Hecquet et al. Arthritis Research & Therapy (2023) 25:95 Arth ritis Resea rch & Th era py
https://doi.org/10.1186/s13075-023-03069-9

- : : ®
Increased gut permeability and intestinal ol

inflammation precede arthritis onset
in the adjuvant-induced model of arthritis

Sophie Hecquet'?, Perle Totoson', Héléne Martin', Marie-Paule Algros®, Philippe Saas*”,
Jean-Paul Pais-de-Barros>®, Alban Atchon’, Benoit Valot’, Didier Hocquet”® Maude Tournier!, Clément Prati',
Daniel Wendling®?, Céline Demougeot' " and Frank Verhoeven'?'

Abstract

Background Intestinal inflammation, dysbiosis, intestinal permeability (IP), and bacterial translocation (BT) have been
identified in patients with spondyloarthritis but the time at which they appear and their contribution to the patho-
genesis of the disease is still a matter of debate.

Objectives To study the time-course of intestinal inflammation (I-Inf), IP, microbiota modification BT in a rat model of
reactive arthritis, the adjuvant-induced arthritis model (AIA).

Methods Analysis was performed at 3 phases of arthritis in control and AlA rats: preclinical phase (day 4), onset
phase (day 11), and acute phase (day 28). IP was assessed by measuring levels of zonulin and ileal mMRNA expression of
zonulin. l-inf was assessed by lymphocyte count from rat ileum and by measuring ileal mRNA expression of proinflam-
matory cytokines. The integrity of the intestinal barrier was evaluated by levels of iFABP. BT and gut microbiota were
assessed by LPS, soluble CD14 levels, and 16S RNA sequencing in mesenteric lymph node and by 16S rRNA sequenc-
ing in stool, respectively.

Results Plasma zonulin levels increased at the preclinical and onset phase in the AIA group. Plasma levels of iFABP
were increased in AlA rats at all stages of the arthritis course. The preclinical phase was characterized by a transient
dysbiosis and increased mRNA ileal expression of IL-8, IL-33, and IL-17. At the onset phase, TNF-q, IL-23p19, and IL-8
MRNA expression were increased. No changes in cytokines mRNA expression were observed at the acute phase.
Increased CD4* and CD8™ T cell number was measured in the AIA ileum at day 4 and day 11. No increase in BT was
observed.

Conclusion These data show that intestinal changes precede the development of arthritis but argue against a strict
“correlative”model in which arthritis and gut changes are inseparable.
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- Intestinal inflammation and alterations of the intestinal barrier are not the consequence of joint damage

- Intestinal changes occurred in the absence of bacterial translocation

Keywords Intestinal permeability, Intestinal inflammation, Dysbiosis, Microbiota, Animal models

Introduction

Growing evidence argues for the role of the gut in the
pathophysiology of spondyloarthritis (SpA). Recent data
from clinical and basic research suggested that the micro-
biota and the integrity of the intestinal barrier might be
key elements in the disruption of immune tolerance. This
so-called gut-joint axis involves dysbiosis and bacterial
translocation, intestinal inflammation, and increase in
intestinal permeability [1, 2]. While abundant literature
is available on dysbiosis, less is known on hyperperme-
ability. Thus, an increase in intestinal permeability has
been described in SpA patients, but the majority of avail-
able studies are dated and have a small sample size [3].
Recent data on this subject showed that SpA patients
had an increase in serum zonulin levels, a precursor of
haptoglobin 2 and a physiological modulator of intestinal
epithelial tight junctions [2]. Even though the presence
of this inseparable tryptic (dysbiosis/intestinal hyper-
permeability/gut inflammation) is undisputable in SpA,
the exact link between these elements is unclear. The
first hypothesis is that of a “causal” relationship. Accord-
ing to this hypothesis, dysbiosis would induce increased
intestinal permeability and gut inflammation, leading
to the activation of the immune system and its spread-
ing to the joint [4]. However, data did not support this
hypothesis. Indeed, anti-integrin therapy used in inflam-
matory bowel diseases led to the onset or flares of SpA,
and therapies targeting IL-17A were effective in the joint
but not in the gut [5-7]. The second hypothesis is the
“correlative” one meaning that arthritis and gut changes
co-exist in patients in which immunological mechanisms
are induced in the gut and joint. Adding to the complex-
ity, whether or not a causal relationship exists between
dysbiosis, gut inflammation and alterations in gut barrier
function is still unknown [8].

Exploring the complex links between the gut and SpA
in clinical studies is challenging, and this research could
benefit from animal models that allow the study of the
digestive tract in drug-free animals at different stages of
disease progression, including pre-clinical stages. To date,
no animal studies investigated together the link between
arthritis, intestinal permeability, intestinal inflamma-
tion, and bacterial translocation. Studies on the HLA-B27
transgenic rats and SKG models of SpA showed that dys-
biosis preceded the onset of arthritis, but no study was
able to confirm this observation in humans [9, 10].

Of interest, recent data from rats with adjuvant-
induced arthritis (AIA) identified the presence of
endothelial dysfunction in mesenteric arteries at the
onset of arthritis, suggesting the existence of early intesti-
nal involvement in this model [11]. In this model, arthri-
tis is mediated by an antigen, Mycobacterium butyricum.
Indeed, it has been shown that in Lewis rats, T cells acti-
vated by Mycobacterium proliferate in co-culture with or
without an antigen-presenting cell in contrast to T cells
from non-immunized rats [12]. In AIA rats, the induc-
tion of arthritis by bacterial antigens suggests that this
model is a model of reactive arthritis-type spondyloar-
thritis. To date, there are no studies evaluating intestinal
manifestations in this model.

Thus, the aim of the present study was to investigate
the time course of intestinal barrier integrity and perme-
ability, intestinal inflammation, dysbiosis, and bacterial
translocation at different stages of arthritis in the AIA
model (preclinical, onset, and acute phase).

Methods
For more details, see supplemental methods.

Animal model

Six-week-old male Lewis rats (z=150) were purchased
from Janvier (Le Genest Saint Isle, France). Animals
were kept on a 12-h light/dark cycle and allowed free
access to food and water. The study was approved by the
local committee for ethics in animal experimentation
no. 2019-003-PT-5 PR of Franche-Comté University
(Besangon, France), was conformed with the Animal
Research: Reporting of In Vivo Experiments (ARRIVE)
guidelines and complied with the Guide for the Care
and Use of Laboratory Animals published by the US
National Institutes of Health (publication No. 85-23,
revised 2011).

Induction, clinical follow-up, and evaluation of arthritis
Arthritis was induced in rats by a single intradermal
injection at the base of the tail of 120 pl of 1 mg of heat-
killed Mycobacterium butyricum suspended in 0.1 ml of
Freund’s incomplete adjuvant. Non-arthritic rats were
used as controls and received the same volume of saline.
Rats were weighed and examined 5 days per week to
assess an arthritis score (maximum arthritis score of 6 for
each rat) [13].
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Experimental groups

Experiments were conducted on two series of rats: one
was used for the study of intestinal and mesenteric
lymph node microbiota (n=60, 10 rats for each time
studied, in the AIA group and in the control group), the
other was used for analyses of serum, plasma, and ileal
parameters (=90, 15 rats for each time studied, in the
AIA group and in the control group). Groups were sacri-
ficed at different times from M. butyricum or saline inoc-
ulation, corresponding to different stages of the disease
[14]: Day 4 (preclinical group) represents the preclinical
expression of arthritis and a time point during antigen
processing, day 11 (onset group) represents the clinical
onset of arthritis (very early arthritis) and day 28 (acute
group) corresponds to severe active disease with severe
joint swelling and destruction. At each time (preclinical,
onset, acute) in the development of arthritis, one control
group and one AIA group were used.

Tissue collection

Rats were anesthetized with sodium pentobarbital
(60 mg/kg, ip.) and blood was withdrawn from the
abdominal artery to obtain plasma and serum, stored
at—80 °C until analysis. Hind paws were collected and
preserved in a 4% formalin solution until radiological
analysis. Ileums were collected, one part was fixed in
a 4% formalin solution and embedded into paraffin for
histological analysis, and another part was preserved for
24 h in RNA-later and then frozen at — 80 °C for real-time
quantitative (RT-q)PCR. The feces of the rats, removed
from the rectal ampulla, and the mesenteric lymph nodes
(MLN) were collected at the time of sacrifice and then
were immediately frozen at—80 °C.

Radiographic ex vivo analysis

Radiographs of the hind paws were obtained with the
BMA High-Resolution Digital X-Ray (40 mV, 10 mA)—
D3A Medical Systems (France). A score from 0 to 20
was assigned for each paw according to the grading scale
modified from Ackerman et al. [15]. This score used
the scale of 0 (normal), 1 (slight), 2 (mild), 3 (moder-
ate), and 4 (severe) to describe modifications for each
of the five characteristic features of AIA. Radiographs
took into account soft tissue swelling, demineralization
as measured by bone density, loss of cartilage shown by
narrowing of the joint spaces, bone erosions, and bone
formation defined as the proliferation of new bone tissue.
The maximum score for each rat is 40 (Suppl. Figure 1).

Blood analysis

Intestinal permeability and integrity of the intestinal bar-
rier were evaluated by measuring plasma levels of zonu-
lin and intestinal fatty acid binding protein (iFABP),
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respectively. Bacterial translocation was assessed by
measuring plasma levels of LPS by liquid chromatogra-
phy coupled mass spectrometry (LCMS2) and serum lev-
els of soluble CD14 (sCD14) by ELISA.

Immunohistology of ileum

Paraffin-embedded ileum was cut in 4-pm-thick sections,
and cells expressing CD3, CD4, or CD8 markers were
visualized using the Ventana Ultraview DAB Detection
System. For quantification of immune cells, sections were
digitally scanned (Nanozoomer 2.0, Hamamatsu) and
imported into QuPath 0.2.3 software (Suppl. Figure 2).

Quantitative real-time polymerase chain reaction

Total RNA was extracted using Qiagen® mRNA extrac-
tion kit and RT-qPCR were performed using Bio-
rad® cDNA and SybrGreen kits. The sequences of the
primers used to study the expression of the mRNA
of zonulin, TLR-4, intestinal junction proteins (ZO-
1, occludin), and cytokines/chimiokines (CXCL-1,
IL-33, IL-17A, IL23p19, TNF-a) as well as B-actin and
GAPDH used as references are referenced below (Sup-
plementary table 1).

Metagenomic analysis of microbiota

A sequencing of the V3-V4 region of 16S rRNA
was performed on Illumina MiSeq (v2) in pair-end
(2% 250 bp) for 60 fecal and 60 MLN samples (10 per
each group). The identified ASVs were assigned taxon-
omy via the IDTAXA method [16]. For the 20 samples
at D4 (AIA and controls), a compositional analysis with
the package "ALDEx2" was performed.

Statistical analysis

Values are expressed as the mean+ SEM. GraphPad Prism
version 5.0 software was used for statistical analysis. Com-
parison between values of AIA and control groups was
assessed using unpaired Student’s ¢ test or Mann—Whit-
ney test when data were not normally distributed. A
non-parametric multivariate analysis of variance (PER-
MANOVA) approach was used to compare dissimilarities
between bacterial communities. A compositional analysis
[17] of the gut microbiota was performed to distinguish
differentially abundant taxa between AIAs and controls.
The relationship between two quantitative variables was
investigated using Spearman’s correlation coefficient. P
values less than 0.05 were considered significant.

Results

Clinical and radiographical characteristics

As compared to controls (Table 1), a decrease in
body weight was observed in AIA rats from day 4
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Table 1 Clinical and structural parameters

Before induction day Post-induction day

DO D4 (preclinical) D11 (onset) D28 (acute)

Body weight (g)

Controls  178+7  208+14 248+3 309+3

AlA 189+4  192+45* 216 4%** 207 £ 3%
Paw diameter (mm)

Controls  68+0.1 7.1£0.1 7.2+0.1 72+0.1

AIA 63+04 69+0. 79+02%* 944 0.3%**
Arthritis score

Controls 0 0 0 0

AIA 0 0 1.9+09 39+10
Radiographic score

Controls 0 03+05 03+0.5 0.07+03

AlA 0 0305 4.1 £1.7%%* 238817

Values expressed as means + SEM (N =15 rats per group). n.d. not determined
" (p<0.05). **(p < 0.005) and ***(p < 0.0005) different from age-matched controls

(preclinical) to the acute stage of arthritis. The first
signs of arthritis appeared on day 11 post-induction.
Then clinical inflammation worsened to reach a maxi-
mum at day 18 (not shown), with the arthritis score
remaining high until day 28. Paw diameters had the
same evolution as arthritis score. Radiographic score
revealed the presence of slight but significative radio-
graphic damages on day 11, becoming severe on day 28
(Table 1).

Intestinal inflammation preceded the onset of arthritis

Consistent with a very early ileal inflammation, AIA
rats exhibited significantly higher CXCL-1 (IL-8), IL-33,
and IL-17A mRNA expression at the preclinical phase
(Fig. 1A, D, G) compared to controls. At the onset of
arthritis, IL-8, TNF-qa, and IL-23p19 mRNA expression
was increased in AIA rats (Fig. 1B, K, N). At the acute
phase, no difference in cytokines mRNA expression was
observed between AIA rats and controls (Fig. 1C,F I, L,
O). Immunohistochemical analysis showed that the ileal
number of CD3" T lymphocytes —including CD4* and
CD8" cells — was increased at the preclinical phase in
AIA rats as compared to controls (Fig. 1P, S, V). Similar
results were obtained at the onset of arthritis (Fig. 1T,
W) except for CD3* T cells that were no longer different

(See figure on next page.)
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from controls (Fig. 1Q). At the acute phase, the number
of CD3" T cells was lower in AIA rats than in controls
(Fig. 1R) whereas CD4* and CD8™ cells were not differ-
ent between groups (Fig. 1U, X).

Increased intestinal permeability preceded the onset

of arthritis

As compared to controls, plasma zonulin levels were higher
in AIA rats at the preclinical phase (+95%, Fig. 2A), at
onset (+69%, Fig. 2B) but not at the acute phase (Fig. 2C).
Consistent with an intestinal secretion of zonulin, ileal
mRNA expression of zonulin was induced in AIA rats at
the onset of arthritis (4360%, Fig. 2E). To clarify the mech-
anisms underlying the increase in intestinal permeability,
ileal mMRNA expression of ZO-1 and occludin, two proteins
of the intestinal tight junction, were measured. Occludin
and ZO-1 mRNA expressions were not different whatever
the stage of arthritis (Fig. 2G to L).

Altered intestinal epithelial integrity was observed at all
stages of arthritis

As presented in Fig. 3, plasma levels of iFABP were higher
in AIA rats as compared to controls at every stage of the
development of arthritis.

A transient and early intestinal dysbiosis was observed

in AlA but LPS levels were not impaired

Microbial richness and diversity were similar between
control and AIA groups, regardless of the stage of devel-
opment of arthritis. When we compared the microbial
composition of AIA and control rats at the three stages by
PERMANOVA analysis (Suppl. Figure 3), a significant dif-
ference of abundance taxa was observed at the preclinical
phase (weighted UniFrac) (Fig. 4A). Analyses of the dif-
ferent bacterial classes in the preclinical phase showed a
significantly higher proportion of Clostridia and a signifi-
cantly lower proportion of Bacteroidia and Coriobacteriia
in AIA rats (Fig. 4A). Bacterial translocation in the gut was
evaluated by measuring plasma LPS levels. Regardless of
the phase of arthritis, LPS levels did not differ between
controls and AIA rats (Fig. 5A-C). Likewise, TLR-4
mRNA expression in the ileum of AIA was not different
from controls whatever the stage of arthritis (Fig. 5D—F).
Digestive bacterial translocation was also assessed at the
MLN level. Genomic analysis of the MLN showed the
presence of the three bacterial classes previously described

Fig. 1 Intestinal inflammation in AlA rats. RT-gPCR analyses of pro-inflammatory cytokines mRNA expression in the ileum. At day 4 (preclinical),

11 (onset), and 28 (acute), analyses of IL-8 (A, B, C), IL-33 (D, E, F), IL-17A (G, H, I), TNF-a (J, K, L), and IL-23p19 (M, N, O) mRNA expression were
performed (n=14-15/group). At day 4 (preclinical), 11 (onset), and 28 (acute), immunohistochemical analyses of CD3 + (P, Q, R), CD4+(S, T, U),
and CD8+ (V, W, X) were performed (n=10/group). The number of cells/mm? was evaluated as described in supplementary methods. Results are

expressed as means + SEM. *(p <0.05), **(p < 0.005). n.s., not significant
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Fig. 2 Intestinal permeability in AIA rats. Plasma zonulin levels were measured in controls and AlA rats at the preclinical (A), onset (B), and acute
(C) stages. At day 4 (preclinical), 11 (onset), and 28 (acute) RT-gPCR analyses of zonulin (D, E, F), ZO-1 (G, HI), and occludin (J, K, L) gene expression
were performed. Values expressed as means + SEM (n=14/15 per group). **(p <0.01), **(p < 0.05), n.s.: not significant

in the ileum (Bacteroidia, Clostridia, Bacilli) but no  Figure 4). Conversely, serum sCD14 levels were greater
qualitative difference was observed between the groups, in AIA rats compared to controls at all stages of arthritis
regardless of the time of development of arthritis (Suppl.  (Fig. 5G to I).
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Correlations between arthritis, intestinal permeability,
epithelial damage, inflammation, and bacterial
translocation in AlA rats

Correlations are shown in Supplementary Table 2 and
were searched in AIA rats from the three phases of
arthritis. No correlation was found between plasma
zonulin levels and arthritis and radiographic scores, LPS
levels, iFABP levels, or parameters of ileal inflammation.
Likewise, LPS and sCD14 levels did not correlate with
arthritis and radiographic scores. Arthritis score cor-
related positively with iFABP levels and negatively with
ileal CD8 +infiltration, IL-8, and IL-33 mRNA expres-
sion. No correlation was found between intestinal inflam-
mation and radiographic score.

Discussion

The major findings of the present study conducted in
the rat AIA model are that (1) intestinal inflammation,
transient intestinal dysbiosis, increased intestinal perme-
ability, and intestinal barrier damage precede the onset
of arthritis, (2) intestinal dysbiosis and inflammation are
transient, and there is no major bacterial translocation
whatever the phase of arthritis.

Zonulin, a precursor of haptoglobin 2, is a physiologi-
cal modulator of paracellular permeability by control-
ling the organization of intercellular tight junctions,
notably of certain structural junction proteins [4, 18]. In
SpA patients, increased plasma zonulin levels [2] as well
as increased zonulin expression in the intestine were
reported as a reflection of increased intestinal permeabil-
ity [2]. The present study showed that such abnormalities
in zonulin plasma levels and ileum mRNA expression
were also observed in the AIA model without modifi-
cation of the mRNA expression of junctional proteins.
The new information provided by our results is that
the increase in zonulin levels occurred at the preclini-
cal phase of arthritis and at the onset of joint symptoms
but not at the acute phase of the AIA rat model. Thus,
increased intestinal permeability is not the consequence
of the inflammatory storm induced by joint inflamma-
tion, as confirmed by the lack of correlation between

zonulin levels and arthritis or radiographical scores. Sev-
eral arguments support the reversible nature of intes-
tinal hyper-permeability. First, the fact that the mRNA
expression of intestinal barrier junction proteins is not
decreased and then that zonulin levels were no longer
increased in AIA rats at the acute inflammatory stage.
This raises the hypothesis that drugs able to reduce intes-
tinal permeability early in the course of SpA might delay
the onset of the disease. Further studies in the AIA model
are warranted to check this hypothesis. Besides perme-
ability, the present study also revealed an increase in
iFABP at all stages of arthritis development, indicating
alteration of intestinal epithelial integrity in agreement
with increased iFABP levels previously reported in AS
patients [2]. The pathophysiological role of this intes-
tinal alteration has not been studied yet, but the loss of
epithelial cells could participate in changes in intestinal
permeability in early arthritis. By contrast, its persistence
at the acute phase of AIA when zonulin levels were no
longer increased suggests that intestinal alteration is not
the main mechanism involved in gut hyper-permeability.

Intestinal inflammation is a potential culprit for
increased intestinal permeability on AIA. Consistent
with this, Ciccia et al. observed a significant overexpres-
sion of zonulin in the ileal samples of patients with AS,
especially in those with chronic gut inflammation [2]. On
the one hand, data from mice models of colitis showed
that increased intestinal permeability might also induce
intestinal inflammation [19]. Our results did not argue
for a causality between inflammation and permeabil-
ity but rather for a concomitancy of these two phenom-
ena. Indeed, we observed that ileal mRNA expression of
cytokines and lymphocyte infiltration displayed the same
evolution as zonulin levels, being increased from the
preclinical phase to the onset of arthritis. However, ileal
inflammation but not intestinal permeability correlated
with arthritis score in AIA, contrary to what is observed
in the study by Audo et al. in rheumatoid arthritis [20].
Among the cytokines studied, IL-8, IL-17A, and IL-33
exhibited the earliest increase in the ileum. IL-8 is known
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to induce transendothelial migration of neutrophils to
sites of inflammation, including joints [21], and circu-
lating levels of IL-8 are strongly correlated with disease
and inflammatory activities in AS patients [22]. Our data
showing that IL-17 upregulation preceded that of IL-23
and TNFa support the fact that IL-23 and IL-17 are at

least partly uncoupled in SpA and suggest that IL-17
plays an early role in the pathophysiology of the disease.
It is consistent with the superior efficacy of IL-17 inhibi-
tors in TNF-naive patients than in TNF-experienced
patients [23, 24]. Moreover, previous data reported that
after acute intestinal injury, IL-17 played a role in the
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Fig. 5 Systemic bacterial translocation in AlA rats. Plasma LPS levels were measured in control and AlA rats at the preclinical (A), onset (B), and
acute (C) stages. At day 4 (preclinical), 11 (onset), and 28 (acute) Q-RT-PCR analyses of TLR-4 (D,E,F) gene expression were performed. Serum-soluble
CD14 levels were measured at the preclinical (G), onset (H), and acute (I) stages. Values are expressed as means +SEM (n=14/15 per group).

***(p<0.0001). n.s., not significant

protection of epithelial barriers [25, 26] but in an inflam-
matory environment, IL-17 could lead to inflammatory
cascades [27]. Likewise, IL-33 is a cytokine whose role
appears to be context-dependent. IL-33 behaves as an
alarmin in response to epithelial cell injury by triggering
an innate immune response, but could also induce a Th2
type response in order to maintain tissue integrity [28].
In SpA, circulating levels of IL-33 were increased [29]
and in IBD, tissue expression of IL.-33 was enhanced and
increased in cases of intestinal inflammation [28]. Further
studies are needed to better characterize the role of IL-33
in intestinal permeability but a previous study revealed
that the development of antigen-induced arthritis or CIA

was not impaired in IL-33 deficient mice [30], suggesting
that IL-33 is more a regulating than a pivotal cytokine in
arthritis development. Evaluation of other cytokines such
as IL-1 or IFN-, would be of interest to refine our data
and requires further studies.

An important result of our study is that alterations of
gut permeability and inflammation occurred in the pres-
ence of a very early and transient dysbiosis in the rat AIA
model. This provides three important information: (i)
intestinal alterations occur before joint involvement, (ii)
dysbiosis occurs in parallel to intestinal permeability and
inflammation, and (iii) dysbiosis is not necessary for the
maintenance of the disease in the AIA rat model. These
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data indicated that dysbiosis could be required to induce
changes in the intestinal barrier and could modulate
the onset of arthritis. This was suggested by the dysbio-
sis in animal models of SpA such as the B27 transgenic
rat model, having intestinal inflammation but in which
arthritis is not systematically present [31], and in patients
with SpA [32]. Is intestinal dysbiosis the trigger for the
observed intestinal alterations? This attractive hypoth-
esis needs to be tested. Indeed, a recent publication in an
animal model of rheumatoid arthritis showed that dys-
biosis alone was not responsible for the increase in intes-
tinal permeability and that dysbiosis did not occur in the
early stage of the disease [33]. The study by Guggino et al.
showed that intestinal dysbiosis activates the inflammas-
ome that modulates the production of IL-23 and that LPS
could be responsible for the inflammasome up-regulation
in peripheral blood mononuclear cells of AS patients
[34]. However, our study did not reveal any increased
LPS level nor any lymphatic translocation suggesting that
bacterial translocation is not a sine qua non condition for
the onset of intestinal permeability or joint involvement
in the AIA model. In our study, bacterial translocation
was evaluated through the measurement of circulating
LPS levels, sCD14, and ileal mRNA expression of TLR-4.
While LPS levels and mRNA expression of TLR-4 were
unchanged in AIA rats compared to controls, sCD14 lev-
els were increased at all phases of arthritis, but they did
not correlate with zonulin levels in AIA rats, contrary to
what was observed in patients with rheumatoid arthritis
[35]. As sCD14 enhances the response of TLR-4-express-
ing cells by facilitating the binding of LPS to its receptor
[36, 37], one hypothesis is that sCD14 is not a relevant
marker of bacterial translocation but rather reflects
the systemic inflammation in this model, as previously
described [38].

The present study was conducted in the AIA model
in rats. This model is widely used as a model of rheu-
matoid arthritis, but also exhibits features of reactive
arthritis. Of course, a difference between the clinical situ-
ation in which a preceding infection leads to arthritis is
that here the injected Mycobacteria are dead. However,
although the bacteria are dead, the principle of antigenic
peptide presentation remains the essential element of
this model together with the production of inflamma-
tory factors. Moreover, this model is characterized by an
ankylosis of the tail, comparable to the spinal ankylosis
in patients with SpA [39] as well as with a great sensibil-
ity to non-steroidal anti-inflammatory drugs as in SpA
[40]. In this model, the role of Mycobacteria alone in the
intestinal changes is questionable. Indeed, in a study in a
mouse model of uveitis induced by killed Mycobacterium
tuberculosis associated or not with interphotoreceptor
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to retinoid-binding protein, Mycobacterium alone was
able to induce a significant dysbiosis. However, in this
latter study, Mycobacterium alone was not sufficient to
enhance intestinal permeability or to alter intestinal T
cell subsets [41]. The present study included only male
rats, because male rats are known to be more suscepti-
ble to the AIA model, with a 100% incidence of arthritis
[14, 42]. In addition, this study was made in the follow-
ing of our previous study showing an early endothelial
dysfunction in mesenteric arteries in male Lewis rats
[11]. Whether different results would have been obtained
using female rats requires further investigation.

Our study has several limitations, first of all, the use of
indirect methods for the evaluation of intestinal perme-
ability, bacterial translocation, and intestinal integrity.
Regarding intestinal permeability, it would be interesting
to complete our data with the FITC-Dextran method. In
view of the discrepancy between the increase in intestinal
permeability and the absence of changes in the mRNA
expression of occludin and ZO-1, the measure of expres-
sion of occludin and ZO-1 at the protein level, along with
other junctional proteins would have been relevant. In
order to further evaluate the hypothesis of hyperperme-
ability secondary to an alteration of the intestinal barrier,
other markers of the integrity of the intestinal epithe-
lial barrier could have been evaluated, like paneth cell
degranulation or goblet cell loss. Regarding intestinal
inflammation, it would have been interesting to study
precisely the leukocytes populations at the intestinal
level to better understand the different cytokine expres-
sion changes. We can indeed wonder about the produc-
tion of IL-4 and IL-17 derived from infiltrating T cells.
A more precise study of Th17 cells could have clarified
their anti- or pro-inflammatory feature and potentially
their involvement in the transient nature of dysbiosis.
Finally, a study of gram-negative bacteria could be done
to understand the absence of variation in LPS, a marker
of gram-positive bacteria. Finally, analyses were carried
out only on the ileal and not the colonic segment. These
limitations allow us to envisage further studies to con-
firm and clarify our results. The use of drugs allowing the
restoration of intestinal tight junctions will be required
to confirm the importance of intestinal damage in the
occurrence of arthritis in the AIA model.

Conclusion

In conclusion, the present study shows that intestinal
inflammation and alterations of the intestinal barrier
are not the consequence of joint damage but precede
arthritis development in the AIA rat model. The fact that
intestinal changes occurred in the absence of bacterial
translocation did not support a key role of the systemic
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passage of intestinal bacterial antigens in intestinal
inflammation and permeability in arthritis. The revers-
ible nature of the intestinal alteration offers interesting
therapeutic perspectives targeting the gut to hamper the
development of SpA. Overall, these data show that intes-
tinal changes precede the development of arthritis but
argue against a strict “correlative” model in which arthri-
tis and gut changes are inseparable.

Abbreviations

AlA Adjuvant-induced arthritis

ARRIVE Animal Research: Reporting of In Vivo Experiments
BT Bacterial translocation

iFABP Intestinal fatty acid binding protein

l-Inf Intestinal inflammation

P Intestinal permeability

LCMS2 Liquid chromatography coupled mass spectrometry
MLN Mesenteric lymph nodes

PERMANOVA Parametric multivariate analysis of variance
RT-gPCR Real-time quantitative

sCD14 Soluble CD14

SpA Spondyloarthritis

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513075-023-03069-9.

Additional file 1: Supplementary Table 1. Primer sequences used in RT-
qgPCR. Supplementary Table 2. Correlation analysis in AlA rats at different
stages of arthritis. Suppl. Fig. 1. Radiographs of hind paws. Suppl. Fig. 2.
Composition of intestinal microbiota in AlA rats compared to control rats
at days 4, 11, and 28. Suppl. Fig. 3. Microbiota of mesenteric lymph nodes
in AIA rats compared to control rats.

Acknowledgements

We thank Franck Monnien and Alexandre Meunier for their expertise and their
technical assistance for experiments of immunohistochemistry and dysbiosis,
respectively.

Authors’ contributions

SH, PT, FV, and CD designed the study. SH, PT, MT, JPPDB, and FV collected and
analyzed the data. SH, PS, HM, AA, BV, DH, FV, and CD interpreted the data. SH,
FV, and CD wrote the first draft of the manuscript and PT, MPA, JPPDB, PS, HM,
AA, BV, DH, CP, and DW revised the draft for the scientific content. All authors
approved the final version of the manuscript.

Funding
This work was supported by funding from the French Ministry for Higher
Education and Research and the French Society of Rheumatology.

Availability of data and materials
The data underlying this article will be shared on reasonable request to the
corresponding author.

Declarations

Ethics approval and consent to participate

The study was approved by the local committee for ethics in animal experi-
mentation no. 2019-003-PT-5 PR of Franche-Comté University (Besangon,
France), was conformed with the Animal Research: Reporting of In Vivo Experi-
ments (ARRIVE) guidelines and complied with the Guide for the Care and

Use of Laboratory Animals published by the US National Institutes of Health
(publication No. 85-23, revised 2011).

Page 11 of 12

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details

"Université de Franche-Comté, PEPITE, 25000 Besancon, France. 2Service

de Rhumatologie, CHRU Besangon, 25000 Besancon, France. *Service
d'anatomopathologie, CHRU Besancon, 25000 Besancon, France. “UMR1098
RIGHT, Université de Franche-Comté, INSERM, EFS BFC, 25000 Besancon,
France. °Lipidomic Analytic Platform LabEX LipSTIC, INSERM, LNC UMR1231,
F-21000 Dijon, France. Université de Bourgogne, INSERM UMR1231,

21000 Dijon, France. ’Université de Franche-Comtg, Bioinformatique Et Big
Data Au Service de La Santé, UFR Sciences de La Santé, 25000 Besancon,
France. 8Université de Franche-Comté, UMR CNRS 6249 Chrono-Environne-
ment, 25030 Besancon, France. “Université de Franche-Comté, EPILAB EA,
4266 Pathogenes Et Inflammation, 25000 Besancon, France.

Received: 31 December 2022 Accepted: 18 May 2023
Published online: 06 June 2023

References

1. Turner JR. Intestinal mucosal barrier function in health and disease. Nat
Rev Immunol. 2009;9:799-809.

2. CicciaF, Guggino G, Rizzo A, Alessandro R, Luchetti MM, Milling S, et al. Dys-
biosis and zonulin upregulation alter gut epithelial and vascular barriers in
patients with ankylosing spondylitis. Ann Rheumatic Dis. 2017;76:1123-32.

3. Hecquet S, Totoson P, Martin H, Prati C, Wendling D, Demougeot C, et al.
Intestinal permeability in spondyloarthritis and rheumatoid arthritis: A
systematic review of the literature. Semin Arthritis Rheum. 2021;51:712-8.

4. Fasano A. Zonulin, regulation of tight junctions, and autoimmune dis-
eases. Ann N'Y Acad Sci. 2012;1258:25-33.

5. Fauny M, Moulin D, D’Amico F, Netter P, Petitpain N, Arnone D, et al. Para-
doxical gastrointestinal effects of interleukin-17 blockers. Ann Rheum Dis.
2020;79:1132-8.

6. Dubash S, Marianayagam T, Tinazzi |, Al-Araimi T, Pagnoux C, Weizman
AV, et al. Emergence of severe spondyloarthropathy-related entheseal
pathology following successful vedolizumab therapy for inflammatory
bowel disease. Rheumatology (Oxford). 2019,;58:963-8.

7. Varkas G, Thevissen K, De Brabanter G, Van Praet L, Czul-Gurdian F, Cypers
H, et al. An induction or flare of arthritis and/or sacroiliitis by vedoli-
zumab in inflammatory bowel disease: a case series. Ann Rheum Dis.
2017;76:878-81.

8. Breban M, Beaufrere M, Glatigny S. Intestinal dysbiosis in spondyloarthritis
- chicken or egg? Curr Opin Rheumatol. 2021,33:341-7.

9. Rehaume LM, Mondot S, Aguirre de Cércer D, Velasco J, Benham H,
Hasnain SZ, et al. ZAP-70 genotype disrupts the relationship between
microbiota and host, leading to spondyloarthritis and ileitis in SKG mice.
Arthritis Rheumatol. 2014,66:2780-92.

10. Asquith M, Davin S, Stauffer P, Michell C, Janowitz C, Lin P, et al. Intestinal
Metabolites Are Profoundly Altered in the Context of HLA-B27 Expression
and Functionally Modulate Disease in a Rat Model of Spondyloarthritis.
Arthritis Rheumatol (Hoboken, NJ). 2017;69:1984-95.

11. Totoson P, Maguin-Gaté K, Nappey M, Prati C, Wendling D, Demougeot C.
Microvascular Abnormalities in Adjuvant-Induced Arthritis: Relationship
to Macrovascular Endothelial Function and Markers of Endothelial Activa-
tion. Arthritis Rheumatol. 2015;67:1203-13.

12. Catchpole B, Hamblin AS, Staines NA. Autologous mixed lymphocyte
responses in experimentally-induced arthritis of the Lewis rat. Autoim-
munity. 2002;35:111-7.

13. Sakaguchi N, Takahashi T, Hata H, Nomura T, Tagami T, Yamazaki S, et al.
Altered thymic T-cell selection due to a mutation of the ZAP-70 gene
causes autoimmune arthritis in mice. Nature. 2003;426:454.

14. Bolon B, Stolina M, King C, Middleton S, Gasser J, Zack D, et al. Rodent
preclinical models for developing novel antiarthritic molecules: compara-
tive biology and preferred methods for evaluating efficacy. J Biomed
Biotechnol. 2011;2011: 569068.


https://doi.org/10.1186/s13075-023-03069-9
https://doi.org/10.1186/s13075-023-03069-9

Hecquet et al. Arthritis Research & Therapy

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

(2023) 25:95

Ackerman NR, Rooks WH, Shott L, Genant H, Maloney P, West E. Effects
of naproxen on connective tissue changes in the adjuvant arthritic rat.
Arthritis Rheum. 1979;22:1365-74.

Murali A, Bhargava A, Wright ES. IDTAXA: a novel approach for accu-
rate taxonomic classification of microbiome sequences. Microbiome.
2018;6:140.

Gloor GB, Reid G. Compositional analysis: a valid approach to ana-

lyze microbiome high-throughput sequencing data. Can J Microbiol.
2016;62:692-703.

Vanuytsel T, Vermeire S, Cleynen |. The role of Haptoglobin and its related
protein, Zonulin, in inflammatory bowel disease. Tissue Barriers. 2013;1.
Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC39
43850/. [cited 2020 Jan 21].

Arrieta MC, Madsen K, Doyle J, Meddings J. Reducing small intestinal
permeability attenuates colitis in the IL10 gene-deficient mouse. Gut.
2009;58:41-8.

Audo R, Sanchez P, Riviere B, Mielle J, Tan J, Lukas C, et al. Rheumatoid
arthritis is associated with increased gut permeability and bacterial
translocation that are reversed by inflammation control. Rheumatol.
2023;,62:1264-71.

Taylor PC, Peters AM, Paleolog E, Chapman PT, Elliott MJ, McCloskey R,
et al. Reduction of chemokine levels and leukocyte traffic to joints by
tumor necrosis factor alpha blockade in patients with rheumatoid arthri-
tis. Arthritis Rheum. 2000;43:38-47.

Azevedo VF, Faria-Neto JR, Stinghen A, Lorencetti PG, Miller WP, Gongalves

BP, et al. IL-8 but not other biomarkers of endothelial damage is associ-
ated with disease activity in patients with ankylosing spondylitis without
treatment with anti-TNF agents. Rheumatol Int. 2013;33:1779-83.

Sieper J, Poddubnyy D, Miossec P. The IL-23-IL-17 pathway as a therapeu-
tic target in axial spondyloarthritis. Nat Rev Rheumatol. 2019;15:747-57.
Sieper J, Deodhar A, Marzo-Ortega H, Aelion JA, Blanco R, Jui-Cheng T,
et al. Secukinumab efficacy in anti-TNF-naive and anti-TNF-experienced
subjects with active ankylosing spondylitis: results from the MEASURE 2
Study. Ann Rheum Dis. 2017,76:571-92.

Lee JS, Tato CM, Joyce-Shaikh B, Gulan F, Cayatte C, ChenY, et al. IL.-23-In-
dependent IL-17 Production Regulates Intestinal Epithelial Permeability.
Immunity. 2015;43:727-38.

Maxwell JR, Zhang Y, Brown WA, Smith CL, Byrne FR, Fiorino M, et al.
Differential Roles for Interleukin-23 and Interleukin-17 in Intestinal Immu-
noregulation. Immunity. 2015;43:739-50.

Maloy KJ. The Interleukin-23 / Interleukin-17 axis in intestinal inflamma-
tion. J Intern Med. 2008;263:584-90.

Hodzic Z, Schill EM, Bolock AM, Good M. IL-33 and the intestine: The
good, the bad, and the inflammatory. Cytokine. 2017;100:1-10.

Ciccia F, Alessandro R, Rizzo A, Accardo-Palumbo A, Raimondo S,

Raiata F, et al. Macrophage phenotype in the subclinical gut inflamma-
tion of patients with ankylosing spondylitis. Rheumatology (Oxford).
2014;53:104-13.

Talabot-Ayer D, Martin P, Seemayer CA, Vigne S, Lamacchia C, Finckh A,
et al. Immune-mediated experimental arthritis in IL-33 deficient mice.
Cytokine. 2014,69:68-74.

Milia AF, Ibba-Manneschi L, Manetti M, Benelli G, Messerini L, Matucci-
Cerinic M. HLA-B27 transgenic rat: an animal model mimicking gut

and joint involvement in human spondyloarthritides. Ann N'Y Acad Sci.
2009;1173:570-4.

Breban M, Tap J, Leboime A, Said-Nahal R, Langella P, Chiocchia G, et al.
Faecal microbiota study reveals specific dysbiosis in spondyloarthritis.
Ann Rheumatic Dis. 2017;76:1614-22.

Matei DE, Menon M, Alber DG, Smith AM, Nedjat-Shokouhi B, Fasano

A, et al. Intestinal barrier dysfunction plays an integral role in arthri-

tis pathology and can be targeted to ameliorate disease. Med (N'Y).
2021;2:864-883.€9.

Guggino G, Mauro D, Rizzo A, Alessandro R, Raimondo S, Bergot A-S, et al.
Inflammasome Activation in Ankylosing Spondylitis Is Associated With
Gut Dysbiosis. Arthritis Rheumatol. 2021;73:1189-99.

Tajik N, Frech M, Schulz O, Schalter F, Lucas S, Azizov V, et al. Targeting
zonulin and intestinal epithelial barrier function to prevent onset of
arthritis. Nat Commun. 2020;11:1995.

Latz E, Visintin A, Lien E, Fitzgerald KA, Monks BG, Kurt-Jones EA, et al.
Lipopolysaccharide rapidly traffics to and from the Golgi apparatus

with the toll-like receptor 4-MD-2-CD14 complex in a process that

37.

38.

39.

40.

41.

42.

Page 12 of 12

is distinct from the initiation of signal transduction. J Biol Chem.
2002;277:47834-43.

Kawai T, Akira S. The role of pattern-recognition receptors in innate
immunity: update on Toll-like receptors. Nat Immunol. 2010;11:373-84.
Bas S, Gauthier BR, Spenato U, Stingelin S, Gabay C. CD14 is an acute-
phase protein. J Immunol. 2004;172:4470-9.

Totoson P, Maguin-Gaté K, Prati C, Wendling D, Demougeot C. Mecha-
nisms of endothelial dysfunction in rheumatoid arthritis: lessons from
animal studies. Arthritis Res Ther. 2014;16:202.

Verhoeven F, Prati C, Totoson P, Bordy R, Wendling D, Demougeot

C. Structural efficacy of NSAIDs, COX-2 inhibitor and glucocorticoid
compared with TNFa blocker: a study in adjuvant-induced arthritis rats.
Rheumatology (Oxford). 2019;58:1099-103.

Janowitz C, Nakamura YK, Metea C, Gligor A, Yu W, Karstens L, et al. Dis-
ruption of Intestinal Homeostasis and Intestinal Microbiota During Exper-
imental Autoimmune Uveitis. Invest Ophthalmol Vis Sci. 2019;60:420-9.
Cai X, Wong YF, Zhou H, Liu ZQ, Xie Y, Jiang ZH, et al. Manipulation of
the induction of adjuvant arthritis in Sprague-Dawley rats. Inflamm Res.
2006;55:368-77.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions



https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3943850/
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC3943850/

	Increased gut permeability and intestinal inflammation precede arthritis onset in the adjuvant-induced model of arthritis
	Abstract 
	Background 
	Objectives 
	Methods 
	Results 
	Conclusion 

	Key messages 
	Introduction
	Methods
	Animal model
	Induction, clinical follow-up, and evaluation of arthritis
	Experimental groups
	Tissue collection
	Radiographic ex vivo analysis
	Blood analysis
	Immunohistology of ileum
	Quantitative real-time polymerase chain reaction
	Metagenomic analysis of microbiota
	Statistical analysis

	Results
	Clinical and radiographical characteristics
	Intestinal inflammation preceded the onset of arthritis
	Increased intestinal permeability preceded the onset of arthritis
	Altered intestinal epithelial integrity was observed at all stages of arthritis
	A transient and early intestinal dysbiosis was observed in AIA but LPS levels were not impaired
	Correlations between arthritis, intestinal permeability, epithelial damage, inflammation, and bacterial translocation in AIA rats

	Discussion
	Conclusion
	Anchor 30
	Acknowledgements
	References


