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ABSTRACT

Glutathione depletion has been described in tissues obtained from several chronic diseases.
Increased free radical production by inflammatory cells occurs in inflammatory bowel disease.
We hypothesized that this could induce depletion of gut antioxidants. In this study, we
examined the potential relationship between chronic inflammation and colonic glutathione
levels. Using a validated assay, glutathione levels were determined in the mucosal-submucosal
layer and the muscularis externa layer in surgical colonic specimens from 26 patients with
ulcerative colitis, 14 patients with Crohn's colitis, and 10 patients who underwent partial
colectomy for non-obstructive neoplasia. Inflammation was graded histologically. Glutathione
levels were decreased in the muscularis externa and in the mucosal-submucosal layers from both
ulcerative colitis and Crohn's colitis (both p<0.05). There were parallel declines of glutathione
levels in the muscularis externa layer compared to the mucosal-submucosal layer from
individual colonic specimens. In ulcerative colitis, glutathione levels were reduced in
histologically active disease compared to inactive disease (in the mucosal-submucosal layers:
Mean+SEM were 214+68 nmol/g wet tissue and 808+30, respectively; in the muscularis
externa layers: 333+97 and 890+340; both p<0.05). In Crohn's colitis, there were no significant
differences between histologically active and inactive disease (in the mucosal-submucosal
layers: 114+53 and 461+206; in the muscularis externa layers: 105+59 and 553+211; both
p>0.05). This study provides evidence that chronic inflammatory disorders of the colon are
associated with glutathione depletion. In ulcerative colitis, there was a relationship between the
severity of inflammation and glutathione depletion. By contrast, this relationship was not
significant in Crohn's colitis. The results suggest that there could be a primary defect in
glutathione production in Crohn's colitis, or a difference in the relative levels of free radical
production by inflammatory cells present in these two disorders of colonic inflammation.
Copyright © 1997 Elsevier Science Inc.
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INTRODUCTION

Glutathione is a tripeptide-thiol present in most mammalian cells. It has been reported that tissue levels
of this non-enzymatic antioxidant are depleted in seve-al chronic disorders including idiopathic pulmonary
fibrosis, human immunodeficiency virus-related disease, and respiratory distress syndrome (/). Identification
of acquired glutathione deficiency states could be helpful in predicting the potential benefit of glutathione
supplementation in human diseases.

Free radical production has emerged as a common pathway of tissue injury in a variety of diseases. There
is evidence supporting increased free radical production by inflammatory cells in the intestinal mucosa from
patients with chronic inflammatory bowel disease (2-5). Unfortunately, it has been difficult to discriminate
between an etiologic role for free radicals as opposed to their presence as a reflection of injury caused by other
potential agents (6).

Mammalian tissues contain a number of different free radical scavenging systems including enzymes (i.e.,
catalase), copper/Zinc (Cu/Zn) containing proteins (i.e., superoxide dismutase) and tissue micronutrients, such
as ascorbate and glutathione. There is a paucity of information available about the status of these defenses in
colon obtained from chronic inflammatory conditions (7-9). Decreased glutathione levels have been reported in
the terminal ileal mucosa from patients with active Crohn's disease compared to areas without active
inflammation and compared to controls without inflammatory bowel disecase. This suggests increased
consumption of this antioxidant by the inflammatory process (8).

It has been proposed that the therapeutic effect of 5-aminosalicylic acid in the inflammatory bowel
diseases is related to its free radical scavenging action (/0). There has been interest in developing new
pharmacological approaches for the control of tissue damage induced by free radical production in the chronic
inflammatory bowel diseases. Uncontrolled trials of superoxide dismutase have shown some promise (/1).
However, this enzyme requires a special delivery system that permits it to reach its therapeutic target before being
destroyed. Since glutathione, given orally, is absorbed intact by the intestine (12), it constitutes an attractive
possibility for therapeutic trials in inflammatory bowel disease.

Based on these previous studies, we hypothesized that increased free radical production by inflammatory
cells in the inflammatory bowel diseases could induce colonic depletion of the antioxidant, glutathione. In this
study, we measured tissue glutathione levels in surgical specimens of colon from patients with ulcerative colitis
and Crohn's colitis, and from patients with non-obstructing colonic neoplasia as controls. The presence of and
severity of inflammation was determined by histopathology in order to examine the potential relationship between
inflammation and colonic glutathione levels.

METHODS

Tissue Specimens. This study was approved by the Human Research Review Committee of the Medical
College of Wisconsin. Colonic specimens were obtained at surgery from patients with Crohn's colitis (n = 14),
ulcerative colitis (n = 26), and in patients with non-obstructing colonic neoplasia who served as controls (n = 10).
Among the controls, specimens of grossly normal colonic tissue were obtained from the anti-mesenteric border
at least 3 cm distance from the tumor margin and from the stapled ends. Colonic specimens were extracted as
rapidly as possible by clamping the blood supply to the colon before removal from the abdominal cavity in order
to minimize ischemia. All specimens were quick-frozen and stored at -76°C. The mucosa-submucosa and
muscularis externa layers were separated prior to assay by microdissection in ice-cold 0.9% NaCl.
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Glutathione Determination. Extracts of each layer were prepared by homogenizing tissue in a
suspension of 4.31% sulfosalicylic acid containing 0.25% Disodium-EDTA, and then centrifuging at 8,000 g for
30 minutes at 4° C. Determination of glutathione levels was performed as previously described (/ 3) using the
Beutler spectrophotometric assay as modified by Lang (/4). It is known that tissue protein levels are higher in
the gut wall in Crohn's disease (/5). In prior studies of lyophilized colonic tissue, we have shown that normal
and abnormal (ulcerative colitis and Crohn's disease) colonic specimens did not differ in water content (16).
Consequently, glutathione results in this present study were expressed as nmoles/g wet tissue.

Histology. Transmural sections of the specimens were stained with the hematoxylin and eosin method,
and then examined by a pathologist (blinded). On histologic examination, inflammation in tissues from patients
with Crohn's discase was classified as "inactive" and "active", and in tissues from patients with ulcerative colitis

as "inactive”, "mild or moderately active”, or "severely active”, using standardized criteria (7).

Statistical Analysis. Quantitative variables were expressed as Mean+1SEM. Differences in glutathione
levels between the groups were studied using non-parametric analysis (Kruskal-Wallis one-way ANOVA on
ranks), and all pairwise multiple comparisons were then carried out using Dunn's method. To examine the
potential relationship between glutathione levels in the two colonic layers, linear correlation analysis was utilized.
The relationships between tissue glutathione levels and patients age or duration of disease were tested by Pearson
correlation. A p value < 0.05 was considered statistically significant in this study.

RESULTS

Clinical Characteristics. Patients with inflammatory bowel disease included 14 patients with Crohn's
colitis (8 males and 6 females; 40.5+3.3 years-old; age range: 25 to 67 years-old) and 26 patients with ulcerative
colitis (16 males and 10 females; 38.242.7 years-old, age range: 16 to 75 years-old) who underwent colonic
resection (see Table). The control group included 10 patients that underwent partial colectomy for non-
obstructing colonic neoplasia (8 males and 2 females; 64.3+5.1 years-old; age range: 41 to 80 years-old). The
disease duration in patients with ulcerative colitis was 10.6+2 years, and was 14.5£3 years in patients with
Crohn's colitis. Two patients with ulcerative colitis had colon cancer and 1 patient had severe dysplasia.

TABLE

Clinical Characteristics of Patients with Crohn's Colitis, Ulcerative Colitis, and Controls
Crohn's Colitis Ulcerative Colitis  Controls

Number of Patients 14 26 10

Age* 40.543.3 38.2+2.7 64.3+5.1
Sex (Male/Female) 8/6 16/10 8/2
Disease Duration* 14.5+3 10.6+2

*Years: MeantSEM

Glutathione Levels in IBD. In ulcerative colitis, tissue glutathione levels were significantly reduced both
in the mucosal-submucosal layer (Mean+SEM: 283471 nmoles/g wet tissue, pANOVA<0.05) and in the
muscularis externa layer (398+98, pANOVA<0.05) compared to the mucosal-submucosal layer (614+126) and
the muscularis externa layer (837+130) from controls. Glutathione was undetectable in the mucosal-submucosal
layer from 13 of 26 patients and in the muscularis externa layer from 14 of 26 patients with ulcerative colitis, but
colonic glutathione was measurable in all of the controls.
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In Crohn's colitis, tissue glutathione levels were significantly reduced both in the mucosal-submucosal
layer (337+139, pANOVA<0.05) and in the muscularis externa layer (393+147, pANOVA<0.05) compared to
the controls. Similar to ulcerative colitis, glutathione was undetectable in the mucosal-submucosal layer from
7 of 14 patients and in the muscularis externa layer from 6 of 14 patients with Crohn's colitis.

Tissue glutathione levels were not significantly different between patients with ulcerative colitis and
Crohn's colitis in either the mucosal-submucosal or the muscularis externa layers (Dunn's method: p>0.05).

In examination of tissue glutathione levels in the two colonic layers, in ulcerative colitis there was a
positive linear correlation (r=0.76, p<0.001) between tissue glutathione levels in the mucosal-submucosal and
the muscularis externa layers (Figure 1). Similarly, in Crohn's colitis there was a positive linear correlation
(r=0.86, p<0.001) between tissue glutathione levels in the mucosal-submucosal and the muscularis externa layers

(Figure 2).

Relationship Between Glutathione Levels and Inflammation. In patients with ulcerative colitis, tissue
glutathione levels in the mucosal-submucosal layers were different among the controls, patients with inactive
disease, and patients with active inflammation: mild/moderately active and severely active (pANOVA on
Ranks<0.05) (Figure 3). Similarly, in patients with ulcerative colitis, tissue glutathione levels in the muscularis
externa were different among the controls, patients with inactive disease, and patients with active inflammation:
mild/moderately active and severely active (pANOVA on Ranks<0.05) (Figure 4).

When all pairwise comparisons were examined by Dunn's method in ulcerative colitis, tissue glutathione
levels in patients with inactive disease were not different from controls, either in the mucosal-submucosal layer
(80830, p>0.05) or in the muscularis externa layer (890+340, p>0.05). However, tissue glutathione levels were
decreased in patients with active inflammation in the mucosal-submucosal layer (214468, p<0.05) and in the
muscularis externa layer (33397, p<0.05) compared to controls. Tissue glutathione levels in patients with
mild/moderate inflammation were not significantly different from those patients with severe inflammation (in the
mucosal-submucosal layer: 100+56 and 391+134, respectively; p>0.05; in the muscularis externa layer: 125479
and 657+169, respectively; p>0.05).

In patients with Crohn's colitis, there was a trend toward a difference in tissue glutathione levels in
mucosal-submucosal layers from controls, patients with inactive disease, and patients with active inflammation
(pPANOVA on Ranks=0.08) (Figure 5). Similarly, in patients with Crohn's colitis, there was a strong trend
toward a difference in tissue glutathione levels in muscularis externa layers from controls, patients with inactive
disease, and patients with active inflammation (p)ANOVA on Ranks=0.05) (Figure 6). In patients with either
ulcerative colitis or Crohn's colitis, there were no significant correlations (defined by: r > 0.50 or < -0.50) between
tissue glutathione levels and patient age or duration of disease.

DISCUSSION

This study provides evidence that chronic inflammatory disorders of the colon are associated with
glutathione depletion. Ulcerative colitis and Crohn's colitis can therefore be added to the list of diseases with
acquired glutathione depletion. In this present study, tissue glutathione levels were decreased in colon from
patients with Crohn's colitis and ulcerative colitis in both the mucosal-submucosal and the muscularis externa
layers. In ulcerative colitis, glutathione levels were lower in patients with active inflammation compared to those
with inactive disease. By contrast, in patients with Crohn's colitis, there was no significant difference in tissue
glutathione levels among patients with active inflammation, patients with inactive disease, and controls.
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FIG 1. Linear Correlation Analysis Revealed a Positive Correlation between
Glutathione Tissue Levels in Mucosal-Submucosal and Muscularis Externa Layers
from Ulcerative Colitis (p<0.001).
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FIG 2. Linear Correlation Analysis Revealed a Positive Correlation between
Glutathione Tissue Levels in Mucosal-Submucosal and Muscularis Externa Layers
from Crohn's Colitis (p<0.001).
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FIG 3. Glutathione Tissue Levels in Mucosal-Submucosal Layers from Controls and from
Ulcerative Colitis with Inactive Disease, Mild/Moderate Inflammation, or Severe Inflammation.
orizontal Bars Represent Mean Values. Each Point Represents the Level for One Patient.
*(Kruskal-Wallis One-Way pANOVA on Ranks <.05)
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FIG 4. Glutathione Tissue Levels in Muscularis Externa Layer from Controls and from Ulcerative
Colitis with Inactive Disease, Mild/Moderate Inflammation, or Severe Inflammation. Horizontal
Bars Represent Mean Values. Each Point Represents the Level for One Patient. *(Kruskal-Wallis
One-Way pANOVA on Ranks <.05)
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FIG 5. Glutathione Tissue Levels in Mucosal-Submucosal Layers from Controls
and from Crohn's Colitis with Inactive Disease or Active Inflammation. Horizontal
Bars Represent Mean Values. Each Point Represents the Level for One Patient.
*(Kruskal-Wallis One-Way pANOVA on Ranks =.08)
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FIG 6. Glutathione Tissue Levels in Muscularis Externa Layers from Controls and from Crohn's
Colitis with Inactive Disease or Active Inflammation. Horizontal Bars Represent Mean Values.
Each Point Represents the Level for One Patient. *(Kruskal-Wallis One-Way pANOVA on Ranks =
.05)

469



470 E.A. RUAN et al.

Glutathione is synthesized in the cytoplasm of most mammalian cells using as substrates glutamine,
cysteine, and glycine (/8). The rate limiting enzyme in glutathione biosynthesis is y-glutamylcysteine synthetase.
The free radical scavenging action of glutathione is catalyzed by the enzyme, glutathione peroxidase. The
reaction between glutathione and a free radical yields oxidized glutathione. Oxidized glutathione can be
converted to its reduced form by the enzyme glutathione reductase using electrons derived from the pentose-
phosphate pathway. In the presence of large quantities of free radicals, derived for example from inflammatory
cells, the recovery pathway may be overwhelmed causing oxidized glutathione to accumulate in the cytoplasm.
The cell membrane is relatively permeable to oxidized glutathione, and this form of glutathione readily diffuses
outside the cell resulting in depletion of tissue glutathione.

Glutathione homeostasis may be related to the dietary supply of amino acid precursors, by the rates of
oxidation and reduction during its function as a free radical scavenger, and by an interaction between glutathione
and ascorbate (/8). Ascorbate conserves cellular reduced glutathione. Reduced glutathione in turn is important
for reduction of dehydroascorbate to ascorbate (also a free radical scavenger), thus bypassing breakdown of
dehydroascorbate and allowing maintenance of cellular ascorbate levels. The availability of glutathione to
function as an antioxidant is dependent upon the relationship between circulating blood glutathione, the major
source of which is the liver (/), and tissue glutathione production. The bioavailability of blood glutathione could
affect colonic glutathione levels. However, hypervascularity has been reported in both Crohn’s Disease and
ulcerative colitis (7/9), and blood flow is increased in ulcerative colitis (20). These results would suggest
increased delivery of blood glutathione to the colon. Other human disorders involving glutathione depletion
include adult respiratory distress syndrome, idiopathic pulmonary fibrosis, and acquired immunodeficiency
syndrome (/).

In an animal model of glutathione deficiency, rats treated with an inhibitor of glutathione synthesis
develop severe intestinal epithelial degeneration and diarrhea, suggesting that glutathione is essential in the
protection of the intestine against luminal oxidants (2/). Defects in the intestinal antioxidant defenses could be
involved in the pathogenesis of the inflammatory bowel diseases since cellular damage may be related to an
imbalance between high levels of free radicals and decreased tissue antioxidants (22).

In our present study, in patients with ulcerative colitis, there was an association between decreased
glutathione and active inflammation. Tissue glutathione levels were not different between controls and patients
with inactive ulcerative colitis. These results are consistent with depletion of tissue antioxidants due to excess
production of free radicals derived from inflammatory cells. Our present findings are in agreement with a report
of decreased levels of reduced ascorbate in colonic mucosa from patients with active IBD compared to non-
inflamed mucosa (9). Since a recent experimental rat model has suggested that glutathione depletion may impair
T-cell and macrophage function (23), development of glutathione depletion in the inflammatory bowel diseases
could lead to further alteration of gut immune function.

The explanation for simuitaneous declines in glutathione levels in the muscularis externa layer and the
mucosal-submucosal layer from patients with ulcerative colitis is unclear. Since there is no increase in
inflammatory cells in the muscularis externa layer from ulcerative colitis, it is unlikely that increased free radical
production by inflammatory cells is the sole explanation. Although our results could be related to excessive
production of free radicals in the muscularis externa from a source distinct from inflammatory cells, there could
in addition be a primary underlying defect in glutathione biosynthesis.

Among patients with Crohn's colitis, although there was a strong trend toward decreased glutathione
levels in patients with active inflammation compared with inactive disease, this difference was not statistically
significant. This result suggests that an underlying defect in glutathione production may be responsible for
glutathione deficiency in Crohn's colitis. In support of this interpretation, alterations in glutathione metabolism
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have been reported in the ileal mucosa from patients with Crohn's disease, including decreased y-glutamylcysteine
synthetase activity (8). Alternatively, there may be a difference in free radical production by the type of, the
number of, or the distribution of inflammatory cells in Crohn's colitis.

Differences in the origin of glutathione depletion in ulcerative colitis compared to Crohn's colitis might
help to explain the clinical benefit of nutritional therapy in Crohn's disease as opposed to ulcerative colitis. In
ulcerative colitis, inflammatory cells may be avidly consuming glutamine (24), an important gut nutrient and a
potential substrate for glutathione production. Glutamine consumption by inflammatory cells (24) could explain
why nutritional therapy has no apparent benefit in patients with ulcerative colitis. By contrast, supplemental
nutrients in Crohn's disease may be available for gut metabolism (25), including glutathione biosynthesis, and
may enhance the gut's protection against free radical-induced tissue damage.

It is presently unclear whether oral glutathione administration would increase mucosal levels of
glutathione in inflammatory bowel disease. Glutathione monoester is presently available and is easily
transportable across cell membranes (26). Oral glutathione administration could provide several avenues of
potential benefit in inflammatory bowel disease. It could be available to reduce intraluminal free radical levels.
The digested component amino acids from glutathione could be absorbed into enterocytes and resynthesized into
glutathione (27).

A potential limitation of our data is the use of patients with colonic neoplasia as controls. Although
glutathione levels have been found to be decreased in malignant colonic tumors, glutathione levels in non-
tumorous tissue from patients with colon cancer were not different compared to controls without colon cancer
(28). However, the controls used in our present study were older than the patients with inflammatory bowel
disease. Since circulating glutathione levels decline with age (I 4), the magnitude of tissue glutathione depletion
in the inflammatory bowel diseases might be greater if age-matched controls were available.
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