid diets (Figure 3). The CYSPUFA group was partially but
significantly protected against low hematocrit, hepatic pathology, and the elevated levels of
ALT after assault compared with those assigned to the other diets (P < .05). IL-10 (anti-
inflammatory cytokine) levels were significantly increased 4 hours after LPS injection in
rats allocated to the liquid diets (3-fold) and remained elevated (2-fold) 18 hours after in the
CYSPUFA group (P < .05; Figure 5).

The intrahepatic concentration of antioxidants, cysteine, GSH, and SAMe measured by
HPLC increased significantly in rats on liquid diets compared with the CHOW diet (Table
2). The cysteine levels were drastically depleted (30%) in rats on CHOW 18 hours after the
LPS administration and notably improved in those animals that had consumed the liquid
diets (Table 2). Hepatic levels of adenosine assayed by HPLC (Figure 6) increased
considerably in the CYSPUFA group during the normal state and also improved 4 hours
after LPS administration compared with those rats that consumed other diets (P < .05).
Concentration of intrahepatic-reduced GSH levels decreased in the LPS-injected rats. In
contrast, this reduction was less prominent in the CYSPUFA group compared with other
dietary groups (vs CHOW, P < .01; vs CASN, P < .05; Table 2). The LPS administration
caused significant generation of GSSG in the intrahepatic tissues from rats on the CHOW
diet compared with those rats on the liquid diets (P < .05; Table 2).

Finally, rats developed pathological lesions, including congestion and mild to moderate
inflammatory responses, in the cardiac and pulmonary tissues, with no significant
differences noted between the groups (data not shown).

Discussion
Nutrition management of septic patients and those prone to sepsis (eg, critically ill) is often
a double-edged sword, with mixed viewpoints as to route and timing of feeding, degrees of
energy delivery, and choice and maintenance of specific nutrients. Data on
“immunoenhancing” diets have not conclusively supported the use of any one or
combination of nutrients and nutrient-like substances for septic patients, although some
common themes are emerging. These include early use of enteral feeding, avoidance of
excessive (yet undefined) feeding, and inclusion of ω-3 fatty acids in amounts greater than
that consumed in a standard Western diet.33,36

In this animal trial, we evaluated the efficacy of 3 distinct diets: (1) whey-peptide-based
formula defined as the source of nitrogen, thus providing a rich source of amino acid
cysteine (1800 mg/1000 mL), the rate-limiting amino acid in GSH synthesis; (2) casein-
based diet low in cysteine (100 mg/1000 mL); and (3) soy-based (plant) diet that is very rich
in cysteine (CHOW 3300 mg/1000 g). Various components of the CYSPUFA diet, as
compared with the other diets, could have contributed (synergistic effect) to the more
positive response of animals to the LPS-induced inflammatory response.

The CYSPUFA formula contained the ω-3 long-chain PUFAs DHA (20:5 ω-3) and EPA
(22:6 ω-3), which, when present in the diet, have been associated with a reduced production
of proinflammatory eicosanoids, and thus an anti-inflammatory effect of this diet may have
been anticipated. The soy diet was high in the ω-6 PUFA linoleic acid (C18:2ω-6 31.35 g/L
kg), the precursor to arachidonic acid–derived eicosanoids, and other inflammatory
mediators, found in plant seeds and oils. Some ω-3 PUFAs are also found in plant seeds and
oil, but the main active compounds, DHA and EPA, originate in marine products and fish
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oils. The ω-3 and ω-6 PUFAs are incorporated into the cell membrane phospholipids that
modify the membrane’s physical and biochemical signaling pathways.36 Mechanisms by
which EPA and DHA limit inflammation in sepsis are not limited to their contribution to
noninflammatory eicosanoids or their substitution for proinflammatory ω-6 fatty acids in the
diet. Although the role of EPA and DHA in this study cannot be ascertained directly, it is
anticipated that EPA and DHA contributed to the protective effect of the CYSPUFA.

EPA has been reported to downregulate the ubiquitin proteasome proteolysis pathway in
cells. This pathway is a key modulator of protein catabolism in starvation, sepsis, and
cancer.37 In sepsis, LPS binds directly to the α-subunit and β-subunit of the proteasome
core, thus increasing ubiquitin proteasome proteolytic activity. Also, in pancreatic cancer
patients, EPA supplementation has been shown to reduce weight loss, a common
comorbidity and frequent cause of death.38 In the current study, it is conceivable that EPA
and DHA (fish oil) present in the CYSPUFA diet have induced this downregulation and
protected against weight loss.

In addition, the lipid amount and profiles of the diets are different, with almost 3 and 5 times
as high in a ω-6:ω-3 ratio in the CASN and CHOW, respectively, compared with the
CYSPUFA diet (Table 1). This ratio is recommended by the Institute of Medicine
Guidelines for the general population.39,40

In a recent study, fish oil supplements given to normal participants for 3–4 weeks blunted
the endocrine stress response to LPS and the elevated body temperature but had no impact
on cytokine production (IL-6 and TNFα).41 This report is in accordance with our findings in
rats and conflicts with the presumed anti-inflammatory cytokine effects of ω-3 alone on
arachidonic acid42; therefore, ω-3 may not act primarily by downregulating cytokine release.
Recently, DHA and EPA derivatives, resolvins, and protectins were found to act as anti-
inflammatory mediators at the sites of inflammation and were generated during the
spontaneous resolution phase. These recently discovered pathways and mediators contradict
polymorphonuclear leukocyte (PMN) infiltration and promote resolution.43

When exposed to LPS, macrophage releases a variety of mediators of inflammation, of
which TNFα is a prominent component that mediates disparate effects of LPS.44,45 In this
study, LPS provoked release of inflammatory cytokines with no significant differences
detected between dietary groups. Serum concentrations of inflammatory cytokines—TNFα
(37-fold), IFNγ (60-fold), and IL-6 (24-fold)—were significantly increased by 4 hours and
subsided 18 hours after LPS administration regardless of the assigned diets. This
phenomenon is in concordance with the observation that intravenous administration of
purified LPS (Salmonella abortus equi) to cancer patients induced high amounts of
circulating TNFα and IL-6.46

The inflammatory process is downregulated hours or days later after an assault, triggered by
IL-4, IL-10, and IL-13, resulting in the inflammatory and compensatory anti-inflammatory
responses.3,47 These 2 opposing responses can induce a state of imbalance and the pattern of
cytokine secretion that predominates in sepsis.

Conversely, overexpression of IL-10 in the gut is associated with suppression of the
inflammatory response and protection of animals against sepsis.48 In the present study, we
also report a significant increase in the IL-10 (anti-inflammatory cytokine) levels by 4 hours
in rats allocated to the liquid diets (3-fold) and a persistence of elevated levels (2-fold) in the
CYSPUFA group 18 hours after LPS administration (P < .05).

Some characteristics of whey protein that offer advantages over casein include its higher
levels of branched chain amino acids and its tendency to more efficiently promote anabolism
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in both well and compromised states.49 Severe malnutrition is common in critically ill
patients, sometimes despite adequate nutrition support.50 Weight loss due to muscular
atrophy (lean tissue loss) occurs in sepsis patients, and this tissue loss is greater when the
injury is more severe and persistent. Similarly, in our endotoxin-induced systemic
inflammatory model, rats in all groups developed weight loss and muscular atrophy despite
receiving different and adequate nutrition. In contrast, weight loss became significantly less
prominent in the CYSPUFA group consuming the rich diet.

Limited muscle atrophy and weight loss were reported after the LPS injection in gastric fed
rats with an enteral diet rich in arginine, taurine, ω-3 fatty acids (fish oil), and vitamin E
compared with a standard polymeric formula diet. However, this effect was not associated
with improved nitrogen balance, urinary 3-methylhistidine excretion, or the total tissue
protein content.51 Furthermore, the diet increased ileal and hepatic blood flow, as well as
blood glucose levels, suggesting enhanced nutrient absorption as an explanation for the
increase in the body weight.51 Vary and Lynch52 showed that the amino acids (leucine,
isoleucine, and valine), particularly leucine, not only stimulate a number of cell-signaling
pathways important in the regulation of mRNA translation but also provide substrate for
protein synthesis in striated muscles, an application to prevent wasting disease in human
immunodeficiency virus (HIV) and sepsis patients. Recently, Fang et al53 investigated the
role of nutrition in established sepsis. The authors concluded that intravenous nutrition
including cysteine could support the basal requirement of amino acids and improve the
immune function of patients with sepsis. The CYSP-UFA and CHOW diets were both high
in cysteine content. However, our data indicated that only the CYSPUFA diet led to lower
weight loss in rats injected with LPS.

Interestingly, in a double-blind protocol, the recreational bodybuilders’ normal diets were
supplemented with hydrolyzed whey protein or casein for the duration of 10 weeks. The
whey protein group achieved a significantly greater (P < .01) gain in lean mass than the
casein group and a significant (P < .05) reduction in fat mass compared with the casein
group. The whey protein group also achieved significantly greater (P < .05) improvements
in strength assessment compared with the casein group.54 One explanation of this effect may
be the difference in speed of absorption of dietary amino acids by different proteins.
Absorption of amino acids is significantly faster with whey protein compared with the slow
adsorption of casein proteins measured using intrinsically 13C-leucine-labeled milk proteins
ingested as one single meal by healthy adults.55

Furthermore, rats fed the whey-based CYSPUFA formula for 6 days prior to the LPS
exposure showed a significant reduction in histological hepatic damage compared with those
fed the casein-based (CASN) diet or the normal CHOW. The presence of whey in the
CYSPUFA study diet may supply a better source and exact amount of cysteine needed as the
rate-limiting precursor to GSH synthesis. Because the CHOW diet contained about 2 times
more cysteine (in the form of cystine) compared with the CYSPUFA diet, the intrahepatic
levels of reduced GSH remained significantly higher in the CYSPUFA group than in the
CHOW (P < .01) or CASN (P < .05) groups. In addition, whey accounts for a greater
protein quality (protein efficiency ratio, amino acid score, and biologic value) than
casein54,55 and plant protein. It is conceivable that in stressed states, peptides are better
absorbed than the intact proteins. Similarly, as administration of the LPS provokes muscle
mass loss, the lesser weight loss in the CYSPUFA group may be attributed to the multiple
factors, including the better absorbed protein quality and form of this diet. The potential role
of the prebiotic fructans (FAS) in improving outcomes in sepsis is also variable, ranging
from the promotion of gut wall integrity, enhancement of colonic microbiota, and indirect
stimulation of the innate immune system.34 It is also possible that FOS elements present in
this diet may have provided some support to the gut wall and thus potentially protected
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against gut leakage and bacterial translocation. These mechanisms of support need to be
investigated in future studies.

ROS promotes oxidative damage and contributes to tissue destruction in a wide variety of
diseases,24,26,30,56–58 including sepsis. Antibacterial defense PMNs can cause substantial
tissue injury. Adenosine, a retaliatory metabolite, is produced in response to metabolically
unfavorable conditions such as inflammation. Adenosine or A2A agonists have been
reported to selectively inhibit the potentially tissue-toxic H2O2 production elicited by
soluble inflammatory mediators in patients with septic shock. As compared with healthy
volunteers, PMNs from septic shock patients showed strongly enhanced tissue-toxic H2O2
production elicited by TNFα/N-formyl-methionyl-leucyl-phenylalanine (fMLP). Increasing
concentrations of adenosine dose-dependently reduced this tissue-toxic H2O2 production in
both groups with half-maximal inhibitory concentrations of 25 nmol/L and 114 nmol/L in
healthy volunteers and septic shock patients, respectively.59 Similarly, we report elevated
hepatic levels of adenosine in the CYSPUFA group during the normal state (before LPS
injection) and also a significant improvement 4 hours after LPS assault compared with those
rats that consumed other diets (P < .05).

This study indicates a possible approach against systemic inflammatory diseases with an
enteral formula supplemented with specific nutritional-ingredient properties. The
physiologic importance lies in the potential ability of amino acids as specific nutrients that
are designed to counteract the accelerated host protein wasting associated with a number of
disease entities, including sepsis.

Conclusions
These data indicate that the whey-peptide-based diet rich in EPA-DHA, cysteine, and FOS
protected rats against some specific and general effects of systemic inflammatory syndrome
and warrant application in a clinical trial in critically ill patients.
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Figure 1.
Rats gained weight (25%) after 6 days on designated diets and lost weight 18 hours after
lipopolysaccharide assault. CYSPUFA diet provided partial but significant protection
against weight loss after 18 hours (P < .05) (repeated ANOVA).
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Figure 2.
Liver enzyme (alanine aminotransferase [ALT], unit/mL) activity significantly increased
due to hepatocyte injury after 18 hours from dietary groups. CYSPUFA diet partially
protected against this injury (normalized with 0h).
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Figure 3.
Representative hepatic sections stained with hematoxylin and eosin 18 hours after (A) saline
and (B–D) lipopolysaccharide (LPS) administration. (A) Slide from representative rat
injected with saline (Co) shows normal hepatic structure. (B–D) Hepatic section from
representative rat that consumed CHOW (B) 18 hours after LPS injection shows severe
multifocal necrosis, infiltration of inflammatory cells, and necrosis (arrows). (C) CASN diet
and (D) CYSPUFA diet show mild focal necrosis with less severe lesions.
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Figure 4.
Hepatic pathology graded on a scale of 0 (representing no degeneration, necrosis, or
inflammation) to 4+ (more than 70% of hepatocytes showing degeneration, necrosis, or
infiltration of inflammatory cells). Rats on respective diets for 6 days.
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Figure 5.
Anti-inflammatory cytokine interleukin-10 (IL-10) was upregulated 3-fold in blood of the
rats that consumed liquid diets 4 hours after lipopolysaccharide (LPS) and remained high
only in the CYSPUFA group 18 hours after.
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Figure 6.
Concentration of hepatic adenosine (ADNS; nmol/g) assayed by high-performance liquid
chromatography was significantly higher in the CYSPUFA group in the normal state and 4
hours after lipopolysaccharide administration.
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Table 1

Comparison of Major Nutrients in 2 Liquid Diet and CHOW Compositions

Nutrients CYSPUFA CASN CHOW 1018 Harlan

Volume, mL 833 1000 1000g

Calories, kcal 1000 1000 —

Protein, g 25% of kcal 25% of kcal 23% of kcal

Protein sources Whey hydrolysate Na and calcium caseinates Plant (soy)

CHO, g 36% of kcal 52% of kcal 61% of kcal

CHO sources Maltodextrin, oligofructose Corn maltodextrin, sugar Corn, wheat

Dietary fiber, g 4.3 0 3.5a

Fat, g 39% of kcal 23% of kcal 16% of kcal

Fat sources Soy, fish oil, MCT High oleic safflower oil, canola oil, MCT Soy, plant

ω6:ω3 ratio 1.8:1 5.3:1 11:1

Water, mL, % 81 84 10

Vitamin E, IU 100 45 100

Vitamin C, mg 320 345 —

Zinc, mg 24 24 75

Iron, mg 12 18 200

Copper, mg 2 2 15

Manganese, mg 2.6 5 118

Selenium, mcg 133 70 200

CYSPUFA diet contains 7.8 g eicosapentaenoic acid + docosahexaenoic acid/1000 kcal. CHO, carbohydrate; MCT, medium-chain triglyceride.

a
Crude fiber.
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Table 2

Levels of Hepatic rGSH, Its Disulfide (GSSG), Cysteine, and SAMe at Normal State (0h), 4 and 18 Hours
After LPS Administration, Measured by HPLC as nmol/g of Tissue

Parameters CHOW CYSPUFA CASN

Normal hepatic rGSH, nmol/g 5087 ± 269* 5301 ± 416 5778 ± 132*

rGSH loss nmol/g, 4 hours −952 ± 47** −374 ± 85** −650 ± 180*

Hepatic GSSG, nmol/g 102 ± 7.8* 82 ± 6.6* 87.5 ± 10

Cys nmol/g, 4 hours 199 ± 41* 246 ± 36* 250 ± 27

Cys nmol/g, 18 hours 181 ± 13* 255 ± 21* 253 ± 16

Hepatic SAMe, nmol/g, 18 hours 56.9 ± 6** 65.2 ± 2 79.1 ± 3**

HCT, 4 hours 42.0 ± 2.5 43.7 ± 2.1* 39.3 ± 1.2*

Serum albumin density, 0 hours 1034 ± 1 1034 ± 1 1035 ± 1

Serum albumin density, 4 hours 1030 ± 1 1032 ± 2 1032 ± 1

IL-6, pg/mL, 4 hours 581 ± 5 579 ± 4 546 ± 24

IL-6, pg/mL, 18 hours 29 ± 2.6 35 ± 3.9 32 ± 3.8

IFNγ, pg/mL, 4 hours 2993 ± 51* 2602 ± 247* 2950 ± 54

IFNγ, pg/mL, 18 hours 209 ± 67 237 ± 81 275 ± 84

TNFα, pg/mL, 4 hours 258 ± 43 317 ± 85 275 ± 105

TNFα, pg/mL, 18 hoursa 7.4 ± 1.6 9.07 ± 2.2 5.3 ± 1.8

HCT and blood cytokines measured with the enzyme-linked immunosorbent assay (ELISA) technique. Data are expressed as mean ± SEM
(ordinary and repeated-measures ANOVA followed by post hoc analysis). Cys, cysteine; GSSG, oxidized glutathione; HCT, hematocrit; HPLC,
high-performance liquid chromatography; IL-6, interleukin-6; IFNγ, interferon γ; rGSH, reduced glutathione; SAMe, S-adenosylmethionine;
TNFα, tumor necrosis factor α.

a
Returned to normal level.

*
P < .05.

**
P < .01.
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