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(Trans)-3,7-Dimethyl-2,6-octadien-1-ol, commonly cadld geraniol (Ge-OH), is an acyclic
monoterpene alcohol with well-known anti-in ammatory, atitumoral, and antimicrobial

properties. It is widely used as a preservative in the food dustry and as an antimicrobial
agent in animal farming. The present study investigated theole of Ge-OH as an

anti-in ammatory and anti-dysbiotic agent in the dextran silfate sodium (DSS)-induced
colitis mouse model. Ge-OH was orally administered to C57B6 mice at daily doses of

30 and 120 mg kg{ V) body weight, starting 6 days before DSS treatment and ending
the day after DSS removal. Furthermore, Ge-OH 120 mg Kg? dose body weight was

administered via enema during the acute phase of colitis t@tilitate its on-site action. The
results show that orally or enema-administered Ge-OH is a poerful antimicrobial agent
able to prevent colitis-associated dysbiosis and decreasehe in ammatory systemic

pro le of colitic mice. As a whole, Ge-OH strongly improved he clinical signs of colitis
and signi cantly reduced cyclooxygenase-2 (COX-2) expresion in colonocytes and in

the gut wall. Ge-OH could be a powerful drug for the treatmenbf intestinal in ammation

and dysbiosis.

Keywords: geraniol, inammatory bowel disease (IBD), dextra
cyclooxygenase-2 (COX-2), in ammation, dysbiosis

n sulfate sodium (DSS)-induced colitis,

INTRODUCTION

More than 90% of the 100 trillion cells in the human body are mbes, most of which reside
in the digestive tract and are collectively known as the timet microbiota (vaung et al., 2034
The bacterial ora is extremely dense and diverse and shapetamental physiological processes
such as digestion and the development of gut-associated lgidpissues and systemic immunity.
The intestinal microbiota plays a crucial role in maintaiginolonic homeostasis, while microbial
dysbiosis can contribute to a wide spectrum of dise&ser(ada et al., 20).3

Abbreviations:Ge-OH, geraniol; DSS, Dextran sulfate sodium; IBD, In ammatory balisgase; COX-2, Cyclooxygenase-2;
CRC, Colorectal cancer.
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In ammatory bowel disease (IBD), which includes Crohn'scommensal species even if the nature of this selectivity irsma
disease (CD), and ulcerative colitis (UC), is a chroniaunsettled Eingh etal., 2092
in ammatory disorder of the intestinal tract associatedthwi Ge-OH has antioxidant activities in eukaryotic cellsh@n
abdominal pain, intestinal bleeding, weight loss, and diear et al., 2013 By reducing oxidative stress, Ge-OH may prevent
(Koloski et al., 2008 The etiology of IBD is unknown but the drug-induced mitochondrial dysfunction in hepatocytesirigh
one dominant hypothesis is that the in ammation results from et al., 201}, In vivo, it proved able to enhance neurodegeneration
altered or pathogenic microbiota in a genetically susceptiblin a mice model of Parkinson's diseas&=kha et al., 20)3
host. A growing body of literature implicates the abnormal In vitro and in vivo, Ge-OH inhibits the expression of
overgrowth or dominance of particular bacterial species ia th cyclooxygenase-2 (COX-2haudhary et al., 20)3a key enzyme
pathogenesis of IBD. Notably, mouse model studies of IBOn in ammation (Strillacci et al., 2000 The anti-in ammatory
have shown protection against the development of IBD in groperties of Ge-OH have been assessed on di erent animal
germ-free environment, corroborating the role of gut ora i models and in this context it has been shown that its molecular
the pathogenesis of this spectrum of illnessesséaghi et al., target is not only COX-2 but also NF-kB/Agarcuzzi et al., 2011;
2014. Khan et al., 2013; Medicherla et al., 215

As in humans, the two most abundant bacterial phyla in Considering all its activities, Ge-OH seems to be an exdellen
C57BL6/J mice are thEirmicutes(60—-80% of sequences) and candidate for the treatment of gut and systemic in ammaton
the Bacteroidete$20—-40%).Few bacteria are present in the and for the control of gut dysbiosisledicherla et al. (201%)ave
mouse gut soon after birth. The neonate is inoculated withalready proved that Ge-OH e ectively modulates experimental
microorganisms by the mother and the environment and thecolitis, but the possibility of using this molecule as a thetdjoe
microbiota s fully established when the mouse reachedldodl  agent has yet to be demonstrated. Their study did not consider
at around 8 weeks, even if it is still susceptible to changes ithe chemical characteristics of Ge-OH that require specic
composition Laukens et al., 20).9n healthy adults, diet changes formulations to be administered. They administered Ge-OH
remain the major player in microbiota dynamics. orally diluted in saline, forgetting that Ge-OH is insoluhite

Essential oil mixtures have been shown to play a signi canaqueous solutions in which it rapidly tends to separate from th
role in the modulation of animal gut microbiotaCviedo- water. Moreover, once separated from water, Ge-OH reachés hig
Rondon et al., 200Q6but their mechanism(s) of action remain concentrations at which it could irritate the gut mucosa. &n
incompletely understoodi(hompson et al., 2033 this substance rapidly crosses enterocyte monolayées(ein

Essential oils (EO) are volatile natural complex compoundst al., 201} its site of action and its impact on the microbiota
characterized by a strong odor and synthesized by aromatghould also be evaluated. To determine whether Ge-OH could
plants as secondary metabolitézakkali et al., 2008 They are  become atherapeutic option in humans, we administered Ge-OH
highly complex natural mixtures which may contain up to 60in appropriate oral or enema formulations to dysbiotic mice and
components at widely varying concentrations. In nature, E&/pl compared its e ects with one of the standard therapies curgentl
important roles in the protection of plants acting as antibaigte  used to manage gut in ammation in IBD patients.
antiviral, antifungal, and insecticidal agengsafkali et al., 2008;
Fang et al., 20)0Recently, EO have been used in animal fee‘MATERIALS AND METHODS
to treat infections, manipulate gut fermentation, and impeov
productivity (Wallace et al., 20)0 Ge-OH Oral Formulation

Geraniol (Ge-OH) is a naturally acyclic monoterpeneGe-OH oral formulation was optimized for the administration
component of EO extracted from lemongrass, rose, and othepute chosen and for a possible transition to use in humans as
aromatic plants. Several studies on the biological acwitf Ge- it has a strong smell and very unpleasant taste. In additiay, G
OH have shown it to be a highly active antitumoral, antimicialb OH is completely water insoluble and could irritate the mucosae
compound, with antioxidant and anti-in ammatory properties if administered pure. The oral formulation was then optimized
(Ahmad et al., 2011; Thapa et al., 2012; Khan et al.,)2013 for a slow release of Ge-OH using a patented soy lecithin

Ge-OH's antimicrobial activities do not seem to have speci dncapsulation. Natural Ge-OH (analytical grade98% pure) and
cellular targets. Like other EO, Ge-OH is a hydrophobicsoy lecithin were purchased from Prodasynth (Grasse, Fjance
compound able to bind to the bacterial wall modifying its All the other reagents were purchased from SIGMA-Aldrich (St
dynamic organization, with a consequent loss of ions and.ouis, MO, USA). The stable suspension was prepared by Cedax
ATP depletion Di Pasqua et al., 2006; Turina et al., 2006 Srl (Forli, Italy) by adding Ge-OHr( D 0.899 g/crd; 17%
In addition to bacterial growth inhibition, especially e @e¢ by weight) to a solution containing sucrose (16%), deionized
on Gram-positive bacteriaThapa et al., 20)2 Ge-OH also water (22%) and soy lecithin (25%), and ethanol (20%) as
damages bacterial proteins, and lipidsu¢t, 2004; Oussalah preservative (patent PCT WO 201 1/128597). The suspension
et al., 200). Ge-OH e ectively modulates the drug resistance ofwas stored at 4 and administered by oral gavage to Ge-OH-
several Gram-negative bacterial species sudb. aerogenes, E. treated mice (4, 5, or 18l of Ge-OH suspension brought to
coli,and P. aeruginosay restoring drug susceptibility in strains the nal volume of 100m with Ge-OH-free suspension). A
overexpressing e ux pumps folérzano-Santos and Miranda- Ge-OH-free suspension containing sucrose (16%), soya lecithi
Novales, 2012 It is important to emphasize that human (25%), and ethanol (20%) was administered to the control
pathogenic bacteria are more sensitive to Ge-OH than argroup.
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Ge-OH Enema Formulation tap water for 37 days (1-37) and mice were treated with oral
The Ge-OH formulation for enema administration was preparedGe-OH-free suspension for 17 days (days 8-24) to analyze
using glycerin to increase the viscosity of the solution tireteby  possible modi cations of the microbiota induced by the soy
facilitate both intracolonic injection and colonic reteéoh. lecithin suspension in healthy mice. All the groups IlI-VIII
Enema Ge-OH solution was prepared as follows: natural Ge-Olreceived tap water for 16 days (1-16), oral administratibh 5%

(4% vlv) was added to a solution containing PBS and glycerdiv/v) dextran sulfate sodium (DSS for colitis, TdB Consnittg,
(30%v/v). An amount of solution correspondingto 120md Kg  Sweden) for 7 days in tap water (days 17-23), and tap water for
(body weight, die) was freshly prepared and administered b$4 days (25-37). DSS was freshly prepared every 7 days and the
enema during the acute phase of colitis. A control solutiomedi  average amount of DSS taken was recorded daily. In addition t
as previously described but without Ge-OH was also preparedlSS, group lll, called DS$ (D 8), received the control oral
and administered to the enema control group. Enema treatmentGe-OH-free suspension for 17 days (days 8-24), while group 1V,
were administered via a 16G venous catheter (diameter 2 mmalled DSS+Ger30 on(D 8), received Ge-OH orally [30 mg
length 48mm; BD Bioscience, Buccinasco, ltaly) advancedf V] for 17 days (days 8-24). Group V, called DSS+Ger120 or
through the rectum into the colon until the tip was 10mm (n D 8), received Ge-OH [120 mg kg"] for 17 days (days 8-
proximal to the anus. A venous catheter was applied to a 1 nf24), and group VI § D 8), called DSS+Ger120 En, received four
syringe and the suspension was gently injected into the rectu enema administrations of Ge-OH on experimental days 19, 21,
Animals were sedated using tiletamine 10 m§ Ryplus xylazine 23, and 25. Group VI D 8), called DSS+Susp enema, received

2.5mg k§ Y during enema administration. four enema administrations of glycerol-PBS suspension on days
) 19, 21, 23, and 25.
Hydrocortisone Enema Treatment The last group, VIII, called DSS+hydrocortisone enema,

Enema administrations were prepared as follows: hydrocoréiso received four enema administrations of glycerol-PBS-
(0.08% wlv, Sigma) was added to a solution containing PBfydrocortisone on days 19, 21, 23, and 25. This group was
and glycerol (30%v/v). An amount of solution correspondingused as a model to understand how colitis is clinically mothda

to 2.5mg k§ U (body weight, die) was freshly prepared andby a powerful drug. Hydrocortisone was administered by enema
administered by enema during the acute phase of colitis. Enenat doses of 2.5 mg kg body weight.

treatments were administered via a 16G venous catheter as The experimental design is schematized Rigure L The

previously described. experiments were carried out in accordance European andaitali
. guidelines. They were approved by the Institutional Ethical
Animal Treatment Review Board of the University of Bologna and by the Italian

Sixty-four eight-week-old male C57BL/6 mice were purchasefinistry for Research and were repeated twice.
from Charles River Laboratories (Lecco, Italy). Animals were
housed in collective cages with a controlled environmenDisease Activity Index (DAI)
containing two mice each, at 222 C and 50% humidity, under DAl was calculated by the combined score of weight loss| stoo
a 12-h light/dark cycle. Mice were allowed to acclimate tséhe consistency and bleeding, as detailedable 1 All parameters
conditions for at least 7 days before inclusion in experinseaitd  were scored from day 1 to day 37.
had free access to food and water throughout the study.

Mice were randomized into eight experimental groups: theHistological Evaluation of Colitis
rst () group called CTRL ( D 8) received only tap water Mice (n D 2 for each experimental group) were anesthetized
for 37 days (1-37). Group Il called SoySusp-or received onlysing Zoletil-100 [10 mg Kg¥: Virbac, Carros, France], and

DSS
Pre-induction treatment Follow up
' Days 1-16 Days 17-23  Days 24-37 '

DSS + Ge-OH 30 or
DSS + Ge-OH 120 or
DSS + Ge-OH 120 en

DSS + Hydro en

37

Fecal sample l ]

Blood sample
Tissue sample

FIGURE 1 | Experimental design of the study.  Animal treatment and the collection of feces, blood, and tisue are indicated (dark blue) in the grid.
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TABLE 1 | Disease activity index (DAI) score parameters. universal forward primer 27F and reverse primer 1492R,
according to the protocol previously describe@aistiglioni

et al., 200PCR ampli cations were performed in a Biometra
0D Formed 0D Normal color stool 0D No weight loss Thermal Cycler T Gradient (Biometra, Géttingen, Germany).
1D Mild-soft 1D Brown color 1D 5-10% weightloss P CR products were puri ed using the High Pure PCR Cleanup
Microkit (Roche, Mannheim, Germany), eluted in B0of sterile
water and quanti ed with NanoDrop ND-1000. Slide chemical
treatment, array production, LDR protocol, and hybridizatio
conditions were performed as previously reporteda(idela
et al., 201p Briey, LDR reactions were carried out in a
Xilor [2.5mg kd V; Bio98, Milan, Italy] by intramuscular nal volume of 20m containing 500 fmol of each LDR-UA
injection and sacri ced by cervical dislocation on day 25é%s HTF-Microbi.Array probe, 50 fmol of PCR product, and 25
after the end of DSS treatment, when the maximum DAI scordmol of the synthetic template BBPAGCCGCGAACACCACGAT
was reached), and day 37, at the end of weight recovery. Toie co CGACCGGCGCGCGCAGCTGCAGCTTGCTCAT®:3 LDR
was excised, rinsed with saline solution, xed in 4% formalimil  products were hybridized on universal arrays, setting the prob
embedded in para n. Four micrometer sections were stainedannealing temperature at 60. All arrays were scanned and
with hematoxylin-eosin and observed for histological ase@ent processed according to the protocol and parameters already

Stool consistency Bleeding Weight loss

2 D Very soft 2D Reddish color 2D 11-15% weight loss
3 D Watery stool 3D Bloody stool 3D 16-20% weight loss
4 D >20% weight loss

of epithelial damage by a pathologist in a blinded manner. described. Fluorescence intensities were normalized an th
o ) basis of the synthetic ligation control signal. The relativ
Determination of Plasma Cytokine Levels abundance of each bacterial group was obtained by caloglati

Blood samples (20@0) were taken from the tail vein on the relative uorescence contribution of the correspondHgF-
days 25 and 37 and collected in Eppendorf tubes. Blood wagicrobi.Array probe as a percentage of the total uorescence.
centrifuged at 1000 rpm for 10 min, and plasma was collected

and stored at 80 C until BioPlex analysis. Cytokine levels were . .
determined using a multiplexed mouse bead immunoassay kBNA Extraction and Real-Time PCR

(Bio-Rad, CA, USA). The six-plex assays (-6, IL-10, IL- Colon specimens were collected .imme(jiately after sallcri ce
17A, IFNg, TNFa) were performed in 96-well plates following and total _RNA was exiracted using TriZbl reagent (Life ,
the manufacturer's instructions. Microsphere magnetic mad_‘rechno_logles, CA, USA) according to the manufacture_rs
coated with monoclonal antibodies against the di erent tirg instructions.  Extracted RNA sgmples were .tre{:\ted W'th
analytes were added to the wells. After 30 min incubatiome, thDNase ! to' rémove any genomic DNA contamln.atlon using
wells were washed and biotinylated secondary antibodiee WeD'\I’/'\'er(_3 ,\lj't (_/—\mblon, USA) and reverse_—tran_scnpted using
added. After incubation for 30 min, beads were washed and theReVertAIdr First Strand_ CDNA  Synthesis Kit (Fermer_ltas,
incubated for 10 min with streptavidin-PE conjugated to the ©@nada). COX-2 and-actin mRNAs were reverse-transcribed
uorescent protein, phycoerythrin (streptavidin/phycoeryii). using random hexamer primers (Fermentas, Canadfa). COX-2
After washing, the beads (a minimum of 100 per analyte)am_d b-actin MRNA levels were Qnalyzed by _real-tlme PCR
were analyzed in the BioPlex 200 instrument (BioRad). Sampfés'ng SYBR Select Master Mix (L'f(? Teck_\nologles, CA, USA)
concentrations were estimated from the standard curve gusinanOI St.epOnePIusTM system gApplled.Blosystems, .CA’ USA)
a fth-order polynomial equation and expressed as pg/ml afteCCOrding to the manufacturers' instructions. The melting\e
adjusting for the dilution factor (Bio-Plex Manager softwd.0). data were COH?Cte_d t_o check PCR speci city. Each cDNA Sample
The sensitivities of the assay were 3.14 pg/ml ().-1.34 pg/ml was analyze.d in triplicate. COX.-2 MRNA Ieyels were normalized
(IL-6), 1.38 pg/ml (IL-10), 2.38 pg/ml (IL-17), 1.38 pg/ml (IgN againstb-actin mRNA and relative expressions were calculated

and 2.73 pg/ml (TNE). Samples below the detection limit of the Zg;\g/:gi i(ézcht:g:(X?uCl?: T%O)é-z Ergjngéfig(%c-r;ﬁr -'I|—'Cc::-2;
assay were recorded as zero. The intra-assay C\¢Wwé%o. ->and >

TTC TCT CC -#(247 bp product)b-actin primer pair: & ACC
Characterization Of the |ntest|na| AAC TGG GAC GAC ATG GAG —Qand 5)- GTG GTG GTG

Microbiota by HTF-Microbi.Array AAG CTG TAG CC -2(380 bp produc).

The intestinal mice microbiota was characterized using the

fully validated diphylogenetic DNA microarray platform HTF- Data Analysis

Microbi.Array. Targeting 33 phylogenetically related groupss ~ Statistical analysis was carried out using GraphPad Prism 6
LDR-based universal array covers up to 95% of the mammaliaiGraphPad Software Inc., San Diego, CA, USA). Data are
gut microbiota. Gut microbiota analysis was performed onexpressed as mean SEM of at least three independent
days 18, 25, 29, and 38. Total DNA from fecal material wadeterminations. Studentttest, analysis of variance (one-way
extracted using the QlAamp DNA Stool Mini Kit (Qiagen) ANOVA) followed by Bonferroni'spost-hoctest for multiple
according to the modi ed protocol previously reporte@fndela comparison were used to assess the statistical signi canite of

et al., 2010, 20)2Final DNA concentration was determined di erences. Di erences were considered statistically sigant
using NanoDrop ND-1000 (NanoDrop Technologies). A nearlyat P < 0.05. Euclidean distance of HTF-Microbi.Array relative
full-length portion of 16S rDNA gene was amplied using abundance pro les were used to perform PCoA and analysis
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was accomplished using the R packages Made4, Vegan, and Ségihelial erosions. Di use hyperemia, mild loss of gobletssell

(www.cran.org). mild cellular in ltration but no crypt abscesses, or epithélia
erosions were also present in the mucosa of oral Ge-OH-tdeate

RESULTS mice at both doses administered [see Supplementary Figure 1 fo
Ge-OH 30mg k§ V). The colon in the Ge-OH enema-treated

Clinical Colitis Activity mice was characterized by a lower mucosa distortion (eléogpt

The e ect of DSS and DSS-Ge-OH treatments was evaluatethd showed moderate loss of epithelium, and low leukocyte
considering the DAI calculated as the sum of weight lossn ltrations.

stool consistency, and blending scorg&alfle 1). All DSS-treated After weight recovery (day 37), the colon mucosa in the
mice started to show mild clinical signs of disease 2 day®SS-treated mice showed a diuse loss of goblet cells, focal
before the end of the 1.5% DSS treatment (day 21) due to th@ypt abscesses, di use hyperemia, and mild cellular in Itratio
simultaneous increase in stool consistency index and biged (Figure 4D), while the mucosa of oral Ge-OH-treated mice
index (maximum DAl scoreD 2.3). The most evident clinical presented diuse hyperemia but a milder loss of goblet cells,
signs of each group were recorded between days 25 and a7milder cellular in ltration, and no crypt abscesses at with
(Figure 2) with a maximum DAl score of 9.1 for the DSS group dose administeredHigures 4E, . Colon mucosa in the enema
and with severe weight loss that peaked between days 25 a@e-OH-treated mice showed a normal architecture similar to
28 (Figure 2A). Ge-OH at 30 mg kig 1) reduced the DAI score that of healthy controls. In conclusion, histological arlhical

of colitis during the acute phase but did not a ect this index improvements were evident in the Ge-OH-treated mice and
during the recovery phaseFigure 2B). At this Ge-OH dose, particularly in the enema-treated animals.

the DAI score maintained the same trend observed in DSS-

treated mice. At the higher oral dose, Ge-OH reduced the DAGe-OH-Induced Microbiota Modi cations

score for almost the entire duration of colitis and espegiall Since the Ge-OH-free suspension itself did not induce micrtzbio
during the recovery phase. Statistical analysis of datijare 2B alterations, we investigated the impact of Ge-OH treatmamt o
are provided in Supplementary Table 1. These positive Ge-OBSS-induced microbiota dysbiosis in mice. Mice stools were
e ects were further enhanced when colitic mice were treatedollected on days 18, 25, 29, and Fgure5 shows the
with enema-administered Ge-OH, resulting in a very low virtig phylogenetic structure of the intestinal microbiota chasated
loss and a strongly reduced DAl score for the whole duratibn ousing the HTF-Microbi.Array universal platform. DSS treatme

colitis. prompted profound, progressive, and transient changes in mice
_ - microbiota composition, compared to colitis-negative cahsr
In ammatory Cytokine Pro le of Colitis (group 1), de ning a peculiar microbiota trajectory durindhé

Plasma levels of ILH] IL-6, IL-10, IL-17, TNR, and IFNg were induced colitis. In particular, on day 18, after 1 day of DSS
detected in blood samples from all experimental mice group dreatment, the overall microbiota structure of DSS micdl sti
two di erent time points, one corresponding to the acute phase ofesembled that of control mice. At day 25, after seven daipSs,
colitis (day 25), and one at the end of the recovery phase (dpy 3 we observed a global temporary restructuring of the intedtin
DSS treatment signi cantly increaseld € 0.05) all the cytokines microbiota composition. At day 29 a transitory reduction of
measured, both at day 25 and day &igure 3). At day 25, oral Bacteroidetesssociated with an increase in Firmicutes was
administration of Ge-OH at the lower dose of 30 mg/md k§  recorded. However, on day 37, DSS-treated mice recovered a
did not modify the in ammatory pro le of DSS-treated mice. microbiota structure similar to that of healthy controls.

Oral administration of the higher Ge-OH dose of 120 md kg While oral Ge-OH treatment at 30mg kg!) exerted only

and Ge-OH 120mg Kg? enema administration signi cantly a mild impact on the temporal dynamics of DSS-induced
decreased IL-10, IL-17, TFand IFNg ( P < 0.05), but neither microbiota dysbiosis, oral and enema treatment at a dose of
IL-1b nor IL-6. At day 37 when colitis tended to become chronic,120mg k§ ) resulted in considerable protection against the
Ge-OH-treated mice showed a better in ammatory pro le than transient DSS-dependent reduction Bacteroidetedavoring a
DSS-treated mice. In particular, the lower dose of oral Ge-OHaster recovery of a community pro le similar to that of hdalt
signi cantly reduced all the measured cytoking® & 0.05). controls. In particular, on day 25, Ge-OH at 120 md ki (both

The higher oral dose and enema administration of Ge-OHenema and orally administered) triggered a Lactobacilecea
signi cantly decreased ILH, IL-17, IFNg, and TNFa (P < 0.05) increase that reached a relative abundance of 11.2 and 9.7%

but neither IL-6 nor IL-10. respectively, notably higher than the corresponding value in
_ ) _ o control mice. This Ge-OH-dependent high relative abundance
Histological Evaluation of Colitis of Lactobacillaceae was maintained until day 29 after whieh G

Histological evaluation of the colon was made from the cetad  OH-treated mice permanently recovered from the DSS-induced
junction to the anus. Overall, the tissue damage tended teeduction of Bacteroidete8 days earlier with respect to the
be limited to the terminal colon and rectum regions, andcorresponding DSS-treated mice. These e ects are certainly
can be classied as moderate colitifidure 4). At day 25 related to the antibacterial action of Ge-OH, evidenced tsy i
(Figures 4A—Q, the colon mucosa in the DSS-treated micelow minimal inhibitory concentration (MIC) on model bactexi
showed a di use loss of goblet cells, focal crypt abscessesedi species (see Supplementary Table 2). Dierently from what
hyperemia, moderate cellularin ltration in the mucosa, diodal  observed in DSS treated mice, in healthy mice Ge-OH treatmen
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FIGURE 2 | Weight change percentage (A) and disease activity  index (DAI) score of colitis (B) in different mice experimental groups. Maximum DAl score

was reached between days 25 and 27. Maximum weight loss (22%)as recorded between days 22 and 27. Weight recovery ends at dys 37. Data are expressed as
mean SD. Analysis of variance (one way-ANOVA) was performed (faeight changes only at days 26, 29, and 32) to assess the stadtical signi cance of the
differences.*P < 0.05 if compared to DSS group mean values. Statistical signi cane for DAI score differences (analysis of variance, one wayNOVA) are reported in
Supplementary Table 1.

even at the dose of 120mg kg (orally administered), did 120mg k§ ) showed a slight increase in Lactobacillaceae,
not produced the same marked changes in the microbiotaBacillaceae and Bacteroidetes families (see Supplementary
Indeed, the microbiota composition of mice treated with GetO Figure 2).
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FIGURE 3 | Plasma cytokine variations during experimental col itis, measured at days 25 and 37.  Cytokines were determined using a 6-plex mouse bead
immunoassay kit. Levels of IL-b (A), IL-6 (B), IL-10 (C), IL-17A (D), IFN-g (E), and TNFa (F) are shown. Data are expressed as mean SEM of at least three
replicates ( D 9).# P < 0.05 in the comparison between to Ge-OH 30 and Ge-OH 120 or groups*P < 0.05 if compared to DSS group.

Down-Regulation of COX-2 through Ge-OH a signi cant increase (1.8-fold® < 0.05) in COX-2 expression
Treatment in the gut wall of DSS-treated mice. Ge-OH decrease the COX-2
Since COX-2 plays a crucial role in the production of many |ipidexpression in DSS treated mice returning it to values comparab
mediators involved in intestinal in ammation and is one dfe o those of the control.

major targets of IBD pharmacological therapy, we analyzed COX-

2 mRNA expression in colon tissues during DSS-induced coliti]|SCUSSION

(Figure 6). Our data support the previously reported nding

that COX-2 mRNA signi cantly increases in the gut wall of Inammatory bowel disease (IBD) comprises a group of
DSS-treated micele Fazio et al., 20)4At day 25, we observed chronic in ammatory conditions a ecting the gastrointestl
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DSS Ge-OH 120 or Ge-OH 120 en Hydro en

FIGURE 4 | Differences in histological architecture induced by Ge-OH 120mg kg ( 1 and hydrocortisone 2.5mg kg (1 during the experimental colitis.
Colon specimens were collected from mice on days 2§A-D) and 37 (E—H). Histopathological changes in individual crypts are showim representative hematoxylin
and eosin-stained sections. Red arrows indicate loss of cpt architecture associated with epithelial damage and atteed villi while black arrows indicate leukocyte
in Itration (Magni cation: 10X; barD 100 mm).

tract. The mucosal immune system of IBD patients has lost Ge-OH, orally administered at 30 and 120 md kb halved
the ability to self-regulate and remains chronically aat@d. the mice weightloss and reduced the disease activity indax) (D
IBD is a well-established risk factor for colon cancer (CRC)f colitis. At histological level, Ge-OH was able to preserypt
development, with an increasing incidence linked to youngearchitecture and decrease leukocyte in ltration, with a rhuc
age at IBD diagnosis, longer IBD duration, and more severgore evident e ect at the higher dose (both enema or orally
intestinal in ammation. Conventional IBD therapies incled administered). Moreover, enema-administered Ge-OH strgng|
COX-2 inhibitors (aminosalicylates and their derivatiyes improved signs of colitis maintaining a lower DAl and preseiyi
corticosteroids, immunomodulatory drugs, antibioticsnda colon mucosa integrity. These clinical observations aréh&rr
biologic drugs such as the monoclonal antibody against tumosupported by a signi cant reduction of COX-2 mRNA expression
necrosis factor alpha (TN, a pivotal pro-in ammatory in the colonic mucosa of Ge-OH-treated mice.
cytokine able to start and maintain the in ammatory process i  Circulating cytokine levels are indicative of the overall
the gut. Besides antibiotics, probiotics have also beeningbé  in ammatory status of animals, with IL-1, IL-6, IL-17, and THF
treatment of ulcerative colitis to counteract dysbiosisbfloni  playing a key role in the pathogenesis of IBBiuzes et al.,
etal., 200h Since, IBD usually relapses, all these therapies requig®1). TNFa is a master cytokine in IBD pathogenesis and its
long-term administration. orchestrating role in colonic in ammation is con rmed by #
Ge-OH is a non-toxic compound, classied as Generallye cacy of anti-TNFa therapy in IBD patients Chaparro et al.,
Recognized As Safe (GRAS) by the US Food and Drug01). The circulating TNF level correlates with clinical activity
Administration. The European Food Security Agency (EFSAbothin ulcerative colitis and Crohn's diseaggi{iloni etal., 200p
hazard assessment conclusion for Ge-OH established adderivand increases in acute phases of DSS colitisx(et al., 2000
No Eect Level (DNEL) of 13.5mg Kkg? for humans So, while circulating TN& and IL-17 levels seem to correlate
(General Population—Hazard via oral route), correspondingvith the DSS colitis clinical course, Ilbland IL-10 mainly
to 100-120mg Kg? in mice. Ge-OH is currently receiving correlate with the histological damage that tends to become
substantial attention for its antitumorigenic, anti-innamatory,  chronic (Alex et al., 2009; De Fazio et al., 2)T¢he higher oral
and antimicrobial e ects that have been clearly demonstratedose of Ge-OH signi cantly reduced circulating TEFand IL-
in vitro. Nevertheless, its role as an anti-dysbiotic agent in colod7 in Ge-OH-treated mice after weight recovery at the end of
in ammation has never been investigated. Our study adoptedhe experiments. This decrease was equally evident aftertGe-O
a mouse model of DSS-induced moderate to severe colitis #nema administration. These results are in agreement \uitlse
evaluate the antimicrobial and anti-in ammatory therapeut obtained byMedicherla et al. (2015 ho found a signi cantly
activity of Ge-OH doses considered safe. reduced expression of the major pro-in ammatory cytokines

Frontiers in Pharmacology | www.frontiersin.org 8 March 2016 | Volume 7 | Article 38


http://www.frontiersin.org/Pharmacology
http://www.frontiersin.org
http://www.frontiersin.org/Pharmacology/archive

De Fazio et al. Geraniol Treatment of DSS Colitic Mice

FIGURE 5 | Temporal dynamics at the family level of the fecal microbi al community of dextran sulfate sodium (DSS)-treated mice. The microbiota
composition of healthy mice (CTRL), colitic mice (DSS), é¢ti¢ geraniol orally treated mice [Ge-OH 30 mg k@ 1, 120 mg kg( l)], and colitic geraniol enema-treated
mice [120 mg kg( 1)] is shown. Other Bacteriodetes and Firmicutes families thare not are listed separately have been combined into a sirkg group. The microbiota
composition of the mice group treated with Ge-OH-free oral sspension or Ge-OH-free enema suspension showed no differeces from those of the healthy mice

group.

in the colon specimens (TNE; IL-1b, and IL-6), associated 2017). Ge-OH oral and enema treatment at 120 mg( Kg
with reduced total and nuclear amounts of NdB (p65) after protects DSS-treated mice against this transient reduction
oral administration of Ge-OH [50 and 100mg KgV]. They of Bacteroidetesboosting a faster recovery of a healthy
also identi ed an antioxidant activity of Ge-OH at colon lely microbiota pro le. Interestingly, 120 mg kg® geraniol-treated
evaluated as a decrease in lipid peroxidation marker. mice presented a transient increase in the relative aburelanc
DSS treatment compromises gut microbiota homeostasigf Lactobacillaceaérom day 25 to day 29. This raises the
resulting in a dysbiosis characterized by a transient rédoc question of whether the transient Ge-OH-dependent increase
of dominant mutualistic microbiota components such asin Lactobacillaceaderalding the recovery of a healthy pro le,
Bacteroidetexon rming previous ndings (Nagalingam et al., is somehow involved in promoting a faster recovery from
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expression in immune system cells inside the colon viall€t al.,
201Q.

CONCLUSIONS

IBD therapy is based on the use of anti-in ammatory molecules
and immunomodulatory agents that act by strongly and non-
speci cally inhibiting the in ammatory response but their hg-
term use might trigger the onset of severe side-e ects. The
e ects of Ge-OH could be of great importance in the treatment
of human IBD. Since geraniol's antimicrobial e ect does not
seem to induce bacterial resistance, a phenomenon commonly
observed with conventional antibiotic drugs, it would be ywer
interesting to ascertain whether Ge-OH is able to control
dysbiosis and in ammatory status in human IBD patients. In
addition, Ge-OH's anti-tumor activities could help redudeet
risk of CRC in IBD patients. Thus, this investigation represent
a preclinical assessment prior to developing further studies
on the eects of oral and enema Ge-OH administration in
patients with gut in ammation and/or dysbiosis. Since Ge-
OH has its peak therapeutic e ect on colitis when directly

FIGURE 6 | Geraniol (Ge-OH) modulates cyclooxygenase-2 (COX  -2) administered into the colon, it is of great importance to nd

expression in vivo in colon specimens during the acute phase (day 25).

COX-2 mRNA expression was evaluated by real-time PCR. COX{2RNA oral dellvery systems able to inhibit intestinal Ge-OH ammm
levels were normalized againsb-actin mMRNA and relative expressions were after its oral administration. On the contrary, Ge-OH withb
calculated using the 2-21 Ct formula. COX-2 overexpression induced by DSS any delivery system may be orally administered to obtain a
was signi cantly reduced by Ge-OH treatment. Data are expresed as mean systemic anti-in ammatory e ectorto target other organs,c$u

SEM of at least three replicatesr(D 6). *P < 0.05 compared to DSS group.

# p<0.05 compared to CTRL group. as brain.

AUTHOR CONTRIBUTIONS

Participated in research design: LD, MV, MC, FR, and ES.
DSS-associated dysbiosis. Dysbiosis always includesemsed Conducted the experiments: LD, MV, AS, EC, and CR. Performed
bacterial biodiversityflonda and Littman, 2012 GeOH 120mg data analysis: MC, ES, and MC. Wrote the manuscript: LD and
kgt D treatment was able to increase bacterial biodiversitgS.
in DSS-treated mice starting from the 10th day of Ge-OH
assumption. It is likely that the decreased in ammation weACKNOWLEDGMENTS
observed in Ge-OH oral and enema-treated mice during cliti
recovery is also due to the healthy microbiota status foumd i This study was supported by Xeda international, RD7 Z.A. La
these mice. crau, 13670 Saint Andiol, France and by University of Bologna

The central nding of this study in a colitis model is the (RFO). The authors thank Dr. A. Sardo for his technical and

multi-target e ect of Ge-OH treatment that simultaneously moral support.
targeted dysbiosis, local, and systemic in ammation anccosal
damage. The decreased activity of COX-2 in colon specimeiSUPPLEMENTARY MATERIAL
is a clear demonstration of the anti-in ammatory e ect of
Ge-OH that contributes to the decreased mucosal damagé&he Supplementary Material for this article can be found
This e ect certainly involves the colonic mucosa, even ifsit i online at: http://journal.frontiersin.org/article/10389/fphar.
reasonable to assume thatvivo Ge-OH may also target COX-2 2016.00038

REFERENCES identied from multiplex proles of murine DSS and TNBS-
induced colitis. Inamm. Bowel Dis. 15, 341-352. doi: 10.1002/ibd.
Ahmad, S. T., Arjumand, W., Seth, A., Nafees, S., Rashid, SN.Aét al. (2011). 20753

Preclinical renal cancer chemopreventive e cacy of geraniol by niation of Bakkali, F., Averbeck, S., Averbeck, D., and Idaomar, M. (ROBBlogical
multiple molecular pathwaysToxicology290, 69-81. doi: 10.1016/j.tox.2011. e ects of essential oils—a reviewood Chem. Toxicok6, 446—475. doi:
08.020 10.1016/j.fct.2007.09.106

Alex, P., Zachos, N. C., Nguyen, T., Gonzales, L., Chen, T. EBibiloni, R., Fedorak, R. N., Tannock, G. W., Madsen, K. L.,nGhetti, P.,
Conklin, L. S., et al. (2009). Centola Distinct cytokine patterns Campieri, M., et al. (2005). VSL#3 probiotic-mixture induces remissio

Frontiers in Pharmacology | www.frontiersin.org 10 March 2016 | Volume 7 | Article 38



De Fazio et al.

Geraniol Treatment of DSS Colitic Mice

patients with active ulcerative colitiém. J. Gastroenterdl00, 1539-1546. doi:
10.1111/j.1572-0241.2005.41794.x

Burt, S. (2004). Essential oils: their antibacterial propertied @otential
applications in foods—a reviewnt. J. Food Microbiol 94, 223-253. doi:
10.1016/j.iffoodmicro.2004.03.022

Candela, M., Consolandi, C., Severgnini, M., Biagi, E., asti., B., Vitali,
B., et al. (2010). High taxonomic level ngerprint of the human inteat
microbiota by ligase detection reaction—universal array appro&kC
Microbiol.10:116. doi: 10.1186/1471-2180-10-116

Candela, M., Rampelli, S., Turroni, S., Severgnini, M., ConsoléndDe Bellis,
et al. (2012). Unbalance of intestinal microbiota in atopic childr&wC
Microbiol 12:95. doi: 10.1186/1471-2180-12-95

Castiglioni, B., Rizzi, E., Frosini, A., Sivonen, K., Rajani€., Rantala, A., et al.
(2004). Development of a universal microarray based on the ligateation
reaction and 16S rRNA gene polymorphism to target diversity of cpanteria.

Appl. Environ. Microbiol.70, 7161-7172. doi: 10.1128/AEM.70.12.7161-

7172.2004
Chaparro, M., Guerra, |., Mufioz-Linares, P., and Gisbert, J. P. 2201
Systematic review: antibodies and anti-TNF-alpha levels in in atemebowel

diseaseAliment. Pharmacol. TheB5, 971-986. doi: 10.1111/j.1365-2036.2012.

05057.x

Chaudhary, S. C., Siddiqui, M. S., Athar, M., and Alam, M. S. 3p0Geraniol
inhibits murine skin tumorigenesis by modulating COX-2 expressioasR
ERK1/2 signaling pathway and apoptosisAppl. Toxico013, 828-837. doi:
10.1002/jat.2739

De Fazio, L., Cavazza, E., Spisni, E., Strillacci, A., CentdnriGandela, M., et al.
(2014). Longitudinal analysis of in ammation and microbiota dymics in a
model of mild chronic dextran sulphate sodium-induced colitis in miéorid
J. Gastroenterd?0, 2051-2061. doi: 10.3748/wjg.v20.i8.2051

Di Pasqua, R., Hoskins, N., Betts, G., and Mauriello, G. (2088h@es

in membrane fatty acids composition of microbial cells induced by

addition of thymol, carvacrol, limonene, cinnamaldehyde, and eobém
the growing mediaJ. Agric. Food Chenb4, 2745-2749. doi: 10.1021/jf0
52722|

Fang, R., Jiang, C. H., Wang, X. Y., Zhang, H. M., Liu, Z. L., Zhget al. (2010).
Insecticidal activity of essential oil of Carum Carvi fruiterh China and its
main components against two grain storage insedisleculed5, 9391-9402.
doi: 10.3390/molecules15129391

Heinlein, A., Metzger, M., Walles, H., and Buettner, A. (2014)n$port of hop
aroma compounds across Caco-2 monolayEood Funct5, 2719-2730. doi:
10.1039/C3FO60675A

Honda, K., and Littman, D. R. (2012). The microbiome in infectialisease
and in ammation. Annu. Rev. Immunol30, 759-795. doi: 10.1146/annurev-
immunol-020711-074937

Kamada, N., Seo, S. U., Chen, G. Y., and Nufez, G. (2013). Roke afut
microbiota in immunity and in ammatory diseaseNat. Rev. Immunoll13,
321-335. doi: 10.1038/nri3430

Khan, A. Q., Khan, R., Qamar, W., Lateef, A., Rehman, M. U., TaWir
etal. (2013). Geraniol attenuates 12-O-tetradecanoylphorBalektate (TPA)-
induced oxidative stress and in ammation in mouse skin: possibl&e ro
of p38 MAP Kinase and NkB. Exp. Mol. Pathol 94, 419-429. doi:
10.1016/j.yexmp.2013.01.006

Koloski, N. A., Bret, L., and Radford-Smith, G. (2008). Hygiengpothesis
in in ammatory bowel disease: a critical review of the literatuvéorld J.
Gastroenteroll4, 165-173. doi: 10.3748/wjg.14.165

Laukens, D., Brigitta, M., Brinkman, R. J., De Vos, M., and Vaabeele,
P. (2015). Heterogeneity of the gut microbiome in mice: guidelinas f
optimizing experimental designFEMS Microbiol. Rev40, 117-132. doi:
10.1093/femsre/fuv036

Marcuzzi, A., Crovella, S., and Pontillo, A. (2011). Geraniol resén ammation
in cellular and animal models of mevalonate kinase de ciernyVivo 25,
87-92.

Medicherla, K., Sahu, B. D., Kuncha, M., Kumar, J. M., and Suathék, Sistla, R.
(2015). Oral administration of geraniol ameliorates acute experiaientirine
colitis by inhibiting pro-in ammatory cytokines and NkB signaling.Food
Funct.6, 2984—-2995. doi: 10.1039/c5f000405e

Missaghi, B., Herman, W., Barkema, K. L., and Ghosh, M. S. (20&AurBation
of the human microbiome as a contributor to in ammatory bowel disease
Pathogens, 510-527. doi: 10.3390/pathogens3030510

Muzes, G., Molnar, B., Tulassay, Z., and Sipos, F. (2012). @kafghe cytokine
pro le in in ammatory bowel diseasedNorld J. Gastroenterdl8, 5848-5861.
doi: 10.3748/wjg.v18.i41.5848

Nagalingam, N. A., Kao, J. Y., and Young, V. B. (2011). Micragalogy of the
murine gut associated with the development of dextran sodium ssifeduced
colitis.In amm. Bowel Dis 17, 917-926. doi: 10.1002/ibd.21462

Oussalah, M., Caillet, S., Salmiéri, S., Saucier, L., and Lacroix2007).
Antimicrobial e ects of alginate-based Ims containing essahdiils on Listeria
monocytogenes and Salmonella typhimurium present in bologna and ham.
J. Food Prof70, 901-908.

Oviedo-Rondén, E. O., Hume, M. E., Hernandez, C., and Clemente-tieem S.

(2006). Intestinal microbial ecology of broilers vaccinated elmallenged with

mixed Eimeria species, and supplemented with essential oil blends R0t

Sci 85, 854-860. doi: 10.1093/ps/85.5.854

Rekha, K. R., Selvakumar, G. P., Santha, K., and Inmozhi Sivakadusi,

R. (2013). Geraniol attenuatessynuclein expression and neuromuscular

impairment through increase dopamine content in MPTP intoxicated emic

by dose dependent manndiochem Biophys Res Commduh0, 664—670. doi:

10.1016/j.bbrc.2013.09.122

Singh, B. K., Tripathi, M., Chaudhari, B. P., Pandey, P. K., aa#kgr, P.
(2012). Natural terpenes prevent mitochondrial dysfunction, efick stress
and release of apoptotic proteins during nimesulide-hepatotoxigityais.
PL0S ONK:e34200. doi: 10.1371/journal.pone.0034200

Solérzano-Santos, F., and Miranda-Novales, M. G. (2012). &aseils from
aromatic herbs as antimicrobial agen@urr. Opin. BiotechnoR3, 136-141.
doi: 10.1016/j.copbio.2011.08.005

Strillacci, A., Gri oni, C., Lazzarini, G., Valerii, M. C., Di Moltat, Rizzello, F., etal.
(2010). Selective cyclooxygenase-2 silencing mediated meengiE. coliand
RNA interference induces anti-tumour e ects in human colon cancellsBr.
J. Cancet03, 975-986. doi: 10.1038/sj.bjc.6605859

Su, Y. W., Chao, S. H,, Lee, M. H,, Ou, T. Y., and Tsai, Y. C. (2010)
Inhibitory e ects of citronellol and geraniol on nitric oxide and pstaglandin
E(2)production in macrophage®lanta Med.76, 1666—1671. doi: 10.1055/s-
0030-1249947

Thapa, D., Losa, R., Zweifel, B., and Wallace, R. J. (2012)ti8gnsi pathogenic
and commensal bacteria from the human colon to essential Milsrobiology
158, 2870-2877. doi: 10.1099/mic.0.061127-0

Thompson, A., Meah, D., Ahmed, N., Conni -Jenkins, R., ChiledBe Phillips,
C. 0., etal. (2013). Comparison of the antibacterial activitysstatial oils and
extracts of medicinal and culinary herbs to investigate poténga treatments
for irritable bowel syndromeBMC Complement. Altern. Med.3:338. doi:
10.1186/1472-6882-13-338

Turina, A. V., Nolan, M. V., Zygadlo, J. A., and Perillo, M. A. (2008atural
terpenes: self-assembly and membrane partitioniBgpphys. Chem122,
101-113. doi: 10.1016/j.bpc.2006.02.007

Wallace, R. J., Oleszek, W., Franz, C., Hahn, ., Baser, K. H.eMAattet al. (2010).
Dietary plant bioactives for poultry health and productiviBr. Poult. Sci51,
461-487. doi: 10.1080/00071668.2010.506908

Yaung, S. J., Church, G. M., and Wang, H. H. (2014). Recent progmess
engineering human-associated microbiomktethods Mol. Biol1151, 3-25.
doi: 10.1007/978-1-4939-0554-6_1

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatigps that could
be construed as a potential con ict of interest.

Copyright © 2016 De Fazio, Spisni, Cavazza, Strillacci, Candegltan@i, Ricci,
Rizzello, Campieri and Valerii. This is an open-accesseaditributed under the
terms of the Creative Commons Attribution License (CC B)use, distribution or
reproduction in other forums is permitted, provided thermal@uthor(s) or licensor
are credited and that the original publication in this joairis cited, in accordance
with accepted academic practice. No use, distributiorpoodaction is permitted
which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org 11

March 2016 | Volume 7 | Article 38



