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Ascorbic acid prevents ischemiareperfusion injury in the rat small intestine
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sion was significantly suppressed in a reperfusion

Introduction
It is well known that structural and functional injuries
are caused by ischemia-reperfusion (UR) in various organs [ S , 22, 301. The exact details of the underlying
mechanism are still unclear, but some oxygen-derived
free radicals generated during reperfusion are believed
to play an important role [2, 3, 351. McCord [16] first
postulated that oxygen-derived free radicals may cause
tissue injuries during reperfusion. According to
McCord’s theory, ATP undergoes degradation during
ischemia and leads to the generation of superoxide anions which may eventually cause injury to tissues during
reperfusion. Superoxide anions first change to hydrogen
peroxide in the presence of superoxide dismutase and
then to hydroxyl radicals with ferrous ions (HabourWeiss reaction [lo]). In recent years, however, superoxide anions have been shown not to be able to extract hy-

drogen atoms from unsaturated fatty acids [20], highlighting the importance of both hydroxyl radicals and
iron-oxygen complexes. These are thought to be more
reactive free radicals and to possibly react with cell
membranes, producing lipid peroxides and peroxidative
intermediate metabolites. Lipid peroxides, as well as
alkoxy/peroxy radicals, may directly injure the cell
membrane [14, 25, 32, 381. In fact, many investigators
have already reported that peroxidative products are
observed in damaged tissues during the postischemic
period [8, 25, 381. Because such radicals have highly reactive properties, they immediately react with cell membranes consisting of polyunsaturated fatty acids
(PUFA), and they may initiate lipid peroxidation of the
membranes. Peroxidized lipids generate many potentially cytotoxic products [14], among which stoichiometrically the major products are lipid hydroperoxides
(LPO). LPO are highly toxic in vivo [2]; they are also ca-
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pable of inactivating enzymes in vitro [7] and further
promoting free radical-mediated destruction of PUFA
[32] and proteins [14].
Ascorbic acid (AsA), a water-soluble vitamin, has
both reducing and chelating properties. In the very early
stage of reperfusion, AsA radicals (monodehydro-AsA)
have been observed in an e. p. r.-spin trapping study, followed by hydroxyl radicals [34]. Their appearance may
be explained by a washing out of the radicals after oxidation by free radicals produced during ischemia, and by
AsA scavenging of reactive oxygen intermediates produced immediately after reperfusion [34]. With its strong
reducing property and its property of scavenging free
radicals, AsA is well known as a strong antioxidant agent
[37]. One of its major functions is to protect tissues from
harmful oxidative products and to keep certain enzymes
in their reduced states [27]. It has also been demonstrated that, in addition to reacting with and scavenging
superoxide and hydroxyl radicals [27], AsA can also
scavenge singlet oxygen [28]. AsA is known to promote
peroxidation at low concentrations [l,131 but to inhibit
it at higher concentrations [15,27,28,37].
This peroxidative reaction at an early stage after reperfusion, i.e., primary I/R injury, may cause a variety
of secondary events, such as the release of several types
of interleukins and adhesion molecules of the cell membrane, and leukocyte infiltration to the tissues, secondary I/R injury [5]. I/R injury to the small intestine has
been researched biochemically and histologically with
regard to the production of free radicals and the adherence and accumulation of neutrophils [6,16,21,31].Almost the same mechanism may be responsible for I/R
injury in the case of the small intestine.
Though the small intestinal tissue in rats is commonly
known to contain AsA, the effects of AsA on postischemic lipid peroxidative injury are not yet thoroughly understood. At present, much remains unknown about
the in vivo effects of AsA on I/R injury. In the present
study, we examined the effects of AsA on I/R injury to
the rat small intestine both biochemically and histologically. We then considered the possible mechanism underlying these effects on postischemic tissue injury
caused by the lipid peroxidative reaction.

Materials and methods

Methods
AsA or GSH, dissolved at various concentrations in physiological
saline, was intraperitoneally administered (2 ml in total) to male
Wistar rats weighing 250-300 g after 1 day of fasting. The same volume of physiological saline was intraperitoneally administered to
rats in a control group. Animals were divided into the following
groups: (1) Controls (n = 30); (2) AsA: 2mmol/kg ( n =30),
0.5 mmol/kg (n = 21), 0.1 mmolikg (n = 21); and (3) GSH:
2 mmol/kg (n = 30). Parentheses indicate the number of rats examined in total.
Laparotomy was performed 1 h after administration of the
drugs under anesthesia with Nembutal (pentobarbital sodium,
60 mg/100 body weight g), and the superior mesenteric artery was
clamped to induce ischemia over the entire small intestine. The artery was unclamped after maintaining ischemia for 1 h. Each of the
five groups of rats was divided into three subgroups based on the
time points just before ischemia (B. I.), after ischemia (A. I.), and
after 20 min of reperfusion (A. R.; K = 7-10 at each time point).
At each time point, the entire small intestine was resected. The resected tissues were subjected to the following assays and histological examination.
Assay of thioburbituric acid reactive substance ( T B A - R S J
and LPO of the small intestine tissue

Small intestinal tissues were homogenized with 10 volumes of
1.15% KC1 solution and used to determine TBA-RS and LPO.
TBA-RS was assayed following the method of Ohkawa et al. [23].
Assay of tissue LPO with the H M B test kit

The HMB test has a higher specificity for peroxides than the TBA
method because it uses the peroxidase activity of hemoglobin.
When hemoglobin reduces peroxides to their corresponding alcohols, N-methylcarbamoyl derivatives of methylene blue (leuco
form) are oxidized and colored blue [11].
Assay of the reduced f o r m of glutathione ( G S H ) and the oxidized
f o r m of glutathione ( G S S G ) of the small intestinal tissue

Small intestinal tissues were homogenized with 5 volumes of 6 %
perchlorate and subjected to the assay following the method of
Bergmeyer et a1 . [12].
Assay of A s A and dehydro-AsA of the small intestinal tissue

Small intestinal tissues were also homogenized with 5 volumes of
5 % TCA and centrifuged at 3000 rpm for 10 min. The supernatant
was subjected to the assay of AsA and dehydro-AsA following the
method of Okamura et al. [24].

Materials
The reduced form of glutathione (GSH), glyoxalase 1, methylglyoxal, NADPH, glutathione reductase, and thiobarbituric acid
(TBA) were obtained from Sigma (St. Louis, Mo., USA). The hemoglobin-methylene blue (HMB) test kit for the LPO assay was
obtained from Kyowa Medex (Tokyo, Japan) and the ascorbic
acid (AsA) from Wako Pure Chemical Industries (Osaka, Japan).
All other chemicals were of analytical grade and were used without
further purification.

Glutaminuse activity of the intestinal tissue

Small intestinal tissues were homogenized in 125 mM potassium
phosphate, 330 mM sucrose, and 2 mM dithiothreitol and subjected to the assay following the method of Pinkus and Windmueller [29].
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Table 1 Criteria of histological grading 20 min after reperfusion
Grading
0

1. Cell
infiltration
None
2. Separation None
of the villus
epithelium
from the
lamina propria

3. Villus bases Intact
and crypts
4.Edema
None
or minor

1

2

Minor
Minor, in
apical parts
of the villi

Moderate
Severe
Moderate,
Denuded
exceeding
villi
more than
half the length
of the villi
(almost reaches the
villus bases)
Mainly
Destroyed
intact
Moderate
Severe

Intact
Minor

3

0.029 k 0.005, A. I. 0.084 f 0.004, A. R. 0.078 f 0.005;
P < 0.05, vs B. I.). The production of TBA-RS in small
intestinal tissues obtained 20 min after reperfusion was
significantly suppressed in the AsA groups compared
with the control group ( P < 0.01; Fig. l), while in the
GSH group the production of TBA-RS was significantly
increased (B. I. 0.039 f 0.005, A.I. 0.078 f 0.008, A.R.
0.114 f 0.008; P < 0.05 vs B. I. and A. I.). LPO production was also significantly increased in the small intestinal tissue after reperfusion in the control group. dowever, the administration of AsA significantly suppressed
the production of LPO (Table 2).
Dose-dependent effects of AsA on lipid peroxidation of
the reperfused small intestinal tissue (Fig. 2)
As shown in Fig.2, AsA suppressed the production of
TBA-RS in a dose-dependent manner.

Table 2 Production of LPO during ischemia and reperfusion. All
data represent mean k SE for ten preparations in each group
Before
ischemia

After
ischemia

After
reperfusion

13.50 f 1.25
12.00 f 0.75

16.38 k 0.60
13.65 k 0.61

26.30 & 1.98*
16.7.5 f 1.43**

Control -groupAsA group

(nmolig tissue)
* P < 0.05 vs after ischemia; ** P < 0.01 vs control group
Histological grading

Small intestinal tissues were fixed in 10 % buffered formalin and
processed for standard light microscopy. The severity of the pathological lesions in small intestinal tissues resected 20 min after reperfusion ranged from 0 to 3, based on the following four parameters: (1) cell infiltration, (2) separation of the villus epithelium
from the lamina propria, (3) villus bases and crypts, and (4) edema
(Table I) [19].
This study was performed according to the principles of laboratory animal care and was approved by the animal studies committee of Tokyo Women’s Medical College.

Results

The following AsA group means AsA 2 mmol/kg
treated group except for Fig. 2.
Lipid peroxidation of small intestinal tissue during
ischemia and reperfusion. (Fig. 1,Table 2)
In the control group, the production of TBA-RS was significantly increased after 20 min of reperfusion of the
small intestinal tissue (B. I. 0.020 k 0.002, A. I.
0.081 f 0.001, A. R. 0.155 f 0.049 absorbance at 535 nm;
P < 0.01 vs B. I.; P < 0.05 vs A. I.). The production was
also significantly increased in the AsA group (B.I.

Assay of the tissue level of AsA and dehydro-AsA in
the rat small intestine during ischemia and reperfusion
(Table 3)
In the control group, after 20 min of reperfusion,
AsA content had decreased and dehydro-AsA increased; the ratio of dehydro-AsA to total AsA had
also increased as a result of tissue reperfusion. In the
AsA group, almost the same results were obtained. Before ischemia, the ratio of dehydro-AsA to total AsA
was not significantly different between the control and
AsA group (control group 7.8 % f 4.3 %, AsA group
12.3 YOf 2.7 YO,P = 0.275). However, in the AsA group,
after reperfusion, the ratio was significantly lower than
that of the control group.
Tissue glutathione levels in the small intestine during
ischemia and reperfusion (Table 4)
In both groups, tissue levels of reduced glutathione
(GSH) in the small intestine decreased due to ischemia,
and they were further lowered after 20 min of reperfusion. Tissue levels of oxidized glutathione (GSSG) increased after reperfusion in both groups; however, the
level of GSSG in the control group was higher than
that in the AsA group. Though the difference in total
glutathione levels after reperfusion was not significant
between the control and AsA groups, the ratio of
GSSG to total glutathione was significantly lower in
the AsA group than in the control group.
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Table 3 Tissue levels of ascorbic acid (AsA) and dehydro-AsA
during ischemia and reperfusion. All data represent mean f SE
for ten preparations in each group

P < 0.05

Total AsA h g l g tissue)

c

m

0)

Before
ischemia

P <0.01

0

e

After
ischemia

Control group 440.95 _+ 14.25 477.50 f 8.30
AsA group
558.66 f 39.33 619.45 26.58

s:
2

*

01

I

I

I

I

I

- 60

,

,

I

,

,

*

,

After
reperfusion
308.35 f 12.13*
372.10 f 16.38"'

P < 0.05 vs after ischemia; ** P < 0.05 vs control group

1

0
20
Dehydro-AsA @g/g tissue)
Time (min)
Before
After
Fig. 1 Lipid peroxidation of the reperfused small intestinal tissue.
ischemia
ischemia
AsA (2 mmol/kg body weight) was administered intraperitoneally
60 min before ischemia. The small intestine was then reperfused Control group 36.76 f 21.05 83.53 IL 7.45
for 20 min. The production of TBA-RS in the control group (0) AsA group
75.03 18.93 90.75 f 7.45
was significantly increased after the 20 min of reperfusion. Produc* P < 0.05 vs after ischemia
was significantly suppressed compared
tion in the AsA group
with the control group (P<O.Ol). In the GSH group (A)it was
Dehydro-AsA/Total AsA (%)
not suppressed. All data represent mean f SE for ten preparations
in each group
Before
After
ischemia
ischemia

*

After
re perfusion
103.93f 7.03'
97.98 & 10.00*

(m)

Control

AsA 2 mmol/kg

P < 0.05

m

Control group 7.8 k 4.3
12.3 _+ 2.7
AsA group

16.9 f 0.8
14.3 k 1.2

After
reperfusion
33.0 _+ 0.9'
25.8 f 2.8*."

* P < 0.05 vs after ischemia; ** P < 0.05 vs control group

nase activity decreased by only 34 9'0, and there were
significant differences between the AsA and control
groups.
Histology (Figs. 3,4)

Before
reoxygenation

After

reoxygenation

Fig.2 Dose-dependent effects of AsA on lipid peroxidation of the
reperfused small intestinal tissue. AsA [2 mmol/kg body weight
(BW), 0.5 mmol/kg BW, and 0.1 mmol/kg BW] was administered
intraperitoneally 60 min before ischemia. The small intestine was
then reperfused for 20min. AsA suppressed the production of
TBA-RS in a dose-dependent manner, with significant differences
between the 0.1 and 2.0 mmol/kg groups ( P < 0.05). All data represent as mean f SE for seven preparations in each group

Glutaminase activity in small intestinal tissues (Table 5)
In the control group, tissue glutaminase activity in the
small intestine after reperfusion following ischemia decreased by 69% compared with the activity before reperfusion. In the AsA group, however, tissue glutami-

Histological examination of the reperfused small intestine showed marked mucosal congestion, edema, and
epithelial exfoliation. The degree of injury ranged from
3 to 6 in the control group, from 1to 4 in the AsA group,
and from 1to 5 in the GSH group, according to the modified grading system of Muller et al. (Fig.4). The reperfusion injury following ischemia was apparently less
marked in the AsA groups.

Discussion
Since it was first reported by Granger et al. in 1981 [5],I/
R injury has attracted much attention as a major cause
of functional disorders of various organs. At present, it
is regarded as an important event in the pathophysiological processes involved in organ transplantation, some
types of surgical treatments, cardiac [33] and cerebrovascular disorders, and hepatic [34] and gastrointestinal bleeding.
I/R injury is believed to result from lipid peroxidation, which may occur in various pathological and phys-
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sues during ischemia. Perferryl ions are considered to
play a major role in hepatic reperfusion injury as a possible initiator of lipid peroxidation [9, 181. When propGSH (pmollg tissue)
erly chelated or released, low-molecular weight iron
Before
After
After
may
contribute to free radical-mediated tissue injury.
ischemia
ischemia
reperfusion
Some in vitro experiments using iron and microsomes
Control group
1.YO f 0.12
1.75 k 0.16
0.22 f 0.02*
AsA group
1.94 f 0.16
1.65 k 0.15
1.34 f 0.12** [20, 211 have shown that AsA acts as a pro-oxidant
[22], while many in vivo studies using liver tissues have
* P < 0.01 vs after ischemia; ** P < 0.01 vs control group
shown that it also serves as an antioxidant at high concentrations [17, 36, 371.
GSSG (pmolig tissue)
From the present study, we conclude that AsA acts
Before
After
After
mainly as an antioxidant, even if it does induce low-moischemia
ischemia
reperfusion
lecular weight iron and enhance reactivity of Fe ions to
Control group
0.42 f 0.04
0.63 f 0.02
some extent, as in the reperfused rat liver [26].
1.56 k 0.19
AsA group
0.35 k 0.02
0.51 f 0.02
0.84 ? 0.07**
We used an I/R model in the small intestine of rats in
order to study peroxidation and tissue injury and the ef** P < 0.01 vs control group
fect of AsA on this injury. To prepare the appropriate
model of I/R injury, ischemia was maintained for only
Total glutathione (pmollg tissue)
60 min, so that the effects of ischemia itself would not
Before
After
After
so severe (data not shown). The effects of reperfube
ischemia
ischemia
reperfusion
sion
on small intestinal tissue were evaluated 20 min afControl group
2.31 f 0.13
2.38 k 0.16
1.77 f 0.18
ter
reperfusion,
at which time the infiltration of neutroAsA group
2.28 f 0.15
2.17 k 0.15
2.18 k 0.15
phils into tissues was not yet observed [4,26].
Dehydro-AsA has been reported to be less effective
GSSGiTotal glutathione ( Y O )
than AsA in the suppression of lipid peroxidation of reBefore
After
After
perfused liver tissue [26]. Ozaki et al. suggested that deischemia
ischemia
reperfusion
hydro-AsA must be converted to AsA in order to possess an antioxidant property [26].
Control group
18.1 k 1.40
26.9 f 2.10
87.2 If- 1.90
AsA group
15.7 k 2.00
24.7 f 1.40
38.6 k 2.80**
Glutathione, an endogenous antioxidant, is produced
in
the
liver and distributed throughout the entire body,
P < 0.01 vs control group
including the small intestine, via blood and bile juice.
AsA, when oxidized in the early stage of reperfusion,
Table 5 Assay of glutaminase activity in tissues of small intestine.
changes to the dehydro-form, and then again to the origAll data represent mean f SE for ten preparations in each group
inal form when reduced. There may be some relationBefore reperAfter reperARiBR ratio ship between the redox states of both AsA and glufusion (BR)
fusion (AR)
tathione in vivo. That is, AsA acts as an antioxidant by
2.25 f 0.08
0.68 k 0.07
0.31 f 0.03
Control group
being oxidized to dehydro-AsA and then again being reAsA group
2.37 f 0.28
1.70 k 0.08"
0.66 f 0.08*
duced to AsA, coupled with the conversion of GSH to
GSSG. In our AsA group, the ratio of GSSG to total glu(pmol glutamateih per mg tissue)
* P < 0.01 vs control group
tathione was significantly low compared with that in the
control group, suggesting that the level of GSH is maintained high and that its activity as an antioxidant is preiological conditions at the cell membrane, which is com- served. This observation may be explained by the folposed of PUFA. LPO, the intermediate metabolite of li- lowing mechanism. AsA works more strongly as an antipid peroxidation, is believed to impair the structure and oxidant than GSH by being oxidized to dehydro-AsA,
and AsA prevents GSH from being oxidized to GSSG
the function of the cell membrane [14,25,32,38].
Evidence of hydroxyl radical generation in vivo in in the very early stage of reperfusion.
Phosphate-dependent glutaminase (L-glutamine
the early stage of reperfusion has already been found
in the heart and the liver [33, 341. The iron-catalyzed amidohydrolase) is one of the major glutamine-degradfree radicals may extract hydrogen from PUFA in vitro ing enzymes in the intestine, and high activity of phosand become effective initiators of lipid peroxidative re- phate-dependent glutaminase has been found in intestiactions in vivo. Iron breaks LPO down into alkoxyl/per- nal mucosal epithelium, villus, and crypt cells of rats
oxy radicals; these radicals extract hydrogen from [29]. Glutaminase is observed rather uniformly along
PUFA and propagate the peroxidative chain reaction the entire length of the small intestine, and specific
[9]. AsA is also reported to have chelating effects and glutaminase activity is measured similarly in the duodeto release low-molecular weight iron from hepatic tis- num, jejunum, and ileum [29]. In the present study,
Table 4 Tissue glutathione levels in the small intestine during
ischemia and reperfusion

*I
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Fig.3A, B Histological appearance of the small intestine 20 min
after reperfusion. After 60 min of ischemia followed by 20 min of
reperfusion, full-thickness small intestinal tissues were fixed in
10 % buffered formalin and processed for standard H&E stain
and light microscopic examination ( x 20): A control group: there
is severe cell infiltration, separation of the epithelium from the
lamina propria down to the villus base, mostly disarrayed villus
bases, and moderate edema; B AsA group: there is mild cell infiltration, minor separation of the epithelium from the lamina propria, almost intact villus bases, and minor edema

7-1

0
I

Control

AsA

GSH

L

Fig.4 Histological grading of the reperfused small intestinal tissue.
The severity of pathological lesions in small intestinal tissues assessed 20 min after reperfusion was graded 0-3, based on the following four parameters: (1) cell infiltration, (2) separation of the
villus epithelium from the lamina propria, (3) villus bases and
crypts, and (4) edema. The degree of injury was graded from 3 to
6 in the control group (a),
from 1 to 4 in the AsA group
and
from 1 to 5 in the GSH group (A)

(m),

glutaminase activity in the reperfused rat small intestinal tissues was well preserved by the administration of
AsA.
Histopathologically, in the AsA group, the structure
of the intestinal mucosa was generally preserved. The
reperfused small intestine of rats in the control group
showed severe cellular infiltration, separation of the epithelia from the lamina propria down to the villus base,
mostly disarrayed villus bases, and moderate edema. Severe reperfusion injury following ischemia mainly occurrs in the mucosal layer of the small intestine in rats
[19]. The mucosa contains over 90 % of the total glutaminase activity [29]. This is why glutaminase activity remained so high in the AsA group. These results indicate
that by administering AsA, the reperfused small intestinal tissues of rats were effectively protected from reperfusion injury, both biochemically and histologically.
In this in vivo study, AsA worked exclusively as an
antioxidant and protected the postischemic intestinal
tissue from peroxidative tissue injury. This protective
mechanism may be explained, in part, as follows: AsA
protects postischemic small intestinal tissue by scavenging radicals and/or reducing the peroxidative reactions.
It also preserves the high glutathione level of postischemic small intestinal tissue. As the result, the cellular integrity of postischemic small intestinal tissue is well preserved.
In conclusion, our findings show that AsA acts as an
antioxidant in the small intestine and reduces injury
due to reperfusion. These effects should be very useful
in preserving mucosal function or accelerating its recovery after certain types of surgical treatments, such as enterectomy, and especially small bowel transplantation.
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