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Abstract. Autoimmune uveitis is a serious sightthreatening disease that in many cases fails to respond to conventional immunosuppressive or biological therapy. Experimental models used in research
allow more detailed study of pathogenesis of the autoimmune process and testing new therapeutic strategies. Recent results show that infection can trigger
autoimmune diseases, and some commensal microorganisms are essential in causing disease activity.
The aim of this work was to assess the effect of broadspectrum antibiotics – combination of metronidazole
and ciprofloxacin or metronidazole alone – on the
intensity of intraocular inflammation in experimental autoimmune uveitis (EAU). EAU was induced in
mouse strain C57BL/6J by interphotoreceptor retinoid-binding protein in complete Freund’s adjuvant
and pertussis toxin. The grade of uveitis was assessed
clinically and histologically in haematoxylin and eosin-stained tissues. Lymphocytes and macrophages
were detected in cryosections using the immunoperoxidase method with antibodies. The therapy was
commenced one week before EAU induction and
continued throughout the experiment. In addition,
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metronidazole treatment was also started two weeks
before EAU induction. Antibiotics significantly reduced the intensity of uveitis compared to the control
group (P < 0.05). The effects of combination of ciprofloxacin and metronidazole and of metronidazole
alone were similar when the therapy started one
week before EAU induction (P < 0.05). Metronidazole
commenced two weeks before EAU induction and
throughout the experiment suppressed the intensity
of EAU with even higher statistical significance (P <
0.0001). It can be assumed that the high protective
effect of metronidazole on EAU intensity may be due
not only to its antimicrobial effect, but also to its immunomodulatory activity.

Introduction
Uveitis is a sight-threatening intraocular inflammation that mostly affects people of working age. The aetiology may be infectious or non-infectious – autoinflammatory or autoimmune (Forrester et al., 2018). In more
than 25 % of these cases, uveitis is associated with systemic diseases such as sarcoidosis, multiple sclerosis,
ankylosing spondylitis, juvenile idiopathic arthritis, Beh
cet’s disease, etc. However, in many patients it is not
possible to determine the aetiology, and thus 40–50 % of
cases remain idiopathic (Rothova et al., 1992).
Despite expanding therapeutic possibilities, the clinical course of intraocular inflammation may be resistant
to treatment and 10 % of patients become blind due to
the complications of uveitis (Suttorp-Schulten et al.,
1996; Durrani et al., 2004). The heterogeneity of the disease with a wide spectrum of clinical presentations is
the major impediment for extensive clinical studies in
human. Therefore, animal models of experimental autoimmune uveitis (EAU), which allow more detailed studies of pathogenesis of uveitis and testing new therapeutic strategies, have been developed (Caspi et al., 2008;
Xu et al., 2008).
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Among environmental factors and susceptibility
genes involved in autoimmune diseases, the role of infectious pathogens has been considered to be crucial in
the process of triggering the immunological response.
Specific pathogens such as Chlamydophila (Chlamydia)
pneumoniae, human herpes virus 6, and Epstein-Barr
virus are implicated in either the development or progression of multiple sclerosis (Pawate and Sriram, 2010).
For several rheumatoid diseases, infections by Chla
mydia, Shigella, Salmonella, Yersinia or Campylobacter
seem pathogenetically significant (Townes, 2010). In
the process of autoimmune uveitis, the suspected pathogens have been Helicobacter pylori, Yersinia and
Salmonella (Cancino-Diaz et al., 2004; Otasevic et al.,
2007; Galeone et al., 2012). Research in the experimental models of spontaneously developing intestinal inflammation suggests that innate immunity, mucosal barrier defects or disruption of T lymphocyte regulatory
functions could lead to chronic intestinal inflammation.
Interestingly, the disease can be prevented when mice
are kept in germ-free conditions in contrast to conventionally housed mice (Sellon et al., 1998; Hudcovic et
al., 2001; Hrncir et at., 2008; Stehlikova et al., 2019).
Similar results were shown by studies performed in other autoimmune experimental models, for example rheumatoid arthritis (Tlaskalova-Hogenova et al., 2004;
Scher and Abramson, 2011), inflammatory bowel disease (Tlaskalova-Hogenova et al., 2004; Biswas et al.,
2011), type 1 diabetes mellitus (Tlaskalova-Hogenova
et al., 2004; Wen et al., 2008; Sorini et al. 2019), celiac
disease (Tlaskalova-Hogenova et al., 2004), multiple
sclerosis (Tlaskalova-Hogenova et al., 2004, Pawate
and Sriram, 2010), and psoriasis (Zakostelska et al.,
2016; Stehlikova et al., 2019). Dysregulation in the microbiome can induce a severe immune response as well
as immune-mediated intraocular inflammation (Heissi
gerova et al., 2016; Nakamura et al., 2016; Horai and
Caspi, 2019).
Current knowledge shows that commensal microorganisms affect many aspects of immune system maturation and homeostasis in health and disease. Increasing
evidence suggests that the gut commensals affect not
only intestinal diseases, but also diseases of tissues and
organs distant from the gut. Microbiota may also serve
as an “adjuvant” providing innate signals that amplify
and direct the host immune response for development of
uveitis (Horai and Caspi, 2019). It is therefore reasonable to assume that influencing the microbiome by antibiotic treatment could be effective in many autoimmune
diseases. Nakamura et al. (2016) reported that oral but
not intraperitoneal broad-spectrum antibiotics (ampicillin, metronidazole, neomycin, and vancomycin) administered simultaneously one week prior to EAU induction
increased regulatory T cells (Tregs) in the intestinal
lamina propria and extraintestinal lymphoid tissues in
EAU animals. Vancomycin or metronidazole given for
one week before immunization decreased the intensity
of uveitis, whereas neither neomycin nor ampicillin significantly altered the uveitis score in B10.RIII mice.
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On the other hand, some commensal microbiota have
a protective effect against development of autoimmune
diseases. Therefore, probiotics have been recognized to
have a beneficial effect in the treatment of a variety of
inflammatory diseases, for instance type 1 diabetes,
multiple sclerosis, rheumatoid arthritis, and inflammatory bowel disease (Gardlik et al., 2012; Kim et al.,
2017; Liu et al. 2018; Sales-Campos et al., 2019). It has
been demonstrated that commensal intestinal bacterial
metabolites short chain fatty acids increase prevalence
of Tregs in the gut (Smith et al., 2013) and can be utilized to suppress autoimmune uveitis (Lin, 2019).
As we have shown previously that a combination of
metronidazole and ciprofloxacin suppresses the intensity of EAU in mouse strain C57BL/6J (Heissigerova et
al., 2016), we wanted to explore whether the same effect
would be obtained with metronidazole alone.
Ciprofloxacin is a second-generation fluoroquinolone,
with a broad spectrum of activity, which includes many
Gram-negative and Gram-positive bacterial pathogens
(Sarker et al., 2014). Metronidazole (nitroimidazole) is
one of the rare examples of a drug developed against
protozoans (Entamoeba histolytica, Giardia lamblia
and Trichomonas vaginalis), which has since gained
broad use as an antibacterial agent against some Gramnegative (Bacteroides and Fusobacterium spp.) and
Gram-positive anaerobic bacteria (Peptostreptococcus
spp. and Clostridia spp.) (Grove et al., 1977). Moreover,
the immunomodulatory effect of metronidazole has
been demonstrated in recent studies (Rizzo et al., 2010;
Becker et al., 2016).

Material and Methods
Animals
Inbred female mice of the C57BL/6J strain (5 to 8
weeks old) were obtained from the animal facility of the
Centre of Experimental Biomodels, First Faculty of
Medicine, Charles University, Prague. Mice were housed
at the conventional animal facility of the Institute of
Pharmacology, First Faculty of Medicine, Charles Uni
versity, Prague. The use of animals for these experiments was approved by the Commission for Animal
Welfare of the First Faculty of Medicine, Charles Uni
versity, Prague, Czech Republic, and the Ministry of
Education, Youth and Sports according to animal protection laws. All the procedures were approved by the
animal experimentation review committee.

EAU induction
EAU was induced by subcutaneous inoculation of interphotoreceptor retinoid-binding protein (IRBP) 500 µg
per mouse in complete Freund’s adjuvant (CFA) in conjunction with intraperitoneal application of pertussis
toxin (PT) 1.2 μg according to a standard protocol
(Avichezer at al., 2000; Broderick et al., 2002). In brief,
IRBP 1-20 (H2N-GPTHLFQPSLVLDMAKVLLD-OH,
New England Peptide, Gardner, MA) dissolved in dime-
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thyl sulphoxide (DMSO) (Sigma-Aldrich, St. Louis, MO)
was emulsified in ratio 1 : 1 with CFA (Difco, Detroit,
MI) and the solution was applied subcutaneously.

Antibiotic treatment
In this study, two treatment groups and one control
group were used. In the treatment arm, one group of
mice was treated with a mixture of broad-spectrum antibiotics – ciprofloxacin 100 mg/l (Ciprinol, Krka Č. R.,
Prague, Czech Republic) and metronidazole 500 mg/l
(B. Braun, Prague, Czech Republic); the second group
of mice was treated with monotherapy using metronidazole 500 mg/l. Antibiotics were dissolved in drinking
water and changed every three days to maintain the effectiveness as previously described (Klimesova et al.,
2013; Zakostelska et al., 2016). Treatment was initiated
one week prior to EAU induction and continued until
the end of the experiment. In addition, monotherapy using metronidazole was also commenced two weeks prior to EAU induction to establish the importance of microbiota with respect to the disease induction.

Clinical evaluation
In vivo clinical examination (bio-microscopy) was
performed using a special endoscopic imaging system
(Paques at al., 2007; Copland et al., 2008; Xu et al.,
2008). An additional +4.0 dioptre lens between the camera and the otoscope was used. During the procedure,
the mice were under intraperitoneal general anaesthesia
(ketamine 80 mg/kg and xylazine 5 mg/kg; both Bioveta,
Nitra, Slovakia). The fundi were imaged through a dilated
pupil using tropicamide (Unitropic 1% oph. gtt., Unimed
Pharma, Bratislava, Slovakia) and phenylephrine (Neo
synephrin-POS 10% oph. gtt., URSAPHARM, Prague,
Czech Republic). The otoscope was applied to the cornea covered with eye gel carbomerum (Vidisic gel,
Bausch and Lomb, Prague, Czech Republic). A single
image of the posterior central fundus from each eye was
taken and transferred to a computer for analysis.
The inflammation was graded as described previously
(Xu et al., 2008; Heissigerova et al., 2016). Retinal inflammatory changes were evaluated separately for the
optic disc, retinal vessels, and retinal tissue changes
from the central fundus. The overall clinical inflammation grade was then averaged. All samples were evaluated by two experienced ophthalmologists on days 21
and 28 after EAU induction and the discussed consensus
of the two evaluations was used.

Histological evaluation
The mice were sacrificed on day 35 after the EAU
induction and the eyes were enucleated and immediately immersed in Tissue-Tek® O.C.T. CompoundTM (Saku
ra Finetek, Inc., Torrance, CA) and frozen in 2-methylbutane (Sigma-Aldrich, St. Louis, MO) in liquid
nitrogen. The samples were stored at –70 °C until sectioning to 7 µm thick slices (at –19 to –21 °C). Sections
were taken from both eye peripheries and centrally
through the optic nerve. The samples were cut with a
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cryostat (Leica CM 1850, Leica Microsystems Nussloch
GmbH, Nussloch, Germany) and stained with haematoxylin and eosin. These samples were then evaluated
by two experienced ophthalmologists and graded using
a standardized scoring system as previously published
(Dick et al., 1994; Thurau et al., 1997; Caspi, et al.,
2008; Klimova et al., 2014; Heissigerova et al., 2016).
Eyes with congenital defects, such as microphthalmia or
cataract, have been excluded from evaluation, which led
to odd numbers in some graphs.

Immunohistochemistry
The immunohistochemistry was performed on three
randomly selected mice from each group. T-lymphocytes
were detected using a three-step immunoperoxidase
method with polyclonal rabbit anti-human CD3 (Dako
Denmark A/S, Glostrup, Denmark) diluted 1 : 200 in
PBS containing 1.5% normal goat serum. This antibody
is cross-reactive with mouse antigens (Jones et al.,
1993). Visualization of primary antibody binding was
performed using secondary biotinylated anti-rabbit antibody (Dako) and the VECTASTAIN Elite ABC kit
standard (Vector Laboratories, Burlingame, CA). Macro
phages were detected using a three-step immunoperoxidase method with monoclonal rat anti-mouse F4/80 antibody (clone BM8, Abcam, Cambridge, UK) diluted
1 : 100 in PBS containing 1.5% normal goat serum.
Visualization of primary antibody binding was performed using secondary biotinylated anti-rat antibody
(Abcam) and the VECTASTAIN Elite ABC kit standard
(Vector Laboratories). Positive cells were counted in
two sections per eye, one from the periphery and one
from the centre, to obtain quantitative data.

Data analysis
Data were analysed using GraphPad Prism Version
8.01 for Windows (GraphPad Software, San Diego, CA,
http://www.graphpad.com/). Kruskal-Wallis and MannWhitney nonparametric tests were used to evaluate differences between the groups. The P value of < 0.05 was
considered significant.

Results
Clinical, histological and immunohistochemical
evaluation of the dynamics of inflammatory
intensity in EAU
Our previous unpublished data showed that the intensity of intraocular inflammation in the mouse model was
strongest between days 25 and 35 after EAU induction
(Fig. 1).
Until day 20, no or only minimal clinical signs of
uveitis could be observed. Maximal clinical activity was
observed between days 25 and 28 after EAU induction,
whereas histological evaluation showed the strongest
inflammatory changes on the 35th day. The discrepancy
can be explained by the limited number of the eye sections that were stained and evaluated. On the contrary,
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Fig. 1. Dynamics of changes in mice after induction of
EAU
Dynamics of changes on days 10, 20, 25, 35, and 60 after
EAU induction documented by clinical, histological (haematoxylin and eosin) and immunohistochemical evaluation of
T cells (CD3+) and macrophages (F4/80+). Mild activity of
uveitis was documented on day 20, maximum of inflammatory activity was seen between days 25 and 35. On day
60, atrophic changes of the retina were apparent.

during the clinical examination it is possible to examine
the entire retina. After day 20, an increased number of
T lymphocytes and macrophages was observed. Bet
ween days 25–35, the numbers of these immune cells
were constant. On day 60, atrophic changes of the retina
were apparent.
According to our findings, the following design of experiments with antibiotic treatment was proposed – clinical evaluation on days 21 and 28; histological and immunohistochemical evaluation on day 35 after EAU
induction. Untreated mice were compared with mice
treated with a mixture of broad-spectrum antibiotics –
ciprofloxacin and metronidazole – or with metronidazole alone.

The intensity of inflammation was attenuated in
mice treated with a combination of metronidazole
and ciprofloxacin or metronidazole alone started
one week before EAU induction
The intensity of inflammation in EAU was significantly reduced in mice treated with a mixture of anti
biotics ciprofloxacin and metronidazole or metronidazole alone compared to the control group. The therapy

Vol. 65

Fig. 2. Clinical and histological examination in mice treated with antibiotics one week before EAU induction
(a) Clinical examination on the 21st and 28th day after induction of EAU in control mice and mice treated with antibiotics (combination of metronidazole and ciprofloxacin or
metronidazole alone). Treatment started one week before
EAU induction. Retinal changes in control mice show several linear lesions (star), swelling of optic disc (arrow), and
moderate vascular cuffing (arrowhead). In mice treated
with antibiotics, small lesions, mild inflammation of optic
disc (arrow) and engorged vessels (arrowhead) are seen.
(b) Histological examination of haematoxylin and eosinstained retina of control and antibiotic-treated mice on day
35 after EAU induction. Histological image of control
mice showing grade 3: severe vasculitis (arrowhead), mild
vitritis, several retinal folds (arrows), granuloma (star). In
mice treated with the combination of antibiotics, EAU of
grade 1 was observed, in mice treated with metronidazole,
grade 2 was observed.

started one week before EAU induction and continued
throughout the experiment.
By clinical evaluation, lower intensity of inflammation was observed in mice treated with a combination of
metronidazole and ciprofloxacin on the 21st day and 28th
day after EAU induction (Fig. 2a; Fig. 4a; P < 0.0001 on
day 21 and P = 0.0061 on day 28). In mice treated with
metronidazole alone, attenuation of the inflammatory
activity was also demonstrated on the 21st day and 28th
day after induction (Fig. 2a; Fig. 4a; P = 0.0027 on day
21 and P = 0.0085 on day 28).
By histological evaluation, only mild signs of uveitis
were observed in mice treated with a combination of antibiotics ciprofloxacin and metronidazole on the 35th day
compared to severe inflammation in control mice (Fig.
2b; Fig. 4b; P = 0.0027). In mice treated with metronidazole alone, a significant decrease of inflammation was
also confirmed (Fig. 2b; Fig. 4b; P = 0.0124).
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Fig. 3. Immunohistochemistry of the eyes in mice treated
with antibiotics one week before EAU induction
Immunohistochemistry on day 35 after induction of EAU
showed reduction of both CD3+ T cells and F4/80+ macrophages in mice treated with antibiotics compared to the
controls. In control mice, CD3+ cells (T lymphocytes) and
F4/80+ cells (macrophages) were present in the vitreous and
concentrated as clumps in granulomas (stars) and as single
cells in the inner and outer retinal layers (arrows). In mice
treated with antibiotics, single cells were distributed in the
inner retinal layers (arrows).

Fig. 4. Reduced severity of EAU in mice treated with antibiotics one week before EAU induction
(a) Quantification of clinical EAU score is shown. Red lines in the graphs represent the mean. *P < 0.05 (Mann-Whitney
test). Mice treated with a combination of metronidazole and ciprofloxacin (16 eyes) showed reduced severity of EAU; P <
0.0001 on day 21 and P = 0.0061 on day 28. In mice treated with metronidazole alone (14 eyes), attenuation of inflammatory activity was also demonstrated on the 21st day and 28th day after induction; P = 0.0027 on day 21 and P = 0.0085 on
day 28.
(b) Quantification of histological EAU score is shown. Red lines in the graphs represent the mean. *P < 0.05 (MannWhitney test). Mice treated with the combination of antibiotics showed attenuation of inflammatory activity (P = 0.0027).
In mice treated with metronidazole alone, a significant decrease of inflammation was also confirmed (P = 0.0124).
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The intensity of inflammation was attenuated in
mice treated with metronidazole started two
weeks before EAU induction
In comparison with the control group, the intensity of
inflammation was significantly attenuated in mice treated with metronidazole commenced two weeks before
EAU induction; the therapy continued throughout the
experiment.
By clinical fundoscopy, no inflammation was observed on the 21st day and 28th day after EAU induction
(Fig. 5a; Fig. 7a; P < 0.0001 on day 21 and P = 0.0110
on day 28). By histological evaluation, no or only minimal signs of uveitis were observed on the 35th day (Fig.
5b; Fig. 7b; P < 0.0001).

Immunohistochemistry of the eyes
Immunohistochemical evaluation of the eyes performed on day 35 showed reduction in both CD3+ T
cells (29% decrease in the group with a combination of
antibiotics and 11% decrease in the group with metronidazole alone) and F4/80+ macrophages (39% decrease
in the group with a combination of antibiotics and 35%
decrease in the group with metronidazole alone) in mice
treated with antibiotics started one week before EAU
induction compared to the controls (Fig. 3; Fig. 6). In
mice treated with metronidazole started two weeks before EAU induction (Fig. 6), the numbers of inflamma-

Fig. 6. Immunohistochemistry of the eyes of mice treated
with metronidazole two weeks before induction of EAU
Immunohistochemistry of the eyes on day 35 after induction of EAU showed reduction of both CD3+ T cells and
F4/80+ macrophages in mice treated with metronidazole
compared to the controls.
In control mice, CD3+ cells (T lymphocytes) and F4/80+
cells (macrophages) were present in the vitreous and concentrated as clumps in granulomas (star) and as single cells
in the inner and outer retinal layers (arrows). In mice treated with metronidazole, single cells were distributed in the
inner retinal layers (arrows).

Fig. 5. Clinical and histological examination in mice treated with metronidazole two weeks before induction of EAU
(a) Clinical examination on days 21 and 28 after induction of EAU of control mice and mice treated with metronidazole.
Retinal changes in control mice show several linear lesions (star), moderate inflammation of optic disc (arrow), and moderate vascular cuffings (arrowhead). In mice treated with metronidazole, normal fundus without pathological changes is
seen.
(b) Histological examination of haematoxylin and eosin-stained retina of control mice and mice treated with metronidazole on day 35 after induction of EAU. Histological image of control mice shows grade 3 of EAU: severe vasculitis, mild
vitritis, several retinal folds (arrows), granuloma (star). In mice treated with metronidazole, grade 0 is seen.
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Fig. 7. Reduced severity of EAU in mice treated with metronidazole two weeks before induction of EAU
(a) Quantification of clinical EAU score is shown. Red lines in the graphs represent the mean. *P < 0.05 (Mann-Whitney
test). Mice treated with metronidazole (20 eyes) show reduced severity of EAU; P < 0.0001 on day 21 and P = 0.0110 on
day 28.
(b) Quantification of histological EAU score is shown. Red lines in the graphs represent the mean. *P < 0.05 (MannWhitney test). Mice treated with metronidazole showed significant attenuation of inflammatory activity (P < 0.0001).

tory cells were even lower (83% decrease of CD3+ T
cells and 81% decrease of F4/80+ macrophages). How
ever, only the trend was evaluated by counting cells in
the sections. For statistical analysis, more data would be
needed to assess the significance of the obtained results.

Discussion
The mechanisms leading to the development of autoimmune uveitis remain unclear. Nevertheless, recent research in this field brought evidence that microorganisms play an important role in the pathogenesis of uveitis
by influencing the innate and adaptive immune responses
(Forrester et al., 2018; Horai and Caspi, 2019).
To establish the importance of microbiota with respect to the disease induction, antibiotic therapy was
commenced either one week prior to EAU induction or
in the case of metronidazole, also two weeks prior to
EAU induction in our experiments, and continued until
the end of the experiment. This regimen resulted in significantly lower intensity of uveitis. The effects of the
combination of ciprofloxacin and metronidazole and of
metronidazole alone were similar when the therapy
started one week before EAU induction. Metronidazole
commenced two weeks before EAU induction sup-

pressed the intensity of EAU with even higher statistical
significance.
Several in vivo and in vitro studies showed that metronidazole exhibits direct immunosuppressive effects
and ameliorates inflammatory conditions such as colitis
(Colpaert et al., 2001; Bamias et al., 2002; Fararjeh et
al., 2008; Khan et al., 2011; Wang et al., 2012). One
explanation of the long-term effects mediated by metronidazole in the treatment of idiopathic bowel diseases
might be long-term alterations of the gut microbiota
composition. A study performed in rats treated with
metronidazole in drinking water revealed beneficially
altered microbiota with an increase of bifidobacteria and
enterobacteria (Pélissier et al. 2010). Furthermore, metronidazole has the potential to induce a long-term antiinflammatory profile in the phenotype of Tregs and naive T cells. This persistent effect on splenic T cells is
probably responsible for its immunosuppressive properties (Becker et al., 2016). Nakamura et al. (2016) found
out that oral broad-spectrum antibiotics (ampicillin,
metronidazole, neomycin, and vancomycin) given one
week before EAU induction increased Tregs first in the
gut and then also in the extraintestinal lymph nodes and
even in the eye. Effector T cells and inflammatory cytokines were reduced.
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In our study, a more significant decrease in the intensity of uveitis was observed when metronidazole was
commenced two weeks before EAU induction. A similar
therapeutic benefit was reported in the study of Steh
likova et al. (2019), where oral treatment with broadspectrum antibiotics or metronidazole alone mitigated
the severity of skin inflammation in the experimental
mouse model of psoriasis induced by imiquimod.
Interestingly, metronidazole therapy did not decrease
skin inflammation in the same model under germ-free
conditions. This finding supports the conclusion that the
therapeutic effect of metronidazole in autoimmune diseases is mediated by changes in the microbiota composition rather than by its immunosuppressive effect.
The relationship between the microbiota and uveitis
is being intensively studied. However, the triggers of
most types of uveitis are still unknown. Therefore, animal models are powerful tools to unravel the basic
mechanisms of the disease (Horai and Caspi, 2011).
Microbiota can have both a causal (Horai and Caspi,
2019) and a protective effect in immune-mediated uveitis (Lin, 2019). Our results support the current view that
microbiota plays an important role in the pathogenesis
of autoimmune uveitis and may lead to new potential
targets for therapeutic modulation of the disease (Horai,
2017, Janowitz et al., 2019). However, it is still not fully
understood how uveitis can be treated or prevented by
modulating the intestinal microbiome. Further research
addressing the mechanisms by which microbiota promotes the development of autoimmune diseases is essential for understanding the causal relationships between treating and attenuating the disease activity or
preventing the disease induction.
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