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There is great interest in safe and effective alternative therapies that could benefit patients

with inflammatory bowel diseases (IBD). L-arginine (Arg) is a semi-essential amino acid

with a variety of physiological effects. In this context, our aim was to investigate the

role of dietary Arg in experimental colitis. We used two models of colitis in C57BL/6

mice, the dextran sulfate sodium (DSS) model of injury and repair, and Citrobacter

rodentium infection. Animals were given diets containing (1) no Arg (Arg0), 6.4 g/kg

(ArgNL), or 24.6 g/kg Arg (ArgHIGH); or (2) the amino acids downstream of Arg: 28 g/kg

L-ornithine (OrnHIGH) or 72 g/kg L-proline (ProHIGH). Mice with DSS colitis receiving the

ArgHIGH diet had increased levels of Arg, Orn, and Pro in the colon and improved body

weight loss, colon length shortening, and histological injury compared to ArgNL and

Arg0 diets. Histology was improved in the ArgNL vs. Arg0 group. OrnHIGH or ProHIGH

diets did not provide protection. Reduction in colitis with ArgHIGH diet also occurred

in C. rodentium-infected mice. Diversity of the intestinal microbiota was significantly

enhanced inmice on the ArgHIGH diet compared to the ArgNL or Arg0 diets, with increased

abundance of Bacteroidetes and decreased Verrucomicrobia. In conclusion, dietary

supplementation of Arg is protective in colitis models. This may occur by restoring overall

microbial diversity and Bacteroidetes prevalence. Our data provide a rationale for Arg as

an adjunctive therapy in IBD.
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INTRODUCTION

Inflammatory bowel disease (IBD), which includes ulcerative colitis (UC) and Crohn’s disease
(CD), remains a major public health problem (Torres et al., 2017; Ungaro et al., 2017). There are
nearly 2 million people in the USA afflicted with IBD, and its prevalence continues to increase
in the USA (Shivashankar et al., 2017) and dramatically worldwide, especially in India and China
(Singh et al., 2017). Both UC and CD severely compromise the quality of life of affected individuals
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FIGURE 4 | Regulation of NOS2 and arginase-1. NOS2, arginase-1, and CD68 were immunodetected in colonic tissues from C57BL/6 mice ± DSS or C. rodentium

± Arg0, ArgNL, or ArgHIGH diets. In each panel, CD68 is depicted in red, NOS2 (A) or arginase-1 (B) in green, and the nuclei in blue; CD68+NOS2+ and

CD68+ARG1+ cells are shown in yellow. The data shown are representative photomicrographs of at least 3 animals per condition. Scale bar, 50µm.
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TABLE 2 | Concentration of cytokines and chemokines in the colona.

Control DSS C. rodentium

Arg0 ArgNL ArgHIGH Arg0 ArgNL ArgHIGH Arg0 ArgNL ArgHIGH

G-CSF 0.7 ± 0.1 0.6 ± 0.2 0.7 ± 0.1 592.3 ± 185* 938.2 ± 333.2** 295.5 ± 128.2§ 63.1 ± 14.4**** 10.2 ± 4.1***§§§ 27.2 ± 11.3****§

GMCSF 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1 0.6 ± 0.3 0.5 ± 0.3 0.1 ± 0.1 3.7 ± 1.0 1.2 ± 0.6 1.0 ± 0.3

MCSF 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 1.1 ± 0.5 1.0 ± 0.4 1.0 ± 0.3 0.2 ± 0.1 0.2 ± 0.1 0.2 ± 0.1

IL-1α 63.5 ± 18.9 96.3 ± 13.9 81.4 ± 9.6 69.5 ± 4.2 82.7 ± 7.7 49.6 ± 11.5 57.2 ± 7.4 94.8 ± 10.1 63.1 ± 9.3

IL-1β 0.9 ± 0.1 0.7 ± 0.1 2.1 ± 1.0 28.21 ± 17.9** 13.1 ± 4.8*** 11.9 ± 5.6 93.3 ± 38.9** 22.6 ± 11.1*§ 11.1 ± 3.0*§

IL-2 2.8 ± 0.5 2.8 ± 0.5 1.8 ± 0.3 2.3 ± 0.5 2.7 ± 0.6 1.2 ± 0.3 1.2 ± 0.1 2.1 ± 0.1 1.5 ± 0.2

IL-3 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1 0.1 ± 0.1

IL-4 0.5 ± 0.2 0.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 0.4 ± 0.1 0.3 ± 0.1

IL-5 0.4 ± 0.1 0.1 ± 0.1 0.2 ± 0.1 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 0.9 ± 0.4 0.2 ± 0.1 0.3 ± 0.1

IL-6 0.3 ± 0.1 0.3 ± 0.1 0.4 ± 0.1 78.5 ± 21.3**** 165.5 ± 64.7**** 68.1 ± 28.1****§ 75.6 ± 31.2**** 4.8 ± 2.0**§§§ 32.6 ± 15.1**§

IL-7 1.5 ± 0.2 2.5 ± 0.3 2.8 ± 0.2 2.2 ± 0.5 2.1 ± 0.5 3.3 ± 0.4 2.5 ± 0.2 2.5 ± 0.2 3.6 ± 0.4

IL-9 634.2 ± 76.7 400.6 ± 54.7 290.1 ± 30.6 741.5 ± 90.9 898.3 ± 250.8 400.5 ± 29.9 296.3 ± 24.4 362.5 ± 21.2 304.1 ± 36.7

IL-10 1.8 ± 0.2 1.4 ± 0.3 1.9 ± 0.5 5.3 ± 1.0 5.8 ± 1.0 2.6 ± 0.6 2.0 ± 0.2 2.1 ± 0.3 2.1 ± 0.3

IL-12p40 0.8 ± 0.1 0.7 ± 0.1 0.5 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 0.5 ± 0.1 0.8 ± 0.1 0.7 ± 0.1 0.5 ± 0.1

IL-12p70 1.1 ± 0.1 0.9 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.9 ± 0.1 0.6 ± 0.1 0.7 ± 0.1 0.8 ± 0.1 0.7 ± 0.1

IL-13 1.4 ± 0.1 1.2 ± 0.1 0.9 ± 0.1 6.3 ± 4.4 9.1 ± 4.0 11.7 ± 4.8 5.4 ± 2.0 4.7 ± 1.6 2.9 ± 0.7

IL-15 1.6 ± 0.1 1.7 ± 0.3 2.2 ± 0.5 4.1 ± 0.5 3.5 ± 1.1 0.8 ± 0.5 3.4 ± 1.1 2.8 ± 0.5 4.9 ± 1.6

IL-17 0.6 ± 0.2 1.1 ± 0.1 1.3 ± 0.3 8.8 ± 1.8**** 35.0 ± 10.9**** 10.3 ± 5.7* 13.4 ± 2.5**** 12.02 ± 2.7*** 6.9 ± 0.9***

LIX 0.9 ± 0.1 0.7 ± 0.1 0.6 ± 0.1 1.4 ± 0.7 20.1 ± 14.6 3.5 ± 3.0 7.9 ± 2.1 9.9 ± 8.1 8.2 ± 6.7

LIF 0.8 ± 0.2 0.7 ± 0.1 0.7 ± 0.1 6.7 ± 1.3**** 6.5 ± 1.2**** 6.1 ± 1.5**** 28.5 ± 3.3**** 19.0 ± 2.4**** 21.0 ± 4.1****

CXCL9 70.5 ± 29.2 436.6 ± 169.4 1380 ± 905 2840 ± 704.5**** 6275 ± 1479**** 5070 ± 640.5**** 7574 ± 642.1**** 7184 ± 1559**** 7371 ± 655.2****

CXCL8 9.4 ± 2.7 14.5 ± 1.5 14.1 ± 0.4 152.6 ± 29.6**** 293.6 ± 100.6*** 112.1 ± 40.2** 123.7 ± 16.6**** 80.4 ± 23.9*** 99.2 ± 23.6***

CCL2 5.2 ± 0.3 4.3 ± 0.2* 3.4 ± 0.2 16.2 ± 7.2* 12.8 ± 5.8 7.7 ± 4.6 32.9 ± 8.2*** 4.7 ± 0.9§§§ 17.9 ± 8.7§

MIP-1α 3.9 ± 1.1 4.7 ± 1.3 2.8 ± 0.7 28.9 ± 5.7** 27.6 ± 8.7** 16.2 ± 6.4* 31.4 ± 4.0** 30.6 ± 7.3*** 21.5 ± 4.1**

MIP-1β 1.8 ± 0.1 1.4 ± 0.1 1.2 ± 0.1 45.6 ± 6.7**** 123.6 ± 69.9**** 57.5 ± 23.1**** 50.9 ± 8.2**** 62.4 ± 11.2**** 42.2 ± 7.1****

CXCL2 11.7 ± 0.6 8.3 ± 0.4 7.1 ± 0.8 445.7 ± 165.2*** 700.6 ± 433.9*** 322.2 ± 207.3*§ 214.0 ± 47.1*** 107.0 ± 31.2** 123.2 ± 51.0**

CCL5 4.1 ± 0.3 4.1 ± 0.3 5.5 ± 0.6 31.8 ± 5.8**** 45.9 ± 10.1**** 20.1 ± 4.2*** 25.3 ± 5.9*** 21.2 ± 3.8** 29.7 ± 9.1***

VEGF 194.1 ± 22.2 118.4 ± 99.5 83.9 ± 10.7 66.2 ± 8.2 66.2 ± 9.6 59.1 ± 15.8 98.2 ± 8.2 66.6 ± 12.3 69.6 ± 8.2

IP10 46.9 ± 2.2 58.1 ± 6.0 84.8 ± 24.6 208.4 ± 79.6 2238 ± 1100** 838.4 ± 300.5* 6902 ± 657.6 4561 ± 1322 4516 ± 1239

IFN-γ 1.9 ± 1.2 3.5 ± 0.6 4.3 ± 0.7 5.1 ± 0.7* 19.7 ± 6.8 3.1 ± 0.6 70.4 ± 13.0**** 29.1 ± 9.4* 33.4 ± 10.7*

TNF-α 0.4 ± 0.1 0.3 ± 0.1 0.2 ± 0.1 3.2 ± 1.0** 3.7 ± 1.2**** 3.3 ± 1.3*** 9.1 ± 1.0**** 4.9 ± 1.3*** 6.7 ± 1.8****

CCL11 295 ± 27.8 370.6 ± 53.4 594.2 ± 106 1379 ± 274.3**** 1217 ± 80.2*** 1185 ± 273.2* 1402 ± 272*** 893.9 ± 187** 924.3 ± 140.9

aValues are expressed in pg/mg protein.

*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001 vs. Arg-matched controls. §P < 0.05, §§§P < 0.001 compared to the DSS-treated mice or C. rodentium-infected mice in the Arg0

group; n = 4 mice in the Control group and 6 mice for DSS and C. rodentium groups.

mice on the ArgHIGH diet harbored more Bacteroidaceae and
Bacteroidetes, and less Verrucomicrobiaceae than animals on
Arg0 or ArgNL diets (Figure 7B).

At the genus level, the most abundant bacterial genera
detected were Porphyromonadaceae, Barnesiella, Odoribacter,
Bacteroides, and Akkermansia (Figure 8), with Barnesiella and
Bacteroides being more abundant and Akkermansia less present
in animals on the ArgHIGH diet (Figure 8).

DISCUSSION

Complementary and alternative medicines and/or adapted diets
may supplement conventional therapies and improve symptoms
of IBD patients. Herbal medicine or mind/body interventions

have been tested in these patients and appear to display
some benefits (Langhorst et al., 2015), but further strategies
demonstrating a physiological impact are needed. In this study,
we showed that the treatment of mice with an Arg-rich diet is

protective in both DSS and C. rodentium colitis. The beneficial
role of Arg supplementation in the drinking water has been

reported in rats with trinitrobenzine-sulfonic acid colitis (Al-

Drees and Khalil, 2016) and in C57BL/6 mice with DSS colitis
(Coburn et al., 2012; Andrade et al., 2016), but the present
data demonstrate for the first time that Arg supplementation in
the diet is protective in two models of colonic inflammation.
Importantly, it is unlikely that the very small caloric difference
between the Arg0, ArgNL, and ArgHIGH diets (only 0.05% higher
for ArgNL vs. Arg0, and 1.8% higher for ArgHIGH vs. ArgNL)
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FIGURE 5 | Analysis of the microbiome during diet change. C57BL/6 mice on the 5L0D diet were switched to the AIN-76A ArgNL regimen for 7 days. Feces were

collected before the diet change (5L0D) and after the period on the AIN-76A ArgNL diet (AIN-76A). The percentage of each phylum (A) and genus (B) is shown. Mice

1–5 and 6–10 were distributed in two different cages. ****P < 0.0001 denote significant differences between the 5L0D and AIN-76A groups, determined by the

Student’s paired t test.

can explain the clinical improvement observed with the Arg-
rich regimen because (i) DSS-treated mice were given the special
diets for only 5 days after the DSS treatment, (ii) there was
no significant weight gain in control mice fed the Arg-rich
diet compared to the Arg0 diet, and (iii) the OrnHIGH and

ProHIGH diets, which contain more calories than the ArgHIGH

diet, did not protect mice from DSS colitis. Finally, it has been
described that the daily intake of Arg in healthy humans is
estimated to be around 3–4 g/day (King et al., 2008; Coburn et al.,
2016; Mirmiran et al., 2016), which corresponds to ∼0.04 g of
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TABLE 3 | Effect of Arg diets on alpha diversity of gut microbiota.

Arg0 ArgNL ArgHIGH

Bacterial abundancea 12.9 ± 0.1 13.2 ± 0.1 13.1 ± 0.2

RICHNESS ESTIMATORS

Chao1 209.2 ± 12.4 232.9 ± 7.0 222.1 ± 13.8

Ace 208.0 ± 11.6 231.9 ± 7.0 222.3 ± 12.3

DIVERSITY ESTIMATORS

Shannon 18.1 ± 3.8 17.2 ± 1.5 28.2 ± 3.7*,§

Simpson 4.9 ± 0.7 5.7 ± 0.5 13.2 ± 1.9****,§§§

aValues expressed as Log (number of total bacteria/g feces); n = 5 mice.

*P < 0.05, ****P < 0.0001 compared to Arg0 and §P < 0.05, §§§P < 0.001 compared to

ArgNL using Tukey’s multiple comparisons test; n = 7–12 mice.

FIGURE 6 | Effect of Arg on gut microbiota structure. Mice were fed for 7 days

with AIN-76A ArgNL diet and then with the Arg0, ArgNL, or ArgHIGH regimens

for 7 more days. After sequencing, the PCoA plot of microbial species

abundance using the different Arg diet as grouping variable, based on the

Bray-Curtis distances, was established. The significance between the groups

was determined by PerMANOVA; n = 7–12 mice per group.

Arg/kg/day, and that this consumption is not altered in patients
with active UC (Coburn et al., 2016). Based on the food intake
of C57BL/6 mice (Bachmanov et al., 2002) and the murine
metabolic rate (Demetrius, 2005), we calculate that the ArgNL diet
used in the current study corresponds to an intake of ∼0.18 g
of Arg/kg/day. These data indicate that the usual dietary intake
of Arg in most regular mouse chow is about 4-fold higher than
a typical human diet. This may explain why we observed some
protection with the ArgNL diet as it reflects an increase compared
to human consumption. Our data also suggest that when patients
have diminished dietary intake, such as with IBD exacerbations,
the loss of Arg availability may be deleterious, as in our Arg0

diet condition. We further highlight here that Arg consumption
could be substantially increased in IBD patients, since 10 g/day
is usually well-tolerated without side effects (Collier et al., 2005;
Shao and Hathcock, 2008).

The serum and colon amino acid profiling developed in our
study first demonstrated that Arg concentration in the serum
mimics Arg intake in both healthy animals or in mice with
colitis. Conversely, Arg content in the colon was not affected

by Arg diet in control mice, but was significantly lower in DSS-
treated mice on the Arg0 diet compared to animals receiving
diets containing Arg. These data suggest that, although Arg is
considered a non-essential amino acid, a lack of Arg uptake
by colitis patients may affect Arg concentration at the site of
inflammation andmay worsen the disease since we have reported
that low colitis tissue Arg levels have been shown to be associated
with elevated disease activity index (Coburn et al., 2016). We also
found that the concentration of Orn in the serum and colon of
DSS-treated mice was affected by the various Arg diets, which is
in accordance with the fact that the enzyme arginase is induced
in mice with colitis (Gobert et al., 2004) as well as in patients
with CD or UC (Coburn et al., 2016). Note also that Orn can
be synthesized from Arg by the activity of GATM (Turer et al.,
2017); to date, there is no evidence that GATM is induced in
the intestine of mice or patients suffering from IBD. However,
Gatm−/− mice exhibit exacerbated colitis and a decrease of
creatine synthesis by enterocytes (Turer et al., 2017), which likely
means that these animals may have reduced Orn content in the
intestine. These data thus suggest that both arginase and GATM
are probably involved in the synthesis of Orn in the colon in
response to increasing concentration of Arg. Orn is a substrate
for the synthesis of polyamines and Pro (Morris, 2004; Pegg,
2016). Although we observed that the polyamine putrescine and
spermidine were increased in the colon of animals with DSS
colitis, we did not find an effect of Arg diet on their concentration.
However, the concentration of Pro, which supports cell migration
and colonic epithelial restitution in vitro (Singh et al., 2012),
was dependent on the increased content of Arg in the diet
of control mice. In this context, we sought to determine
the effect of Orn and Pro supplementation on DSS colitis.
No significant protective effect of these two amino acids was
observed, indicating that Arg supplementation inhibits colitis
independently of the arginase/GATM/OAT metabolic pathway.

Furthermore, we have shown that the Arg transporter SLC7A2
has a deleterious effect on C. rodentium colitis by favoring Arg
uptake by enterocytes and Arg-dependent bacterial adherence
(Singh et al., 2016), whereas we found here that Arg treatment
protects animals from C. rodentium-induced colitis. These
conflicting data further suggest that the protective effect of an
Arg-rich diet may occur independently of Arg metabolism by
host cells.

Hence, we hypothesized that Arg may affect the composition
of the intestinal microbiota, which in turn can result in an
improvement in colitis. First, we analyzed whether the specific
AIN-76A diet changes the composition of the microbiome
since we used this diet to vary Arg supplementation. Mice on
the regular 5L0D diet exhibited a classical gut microbiome,
characterized by a prevalence of Bacteroidetes and Firmicutes
phyla. Surprisingly, when the diet was switched for the AIN-
76A ArgNL diet, which contains the same amount of Arg as the
5L0D, an increased prevalence of Verrucomicrobia, and of its
main representative Akkermansia, and a concomitant decreased
dominance of Bacteroidetes were observed. Because the reduced
prevalence of the species Akkermansia municiphila has been
correlated with the development of various diseases (Gobert et al.,
2016; Derrien et al., 2017), understanding how the AIN-76A
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FIGURE 7 | Analysis of the gut bacterial community composition. Variation in bacterial community composition at phylum (A) and family (B) levels is expressed as a

percentage of the total community. *P < 0.05, **P < 0.01 denotes significant difference vs. Arg0 group; §P < 0.05, compared to the ArgNL group; statistics were

performed using ANOVA with the Tukey test.

diet supports the emergence of this bacteria and the effect of
this regimen on these pathophysiological conditions deserves
further investigation.

Then, we assessed the effect of Arg in mice on the AIN-
76A diet. Overall, the diversity, but not the richness, of the
gut microbiota was increased in animals on the ArgHIGH diet,
and the lowest diversity was observed in mice on the Arg0

diet. From these data, we propose that the restoration of
microbial diversity in the intestine using Arg supplementation
contributes to the protection against colitis. Supporting this
concept, a loss of diversity has been reported in the fecal
and mucosal microbiome of IBD patients (Frank et al., 2007;
Willing et al., 2010). The increase in the Bacteroidetes abundance
with Arg supplementation is particularly interesting as (i) the
prevalence of bacteria belonging to this phylum is low in
patients with active CD (Seksik et al., 2003; Wang et al.,
2018) and UC (Frank et al., 2007; Lepage et al., 2011;
Walker et al., 2011), as well as during DSS colitis (Hudcovic

et al., 2009; Nagalingam et al., 2011), and (ii) non-toxigenic
Bacteroides fragilis protects mice from experimental colitis by
inhibiting Th17 cells through the release of polysaccharide
A (Mazmanian et al., 2008).

Whether the dysbiosis of the gut microbiota is the primary
etiology of intestinal inflammation or simply a collateral response
to the pathophysiological/immunological changes that occurs
in IBD patients remains unknown. However, numerous studies
have highlighted that diversity of the intestinal microbiota and
increased prevalence of Bacteroidetes protect from colitis. In
this context, our data emphasize that Arg supplementation
could be a valuable complementary medicine for IBD patients
by restoring Bacteroidetes presence and overall microbial
diversity. It is now of interest to determine how Arg intake
affects the microbiota, either by directly modifying trophic
exchanges of the gut microbiota, or indirectly through the
metabolism of Arg by host cells, which in turn may affect
intestinal commensals.
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FIGURE 8 | Composition of the gut microbiota at the genus level. Variation in bacterial community composition at genus levels expressed as a percentage of the total

community. *P < 0.05, **P < 0.01 denotes significant difference vs. Arg0 group; §P < 0.05, compared to the ArgNL group; statistics were performed using ANOVA

with the Tukey test.
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