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Abstract
Background—Arginine (Arg) is deficient in the serum of the preterm neonate and is lower in
those developing intestinal ischemia. We investigated whether Arg or its precursor, citrulline (Cit),
protects intestinal tight junctions (TJs) from hypoxia (HX) and determined whether inducible
nitric oxide (NO) plays a role.

Methods—Neonatal piglet jejunal IPEC-J2 cell monolayers were treated with Arg or Cit,
reversible and irreversible NO synthetase (NOS) inhibitors, and were exposed to HX. TJs were
assessed by serial measurements of transepithelial electrical resistance (TEER), flux of inulin-
fluorescein isothiocyanate, and immunofluorescent staining of TJ proteins.

Results—We found that Arg and Cit were protective against HX-related damage. At the final
time point (14 h), the mean TEER ratio (TEER as compared with baseline) for Arg + HX and Cit
+ HX was significantly higher than that for HX alone. Both Arg and Cit were associated with
decreased inulin flux across hypoxic monolayers and qualitatively preserved TJ proteins.
Irreversible inhibition of NOS blocked this protective effect. Lipid peroxidation assay showed that
our model did not produce oxidant injury.

Conclusion—Arg and Cit, via a mechanism dependent on NO donation, protected intestinal
epithelial integrity.

Intestinal injury and inflammation resulting from ischemia is integral to the pathogenesis of
multiple disease states affecting diverse populations from necrotizing enterocolitis (NEC),
spontaneous perforation, and hypoxic injury in the context of cardiac or lung disease in
infants, to atherosclerotic mesenteric ischemia and hypoxic injury related to venous
thrombosis, autoimmune disease, or chronic cardiopulmonary disease in adult and geriatric
populations. NEC, as one example, is the most common gastrointestinal disorder in low
birth weight infants, and the total annual cost of caring for affected infants in the United
States is estimated to be around $5 billion (1,2). NEC has been described as an aberrant
reaction of the immature intestinal immune system that occurs in the context of enteral
nutrition and is associated with mucosal injury, barrier compromise, and systemic immune
response (3,4).

Nitric oxide (NO) production by inducible NO synthetase (iNOS) increases in the presence
of acute intestinal injury (5–7). However, there are conflicting data about the effect of this
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increase. Excessive production of NO can be destructive to intestinal tissues after ischemia/
reperfusion injury (8). Conversely, it has been observed that NO and NOS activation do not
have deleterious effects on epithelial barrier function (9). In addition, inhibition of iNOS has
been shown to exacerbate inflammation during acute intestinal injury and to delay repair
(10).

Arginine (Arg) is the physiological substrate for NO synthesis and has been recognized as
an enhancer of protein synthesis and wound healing in vivo (11). Arg is deficient in preterm
neonates due to inadequate availability in the diet and the underdevelopment of its synthetic
pathways in the small intestine (12). Serum levels of Arg have been shown to be low in
patients with NEC, drifting downward 1 wk before the onset of NEC, suggesting that Arg
may be essential to a process that is protective against NEC (13,14). Arg has been shown to
stimulate intestinal cell migration and recovery of intestinal monolayer transepithelial
resistance in a NO-dependent manner (15–17). Arg is synthesized from citrulline (Cit) by
the sequential action of the cytosolic enzymes argininosuccinate synthetase and
argininosuccinate lyase. Cit is potentially a key precursor of Arg that can then serve as a
substrate for the production of NO and polyamines. Oral supplementation of L-Cit has been
shown to increase plasma L-Arg concentration and augment NO-dependent signaling in a
dose-dependent manner (18). In addition, similar to Arg, serum levels of Cit have also been
shown to be low in premature infants and so may play a role in the pathophysiology of NEC
(19). We hypothesized that either Arg or Cit may protect intestinal monolayers from
hypoxia (HX)-mediated damage and that the NO synthetic pathway may be involved.

RESULTS
Transepithelial electrical resistance (TEER) was maintained in IPEC-J2 monolayers treated
with Arg and Cit. IPEC-J2 cell monolayers were exposed to HX, TEER measurements were
made hourly with brief reoxygenation for 10 min, and the ratio of each value to the value of
the resistance before beginning HX was determined. Monolayers that were not treated and
were not exposed to HX were measured as controls. TEER for these monolayers remained
constant throughout the period of HX exposure. For monolayers that were exposed to HX
but untreated, TEER began to fall, on average, after hour 12 and continued to fall through
the period of exposure (Figure 1a). Monolayers treated with Arg and Cit but not exposed to
HX were not found to be significantly different from controls at any time point.

TEER measured across the monolayers treated with Arg and Cit and subsequently exposed
to HX remained constant throughout the period of HX and were not significantly different
from controls at any time point (Figure 1b). HX monolayers treated with Arg or Cit
appeared to have a higher TEER as compared with control membranes, but these values did
not significantly differ from controls until 13 and 14 h post-HX. The small increase in TEER
may be related to cell swelling, because Arg is transported by systems y+, L, and B0/+

(standard terminologies for amino acid exchange systems). The B0/+ system uptake is
coupled to Na ions; therefore, cells could swell from both Arg and Na+ uptake. At the final
time point, the mean TEER (expressed as a multiple of baseline TEER) for Arg + HX was
1.25 and the mean TEER for Cit + HX was 1.22, as compared with 0.14 with HX alone; the
mean difference between Arg + HX and HX alone was 1.1, 95% confidence interval = 0.21–
1.9, P < 0.001; Cit + HX mean difference was 1.08 with 95% confidence interval = 0.18–
1.9, P < 0.001, Figure 1b). Note that all experiments in Figure 1a,b were done
simultaneously. These findings demonstrated that prolonged HX promotes membrane
breakdown after about 12 h, which is completely prevented by incubation of Arg or Cit.

TEER was not maintained in IPEC-J2 monolayers treated with Arg or Cit plus the
irreversible NOS inhibitor L-N6-(1-iminoethyl) lysine (L-NIL). NO formation was
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subsequently inhibited by the addition of L-NIL, an irreversible inhibitor that is selective to
iNOS. TEER was measured in monolayers treated with L-NIL throughout the exposure
period and remained steady, indicating that L-NIL was not toxic. For the first 9 h, TEER
was 20–30% lower than in controls in monolayers exposed to L-NIL (P = not significant) At
11 h, TEER rose rapidly, then plummeted as membrane integrity was breached at 13–14 h
(Figure 2a). Membrane integrity dropped after 12 h in all monolayers exposed to L-NIL
(with or without Arg or Cit) (Figure 2a). Note that all experiments in Figures 2a,b were done
simultaneously; the HX control values are shown in both figures for comparison with Arg
and Cit without or with HX. Our findings indicate that inducible NO is required for the
beneficial effects of Arg or Cit.

TEER was maintained in IPEC-J2 monolayers treated with Arg or Cit and the reversible
iNOS inhibitor NG-Nitro-L-arginine (L-NAME). NO formation was inhibited reversibly by
the addition of L-NAME, a nonselective and reversible inhibitor of NOS. TEER was
measured in monolayers treated with L-NAME throughout the exposure period and was
reduced as compared with controls by the final time point (Figure 2b). Arg or Cit was added
in concentrations sufficient to reverse the inhibition of NOS. The 12 mmol/l concentration
was chosen based on prior observations that three times the concentration of Arg (as
compared with L-NAME) was required for reversal of inhibition (20). Monolayers showed a
comparable value of TEER to that of controls at all time points. We conclude that when Arg
or Cit was added in sufficient concentrations to reverse the inhibition by L-NAME, TEER
was preserved.

Inulin flux was reduced across hypoxic IPEC-J2 monolayers treated with Arg or Cit or with
reversible NOS inhibitors. The concentration of inulin crossing the monolayers was
measured by fluorescence from samples taken from the supernatant 2 h after reduction in
TEER. Fluorescence readings of labeled inulin flux across the monolayers for which
reduction of TEER was similar to untreated controls confirmed barrier compromise for those
treated with L-NAME, L-NIL, Arg + L-NIL, or Cit + L-NIL (Figure 3). Fluorescence
readings from the monolayers treated with Arg or Cit (and those treated with Arg or Cit in
sufficient concentrations to reverse NOS inhibition by L-NAME) were significantly lower.
(Mean differences between no treatment and various treatments were significant with P <
0.05 for Arg + L-NAME and Cit + L-NAME, and P < 0.01 for Arg and Cit; Figure 3.)

Immunofluorescent staining of the tight junction (TJ) protein zonula occludens (ZO)-1 was
qualitatively different between the variously treated and HX-exposed IPEC-J2 monolayers.
We performed immunocytochemical staining of the TJ protein ZO-1 at 14-h post-TEER
change to determine the distribution of TJ proteins. Results showed that in HX-exposed
monolayers, dissolution of ZO-1 from the intracellular borders occurred, with only hazy
remnants of normal cell–cell junctions remaining (Figure 4). Arg or Cit prevented these
changes. In the presence of L-NIL, Arg or Cit did not protect from TJ damage, whereas in
the presence of reversible inhibition with L-NAME, addition of Arg or Cit reversed the
damage. These findings identify a HX-induced global impairment of TJ integrity, rather than
specific “punctures” in the membrane, a process largely prevented by Arg or Cit
supplementation. Similar studies were also performed with an antioccludin antibody, and
results were comparable to those with ZO-1, including qualitatively preserved intercellular
junctions with Arg or Cit (data not shown but available on request).

Lipid Peroxidation Assay
Studies were designed to see if the brief exposures to room air during the hourly
measurements of TEER were sufficient to allow oxidant damage to the membranes.
Thiobarbituric acid reactive substances assay for lipid peroxidation was performed on IPEC-
J2 cells subjected to the treatments used in previous studies. This assay also allowed us to
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determine if there was oxidant damage associated with Arg or Cit, because there are some
data to suggest that supplementation of these NO donors could increase oxidant damage
from increased reactive nitrogen species. Our assays showed that there were significant
reductions in lipid peroxidation products, comparing the treatment groups (HX alone, HX +
Arg, and HX + Cit) with the untreated control group. This finding indicates that Arg or Cit
treatment of hypoxic intestinal epithelial cells does not promote oxidation (Figure 5).

DISCUSSION
With the use of an in vitro model of the intestinal epithelial barrier, this study was able to
determine that supplementation of Arg or Cit confers a protective effect when the epithelial
cells are subjected to the stress of HX. The IPEC-J2 cell is a primary cell line derived from
jejunal epithelium isolated from unsuckled, neonatal piglets. Previous studies have
characterized this cell line and reported it to be suitable as an in vitro intestinal model to
study the permeability of some antiviral agents (21,22). IPEC-J2 cells are enterocyte-like,
produce glycocalyx-bound mucin, form microvilli and TJs, and create a functional cell
monolayer in vitro (23). In addition, IPEC-J2 cells have been used in numerous studies of
Gram-negative bacteria/host interactions (24,25), and infection or Escherichia coli
lipopolysaccharide induces appropriate cytokine responses in these cells (21,26). Our
results, along with the aforementioned reports from the literature, clearly indicate the
potential of IPEC-J2 cell monolayers as a model for intestinal permeability studies.

The HX produced by this model, which includes a prolonged exposure to hypoxic
conditions, is probably more severe and prolonged than hypoxic injuries encountered in
vivo; however, the model does not include leukocytes or lamina propria elements that might
magnify the injury, e.g., by releasing reactive oxidant species or additional NO. The time
required for HX to compromise barrier integrity by interrupting TJs in in vitro polarized cell
monolayers appears to be different among the cell types. For most of the intestinal epithelial
cells—e.g., Caco-2 and IEC-6—decreases in TEER were observed ~6 h after HX (27).
However, we observed a roughly twofold increase in the time before decrease in TEER; this
may be related to a prior observation that cells in IPEC-J2 monolayers form tighter
intercellular junctions than those in Caco-2 monolayers (22). The inclusion of NOS
inhibitors and the subsequent results allow us to conclude that this protective effect is
dependent on the production of NO and dependent on iNOS-derived NO.

Conflicting data exist regarding the effect of NO on the intestinal epithelium. Studies
examining chronic intestinal inflammation have shown that NO exacerbates intestinal injury
through nitrotyrosylation (28). Our model, which exposes the intestinal epithelium to more
acute injury, involves no increase in oxidative stress associated with supplementation of NO
donors. Other studies of acute intestinal damage have shown that iNOS-derived NO can
have beneficial effects, but the exact mechanisms are just now being explored (10,29). One
possible mechanism is HX-inducible factor-1 induction. HX-inducible factor-1 is the master
regulator of cellular response to hypoxia. Intracellular HX-inducible factor-1 is stabilized in
response to NO donors, independent of cyclic guanosine monophosphate and dependent on
S-nitrosylation (30). One might speculate that under hypoxic conditions, intestinal cellular
monolayers undergo activation of HX-inducible factor-1 that is optimally preserved over a
prolonged time course by NO donors such as Arg or Cit. What is known is that constitutive
iNOS activity is present in the intestinal epithelia of several species. Furthermore,
upregulation of the transcription and translation of iNOS has been shown to occur within 30
min of injury in multiple models. This ability to rapidly increase NO synthesis, in a tissue
that is vulnerable to injury, suggested a beneficial role for NO in barrier maintenance.
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The iNOS-dependent protective effect of the NO donors, Arg and Cit, demonstrated by our
study, is consistent with that reported in several other studies. NO in the context of Arg
supplementation has been shown to be involved in cell migration in razor-injured porcine
intestinal epithelial cell monolayers (16). iNOS-derived NO following Arg supplementation
has also been shown to be involved in re-epithelialization of laser-wounded renal tubular
cell monolayers and deoxycholate-injured porcine ileal mucosa mounted in Ussing
chambers (15,31).

The barrier function of the intestinal mucosa is particularly important for individuals such as
premature infants, who are largely dependent on innate immunity. The compromise of this
physical barrier is recognized as a key component of the pathophysiology of NEC and
intestinal injury in the context of congenital heart disease and chronic lung disease. Arg
supplementation prevents and accelerates recovery from ischemic intestinal damage in
animal models (32–34). Supplementation of Arg for the prevention of NEC in humans has
also been examined, and in two studies, Arg supplementation reduced the incidence of NEC
with either enteral or parenteral supplementation (35,36).

We have presented evidence that NO is involved in the protective effect of Arg and Cit
supplementation during intestinal epithelial HX. The roles of polyamines (putrescine,
spermidine, and spermine), also products of Arg and Cit metabolism that are known to be
protective in the gut, were not examined. In addition, the study design does not take into
account the full physiologic context of the epithelium. For example, although the choice of
the IPEC-J2 cell line does approximate the in vivo architecture of intestinal epithelia more
than transformed cell lines, there is the possibility that lamina propria elements (nerves,
resident macrophages, T cells, and dendritic cells) would react to Arg or Cit in such a way as
to prevent protection in other models of bowel damage (21). However, this was not the case
in bile salt injury to the piglet ileal epithelium or in the human studies cited (15,35,36).
Preclinical studies examining the role of Cit feeding are needed to address these issues and
others, including establishing an optimal oral dose and mode of delivery for subjects with
low levels of Arg or Cit who are at risk of intestinal injury.

To our knowledge, this is the first study to examine whether Cit might also be protective and
to suggest that supplementation of Cit for prevention or treatment of ischemic injury of the
intestine should be examined. After ingestion, Cit would be converted to Arg by the
sequential action of the cytosolic enzymes argininosuccinate synthetase and
argininosuccinate lyase, and Cit has been shown to serve as a donor of NO (18). Cit, an
important component of watermelon, can be given orally with little risk of causing diarrhea,
an occasional side-effect of Arg (37).

METHODS
Cell Culture and Polarized Monolayer Growth

The IPEC-J2 cell line was obtained from Douglas G. Burrin, Baylor College of Medicine.
This cell line is a nontransformed intestinal cell line that was developed by H.M.
Bershneider from jejunal epithelium isolated from a neonatal piglet (23). It has been
demonstrated that IPEC-J2 cells, unlike transformed cell lines, form epithelia of enterocyte-
like cells with microvilli, TJs, and glycocalyx-bound mucin, and produce an appropriate
cytokine response to bacterial pathogens (21). All experiments were carried out in cells
between passages 38 and 56. The IPEC-J2 cells were grown in Dulbecco’s modified eagle
medium with high D-glucose (4.5 g/l) (Invitrogen, Carlsbad, CA) supplemented with 20%
fetal bovine serum, 0.1 million units/l penicillin, and 100 mg/l streptomycin (Atlanta Bio,
Lawrenceville, GA), and maintained in an atmosphere of 5% CO2 at 37 °C. Cells were
transferred to 12-well collagen-coated transwells with a 0.4 μm pore size (Corning Life
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Sciences, Lowell, MA) and were plated at minimum density of 1 × 106 cells/well. Cell
growth was observed for confluence by light microscopy, and TEER was measured by
EVOM epithelial voltohmmeters (World Precision Instrument, Sarasota, FL) every 2–3 d.
Monolayers were considered confluent when TEER values reached a plateau between 800
and 1,200 Ohm × cm2.

Monolayer Treatment
An amount of 4 mmol/l L-arginine hydrochloride (Arg) (Fisher Scientific, Pittsburgh, PA)
or Cit (Sigma, St Louis, MO) was added to Basal Medium Eagle (Sigma) bathing the
monolayers overnight in the medium. The Basal Medium Eagle contains <0.12 mmol/l Arg.
A prior study examining Arg and Cit synthesis in enterocytes isolated from neonatal pig
jejuna found that Arg was typically present in concentrations from 0.03 ± 0.01 mmol/l at 0 d
of life to 1.53 ± 0.28 mmol/l at 7 d of life. We chose the 4 mmol concentration to ensure that
we were modestly above naturally occurring levels, in case of any metabolism or
degradation of Arg. This study also showed that Cit served as an effective precursor for Arg
synthesis in supplementations ranging from 0.5 to 5 mmol concentrations (38). Another
study examining jejunal amino acid concentrations after human test subjects were fed a
protein-rich test meal showed an increase in Arg concentration from 0.23 ± 0.07 mmol/l
before the meal to 2.06 ± 0.11 mmol/l after, which is comparable with levels found in the
piglet jejuna and similar to the 4 mmol concentration chosen for our study (39). Inhibitors of
iNOS including L-NAME and L-NIL (Sigma) were applied to monolayers overnight at a
concentration of 12 mmol/l, on the basis of previous studies that showed that three times
more L-NAME than Arg was required for adequate competitive inhibition. When reversal of
inhibition by L-NAME was planned, the ratio was reversed, and 12 mmol/l of either Arg or
Cit was combined with 4 mmol/l of L-NAME.

Monolayer Exposure to HX and TEER Measurement
Monolayers cultured in transwells were exposed to HX (5% CO2 and 95% nitrogen) within
a modular incubator chamber (Billups-Rothenberg, Del Mar, CA). Oxygen concentrations
were determined to be <1% by Micro IV oxygen sensor (GfG Instrumentation, Ann Arbor,
MI). Monolayers were removed from the HX chamber at hourly intervals for measurement
of TEER for 5 min. TEER was used as a measure of transepithelial permeability (40). The
monolayer barrier was considered compromised when TEER measurements fell below 1
Ohm × cm2. Although we cannot assume that this exposure to HX accurately simulates in
vivo hypoxic stress, studies using similar techniques, although with the T84 cell line
(transformed and colonic cells), demonstrated an effect on TJs and epithelial permeability by
measurements of TEER and fluorescein-dextran flux (41).

Inulin Flux Measurement
Fluorescein isothiocyanate–labeled inulin (Sigma), a polyfructose molecule with molecular
weight ~5,000, was added to the basal well of the transwell system after TEER
measurements demonstrated loss of confluence. Supernatants were taken from the apical
well 2 h later and fluorescence was measured by TECAN Infinite M200 fluorimeter
(TECAN US, Research Triangle Park, NC). Measurements were reported in relative
fluorescence units.

Immunofluorescence Assay
Monolayers were incubated with rabbit anti-ZO-1 at 4 μg/ml for 12 h at 4 °C, then washed
and incubated with goat anti-rabbit Alexafluor488 (Life Technologies, Grand Island, NY) at
a dilution of 1:200 for 30 min at room temperature. Monolayers were mounted with Prolong
Gold antifade reagent (Life Technologies, Grand Island, NY) with 4′,6-diamidino- 2-
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phenylindole. Images were digitally captured using a confocal microscope (Zeiss LSM510;
Carl Zeiss Microscopy, Thornwood, NY) equipped with a laser diode (405 nm) and argon
(488 nm), helium/neon (546 nm), and helium/neon (633 nm) lasers. Antibodies and
mounting medium were from Invitrogen.

Lipid Peroxidation Assay
Thiobarbituric acid reactive substances assay (Cell Biolabs, San Diego, CA) for lipid
peroxidation was performed according to the manufacturer’s protocol. Colored reaction
products were measured by fluorimeter at 540 nm excitation and 590 nm emission and
reported in relative fluorescence units.

Statistical Analysis
Statistical analysis was performed with one-way and two-way ANOVA using Prizm 4.0
(GraphPad software, San Diego, CA). Experimental results are expressed as means ± SE.
Dunnett’s and Tukey’s multiple comparison tests were used for comparison of multiple
groups with a control group. P values of <0.05 were considered statistically significant.
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Figure 1.
Transepithelial electrical resistance (TEER) of IPEC-J2 monolayers during exposure to
hypoxia (HX). (a) TEER of control monolayers not exposed to HX (solid black line)
remained constant (n = 8). TEER of monolayers exposed to HX but untreated (solid dark
gray line) began to fall after hour 12 (n = 12). TEER of monolayers not exposed to HX and
treated with arginine (Arg) (short-dashed line) (n = 8) or citrulline (Cit) (long-dashed line)
(n = 8) were not significantly different from controls at any time point. (b) TEER of
monolayers exposed to HX and treated with Arg (short-dashed line) (n = 16) or Cit (long-
dashed line) (n = 16) remained constant and were not significantly different from controls
(monolayers not exposed to HX, solid black line; monolayers exposed to HX but untreated,
solid dark gray line) at any time point, with a mean difference at the final time point for Arg
+ HX of 1.25 and Cit + HX of 1.22, as compared with 0.14 with HX alone. The mean
difference between Arg + HX and HX alone was 1.1, 95% confidence interval (CI) = 0.21–
1.9, P < 0.001; Cit + HX mean difference was 1.08 with 95% CI = 0.18–1.9, P < 0.001.
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Figure 2.
Transepithelial electrical resistance (TEER) of IPEC-J2 monolayers treated with nitric oxide
synthetase (NOS) inhibitors during exposure to hypoxia (HX). (a) TEER was reduced in
monolayers treated with the irreversible inducible NOS inhibitor L-N6-(1-iminoethyl) lysine
(L-NIL) (solid light gray line) as compared with controls (monolayers not exposed to HX,
solid black line; monolayers exposed to HX but untreated, solid dark gray line) by the final
time point (n = 6). TEER also dropped for monolayers treated with arginine (Arg) plus L-
NIL (short-dashed line) (n = 6) or citrulline (Cit) plus L-NIL (long-dashed line) (n = 6) by
the final time point. (b) TEER was reduced in monolayers treated with NG-Nitro-L-arginine
(L-NAME) (solid light gray line) as compared with controls by the final time point (n = 12).
TEER was preserved for monolayers treated with Arg (short-dashed line) (n = 12) or Cit
(long-dashed line) (n = 12) in sufficient concentration to override NOS inhibition by L-
NAME and was similar to that of controls, with mean difference at final time point between
Arg + L-NAME and HX alone of 0.68, 95% confidence interval (CI) = −0.49 to 1.9, P >
0.05; and Cit + L-NAME mean difference of 0.67 with 95% CI = −0.5 to 1.8, P > 0.05.
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Figure 3.
Inulin flux across monolayers. In the setting of hypoxia with L-NIL treatment (with or
without arginine (Arg) or citrulline (Cit)), inulin flux as measured by optical density (OD)
was increased across the monolayers with non-preservation of transepithelial electrical
resistance (TEER) similar to untreated hypoxic controls, confirming barrier compromise.
Inulin flux remained low across the monolayers for which there was no reduction in TEER
as compared with controls, that is, hypoxic monolayers treated with Arg, Cit, Arg overriding
NG-Nitro-L-arginine (L-NAME), or Cit overriding L-NAME (n = 5 for all groups; *P <
0.05, **P < 0.01). L-NIL, L-N6-(1-iminoethyl) lysine.
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Figure 4.
Zonula occludens (ZO)-1 immunofluorescent staining. (a–i) Exposed to hypoxia (HX). (a)
HX alone, (b) arginine (Arg), (c) citrulline (Cit), (d) NG-Nitro-L-arginine (L-NAME), (e)
Arg + L-NAME, (f) Cit + L-NAME, (g) L-N6-(1-iminoethyl) lysine (L-NIL), (h) Arg + L-
NIL, and (i) Cit + L-NIL. In HX-exposed monolayers, dissolution of ZO-1 from the
intracellular borders occurred, with only hazy remnants of normal cell–cell junctions
remaining. Arg and Cit prevented these changes, but in the presence of L-NIL, supplemental
Arg or Cit did not protect from tight junction damage. However, in the presence of
reversible inhibition with L-NAME, addition of Arg or Cit in sufficient quantities reversed
the effect. Images taken with 400× original magnification.
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Figure 5.
Lipid peroxidation assay. There were significant reductions in lipid peroxidation products
between treatment groups (hypoxia (HX) alone, HX + arginine (Arg), and HX + citrulline
(Cit)) and the untreated (no Tx) control group. Results demonstrate that Arg or Cit treatment
does not promote oxidation (n = 6 for all groups; *P < 0.05, **P < 0.01). Tx, treatment.
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