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A B S T R A C T

Uveitis is a group of inflammatory ocular pathologies. Endotoxin-Induced Uveitis (EIU) model represent a well-
known model induced by administration of Lipopolysaccharide (LPS). The aim is to characterize two models of
EIU through two routes of administration with novel noninvasive imaging techniques. 29 rats underwent
Intraocular Pressure (IOP) measurements, Optical Coherence Tomography (OCT), proteomic analysis, and
Positron Emission Tomography and Computed Tomography (PET/CT). Groups included healthy controls (C), BSS
administered controls (Ci), systemically induced EIU with LPS (LPSs), and intravitreally induced EIU with LPS
(LPSi) for IOP, OCT, and proteomic studies. For 18F-FDG PET/CT study, animals were divided into FDG-C, FDG-
LPSs and FDG-LPSi groups and scanned using a preclinical PET/CT system. LPSi animals exhibited higher IOP
post-induction compared to C and LPSs groups. LPSi showed increased cellular infiltrate, fibrotic membranes,
and iris inflammation. Proinflammatory proteins were more expressed in EIU models, especially LPSi. PET/CT
indicated higher eye uptake in induced models compared to FDG-C. FDG-LPSi showed higher eye uptake than
FDG-LPSs but systemic uptake was higher in FDG-LPSs due to generalized inflammation. OCT is valuable for
anterior segment assessment in experimental models. 18F-FDG PET/CT shows promise as a noninvasive
biomarker for ocular inflammatory diseases. Intravitreal induction leads to higher ocular inflammation. These
findings offer insights for future inflammatory disease research and drug studies.
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sergas.es (M. González-Barcia), pablo.aguiar.fernandez@gmail.com (P. Aguiar), m.ortega@udc.es (M. Ortega-Hortas), francisco.otero@usc.es (F.J. Otero-Espinar),
anxordes@gmail.com (A. Fernández-Ferreiro).

1 These authors contributed equally to this work.

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journal homepage: www.elsevier.com/locate/ijpharm

https://doi.org/10.1016/j.ijpharm.2024.124516
Received 16 May 2024; Received in revised form 23 July 2024; Accepted 24 July 2024

mailto:andrea.cuartero@rai.usc.es
mailto:xurxo.garcia.otero@usc.es
mailto:jessicafraga.codesido@usc.es
mailto:noemi.gomez@usc.es
mailto:Jesus.Mateos.Martin@sergas.es
mailto:Susana.Belen.Bravo.Lopez@sergas.es
mailto:miguel.gonzalez.barcia@sergas.es
mailto:miguel.gonzalez.barcia@sergas.es
mailto:pablo.aguiar.fernandez@gmail.com
mailto:m.ortega@udc.es
mailto:francisco.otero@usc.es
mailto:anxordes@gmail.com
www.sciencedirect.com/science/journal/03785173
https://www.elsevier.com/locate/ijpharm
https://doi.org/10.1016/j.ijpharm.2024.124516
https://doi.org/10.1016/j.ijpharm.2024.124516
https://doi.org/10.1016/j.ijpharm.2024.124516
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijpharm.2024.124516&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


International Journal of Pharmaceutics 662 (2024) 124516

2

1. Introduction

Uveitis includes a group of eye diseases of different etiologies that
involve inflammation of the uvea (iris, ciliary body and choroid) (Chang
et al., 2021; Jabs et al., 2005). In developed countries, the incidence of
uveitis is estimated to range from 17 to 52 per 100,000 habitants per
year (Tsirouki et al., 2018). Clinical evaluation of the disease includes a
visual acuity test, an ocular surface and anterior chamber examination
with a slit lamp a vitreous and retina examination with an ophthalmo-
scope (Wang et al., 2021) and currently, Optical Coherence Tomography
(OCT) (Invernizzi et al., 2019; Qu et al., 2022). In addition, Intraocular
Pressure (IOP) should be measured in the management of uveitis to
prevent potential damage to the optic nerve (Chang et al., 2021).

OCT is a noninvasive imaging technique that provides in vivo tissue
images with micrometer resolution based on low coherence interfer-
ometry principle (Aumann et al., 2019), generating images due to the
interaction of the light beam with the different ocular structures. Ocular
structures absorb light depending on their molecular structure
(Invernizzi et al., 2019; Venkateswaran et al., 2018). OCT supply
detailed structural information about anterior and posterior segment of
the eye being a helpful instrument to find the main complications of
uveitis in an easy and noninvasive way (Invernizzi et al., 2019; Reddy
et al., 2014). Anterior OCT, also known as an Anterior Segment Optical
Coherence Tomography (AS-OCT) provides a detailed imaging of the
structures in the front portion of the eye, allowing the evaluation of
cellular infiltrate, fibrotic membranes, and changes in iris morphology,
among others (Agarwal and Invernizzi, 2022; Pichi et al., 2022).
Initially, OCT was developed for clinical practice, but nowadays, its use
in preclinical studies has been further investigated due to its reproduc-
ibility. In preclinical studies of uveitis, OCT has been used to detect the
main clinical signs of the disease (Choi et al., 2018; Fan et al., 2021;
Gadjanski et al., 2011; Pepple et al., 2016).

According to the 3Rs principles in animal experimentation (William
and Burch, 1960) alternatives are currently being sought for the diag-
nosis, characterization and follow-up of this pathology. Positron Emis-
sion Tomography (PET) is a noninvasive medical imaging technique that
allows the use of radioactive-labeled molecules known as radiotracers to
characterize the biological function of the imaged tissues (Crișan et al.,
2022; Rong et al., 2023). PET has a wide range of uses, from disease
characterization to antibody biodistribution studies and pharmacoki-
netic studies. With this technology (Crișan et al., 2022), the physiolog-
ical information obtained by PET can be combined with the anatomical
information provided by Computed Tomography (CT) to obtain PET/CT
images. The use of PET/CT with the radiotracer 18F-Fluoro-2-Deoxy-2-
D-Glucose (18F-FDG), a glucose metabolism marker used to identify
areas where there is abnormally high glucose metabolism (Glaudemans
et al., 2013), has been shown to be highly sensitive in the identification
of inflammatory involvement.

Uveitis can provoke a breakdown of the blood-retinal barrier and
changes in ocular physiology (Bansal and Gupta, 2020; Chang et al.,
2021; Girol et al., 2013), so different protein biomarkers have been
identified in clinical and preclinical models of uveitis disease (Imai et al.,
2010; Pepple et al., 2015; Rao et al., 2008; Wang et al., 2015; Zhang
et al., 2022). High-resolution quantitative proteomics is a tool that al-
lows the identification of modulated proteins in biological processes
such as diseases and aging, as well as the investigation of changes in this
modulation due to pharmacological treatments or gene therapy (Mateos
et al., 2014; Sivanich et al., 2022).

In the study of uveitis, numerous preclinical models have been per-
formed to investigate the pathophysiology of the disease and evaluate
the potential of different pathways and new treatments. One of this
widely accepted animal models is the Endotoxin-Induced Uveitis rat
model (EIU) by Lipopolysaccharide (LPS) administration (Yadav and
Ramana, 2019). Its administration contributes to the activation of the
inflammatory cascade, favoring the rupture of the blood-retinal barrier
by acting on the Toll-Like Receptor 4-dependent pathway (TLR4)

(Mérida et al., 2015). Few works have studied the phenotypic differ-
ences in uveitis disease based on the type of endotoxin administration
(Rosenbaum et al., 2011). Comparison of the models according to type
of administration on ocular inflammation was performed through
quantification and analysis of ex vivo studies but in our knowledge this
comparison does not yet exist in in vivo and noninvasive studies.

Therefore, the aim of the present work is to characterize two models
of EIU through two routes of administration, systemic and intravitreal,
with novel noninvasive imaging techniques (OCT and PET/CT) and to
make a comparison between them with an ocular proteomic study of the
evaluated models.

2. Materials and methods

2.1. Materials

Escherichia coli LPS endotoxin was obtained from Sigma-Aldrich
(Sant Louis, USA). Balance Salt Solution (BSS) was adquired from
Alcon Healthcare (Texas, USA). Isoflurane was purchased from Baxter®
(Illinois, USA), Ketamine was obtained from Pfizer (Ketolar, Madrid,
USA) and Xilacine was adquired from Fatro Iberica (Nerfasin, Barcelona,
ES). Colirofta® Ciclopléjico (10 mg/mL cyclopentolate hydrochloride),
Colircusi® Anestesico doble (1 mg/mL tetracaine hydrochloride, 4 mg/
mL oxybuprocaine Hydrochloride) and ACUOLENS® artificial tear (3
mg/mL Hypromellose and 5.5 mg/mL sodium chloride) were obtained
from Alcon Healthcare (Texas, USA). For the proteomic analysis, Trizol
Reagent was obtained from Merck (Darmstadt, GE) and Urea 8 M, TRIS-
Hydrocloric acid (TRIS-HCl) and Sodium Dodecil Sulfate 1 % (SDS) were
purchase from Sigma Aldrich (San Louis, USA).

2.2. Animals

Twenty-nine male Sprague Dawley rats supplied by the Center for
Experimental Biomedicine of Galicia of the University of Santiago de
Compostela (CEBEGA, Santiago de Compostela, Spain) were used. The
mean weight of the animals was 262 ± 14 g, and age was six weeks. The
animals were maintained on food and water ad libitum in SPF conditions
with controlled humidity (41 ± 1.8 %) and temperature (23.5 ± 0.5 ◦C)
with 12-hour regulated day-night cycles. Animals were treated accord-
ing to the ARVO statement for the use of animals in ophthalmic and
vision research, as well as the approved guidelines for laboratory ani-
mals (ARVO, 2021; National Research Council (US), 2011). The study
protocols were approved by the Committee for Ethical Research of the
Health Research Institute of Santiago de Compostela (IDIS) (15012/
2021/001) and followed the Spanish and European Union (EU) rules
(86/609/CEE, 2003/ 65/ CE, 2010/63/EU, RD 1201/2005, and RD53/
2013).

Twenty rats were used for IOP measurements, OCT imaging studies,
and proteomics in order to determine the degree of ocular inflammation.
For IOP measurements and OCT studies, animals were evaluated in 4
homogeneous groups: a control group of healthy rats (C, n= 5, 10 eyes),
another control group in which BSS was injected intravitreally (Ci, n =

5, 10 eyes), a uveitis group of systemically endotoxin-induced uveitis
(LPSs, n = 5, 10 eyes), and a second uveitis group of intravitreally
endotoxin-induced uveitis (LPSi, n = 5, 10 eyes). For the proteomic
study, 5 eyes of each group were used (one eye per rat).

After studying the possible existence of inflammation associated with
the LPS administration, the remaining nine rats were used in the char-
acterization of both uveitis models by preclinical FDG PET/CT. This
study provides information about whole-body inflammation as well as
that produced in the eye. Animals were divided into three groups:
control group of healthy animals (FDG-C, n = 3, 6 eyes), uveitis group
induced by systemic route (FDG-LPSs, n = 3, 6 eyes), and uveitis group
induced by intravitreal injection (FDG-LPSi, n = 3, 6 eyes). At the end of
the in vivo experiments, the animals were sacrificed by carbon dioxide
inhalation. The experimental design of the study is shown in Fig. 1.
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2.3. In vivo Endotoxin-Induced uveitis model (EIU Model)

In this study, two types of EIU induction were evaluated: systemic
and intravitreal route. To the systemic route, the same protocol used in
previous articles was carried out injecting 1 mg/Kg of Escherichia coli
LPS endotoxin diluted in 0.1 mL balance salt solution (BSS™, Alcon
Healthcare, Texas, USA) into the rat’s right paw (da Silva et al., 2011;
García-Otero et al., 2022, 2021; Girol et al., 2013). For the induction of
the intravitreal model, 2 µL of LPS dissolved in PBS at a concentration of
0.125 µg/mL (250 ng of LPS) were injected into the vitreous chamber via
pars plana using a Hamilton syringe with a 35G needle according to
García-Otero et al. (García-Otero et al., 2022, 2021).

Before uveitis induction, animals were anesthetized in a gas chamber
with 3 % (v/v) isoflurane/oxygen (Baxter®, Deerfield, Illinois, USA).
During inductions, animals were anesthetized in a platform with a face
mask with 2–2.5 % of isoflurane/oxygen. Prior to the intravitreal in-
jection, animals were instilled in both eyes with a topical anesthetic eye
drop (1 mg/mL tetracaine hydrochloride, 4 mg/mL oxybuprocaine Hy-
drochloride; Colircusí® Anestésico doble, Alcon Healthcare, Texas,
USA) followed by a mydriatic eye drop (10 mg/mL cyclopentolate hy-
drochloride; Colirofta® Ciclopléjico, Alcon Healthcare, Texas, USA). For
Ci group, 2 µL of BSS was administered intravitreally in each eye with a
surgical lamp and using a Hamilton syringe with a 35G needle
(Fernández-Ferreiro et al., 2017; Luaces-Rodríguez et al., 2020). The
induction models and the intravitreal injection of BSS were performed
24 h before all the studies, based on the maximum peak of inflammation
reached at this time according to scientific evidence provided by other
authors (Bermudez et al., 2016). The integrity of the eye, including lens
damage and hemorrhage after intravitreal injection was evaluated by
surgical lamp before imaging procedures.

2.4. Intraocular pressure measurements (IOP)

All animals included in the IOP study were evaluated at two different
time points (before induction or injection and 24 h after induction or
injection). To ensure ocular integrity, the IOP measurement was prior to
pupil dilation and AS-OCT acquisition. For this purpose, the animals
were previously anesthetized with 3.0 % isoflurane/oxygen and the
measurements were carried out on a flat platform in prone position. The
instrument used for IOP measurement was a rodent rebound tonometer
previously calibrated for rat (iCare TonoLab, Icare, Finland, Oy). A
triplicate measurement was carried out 6 times each.

2.5. OCT acquisition and image analysis

Before OCT acquisition, animals were anesthetized by intraperito-
neal injection of a mixture of 75 mg/kg of Ketamine (Ketolar 50 mg/mL,
Pfizer, Madrid, ES), and 10mg/kg of Xilacine (Nerfasin 20mg/mL, Fatro
Iberica, Barcelona, ES). Subsequently, a mydriatic eye drop (10 mg/mL
cyclopentolate hydrochloride; Colirofta® Ciclopléjico, Alcon Health-
care, Texas, USA) and one drop of artificial tear (3 mg/mL Hypromellose
and 5.5 mg/mL sodium chloride; ACUOLENS®, Alcon Healthcare,
Texas, USA) were instilled to dilate the pupil and to avoid as much as
possible the dryness of the ocular surface and spontaneous cataracts due
to the anesthesia.

After the animals were checked to ensure that it was fully anes-
thetized, animals were moved to the Spectralis OCT system to carry out a
structural examination of the anterior chamber and the retina.
Throughout the procedure, animals were kept on a flat platform with a
heating blanket to avoid possible hypothermia caused by prolonged
anesthetic exposure (Arras et al., 2001). Each animal was place in prone
position with the eye perpendicular to the instrument lens to ensure

Fig. 1. Experimental diagram of the different studies: A) IOP measurements, AS-OCT imaging studies and proteomics for the four experimental groups (control (C),
intravitreal control (Ci), systemically induced uveitis (LPSs) and intravitreally induced uveitis (LPSi)). B) PET imaging studies. Control group (C) and EIU model
inductions of the LPSs and LPSi groups, intravenous administration of 18F-FDG and PET/CT acquisitions. Created with BioRen-der.com.
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maximum axial image quality.
A Spectralis® Spectral-Domain OCT (SD-OCT) was used for this

study (SPECTRALIS® OCT, Heidelberg Engineering, Germany). Modi-
fications to the clinical software, such as manual adaptation of the axial
reference point, were introduced to evaluate the ocular structures of the
rodents. Spectralis consist of a Confocal Laser Scanner (cSLO) connected
to a spectral-domain OCT to provide an Infrared (IR) imaging and OCT
scanning. The wavelength of IR laser and OCT-cSLO used was 815 and
880 nm, respectively, with an A-scan rate of 40 kHz/85 kHz in retinal
imaging. A+21 D lens was used in the mount for the structural study of
the anterior chamber. In addition, if the evolution of the disease allowed
it, a subsequent retinal examination was performed using a volumetric
study centered on the optic nerve.

For the three-dimensional examination of the anterior segment, the
entire OCT image was examined using a pattern of 81B-scans with a size
pattern of 8 x 5.6 mm (axial x lateral) and the distance between B-scans
was 69 µm. For each eye, a region of interest was chosen consisting of the
one with the maximum number of B-scans, without those that did not
provide complete information about the structure of the anterior
chamber.

Ocular signs were evaluated in three B-scans of five regions for each
animal (crossing the corneal center, middle superior, superior, middle
inferior and inferior). Clinical signs were compared with the anterior
chamber image of heathy control animals. Changes in the anterior
chamber structure consisted of clear signs of inflammation characteristic
of uveitis disease, such as cellular infiltrate, presence of fibrotic mem-
brane and inflammation of the iris and ciliary body. The presence of
turbidity and cellular infiltrate in the vitreous chamber was assessed in
cases where posterior segment examination could be performed.

2.6. Protein preparation for proteomics analysis

Whole eyes were homogenized in Trizol Reagent (Merck, Darmstadt,
Germany) following manufacturer instructions and the protein extract
was mixed at a 1:1 ratio in 8 M UREA in 1 M TRIS – HCl, pH 8.0 and SDS
1 % in PBS. Total protein was quantified by Bicinchoninic Acid assay
(BCA, Thermo Fisher Scientific, Waltham, MA, USA). Equal amounts of
proteins were processed as previously described López-López et al.
(López-López et al., 2021). Briefly, samples were loaded on a 10 % SDS-
PAGE gel. The run was stopped as soon as the front had penetrated 3 mm
into the resolving gel. The protein band was detected by Sypro® Ruby
Protein Gel Stain (Lonza, Visp, Switzerland), excised, and processed for
in-gel, manual tryptic digestion as described Shevchenko et al. (Shev-
chenko et al., 1996). Peptides were extracted by carrying out three 20-
min incubations in 40 μL of 60 % Acetonitrile (ACN) dissolved in 0.5 %
Formic acid (HCOOH). The resulting peptide extracts were pooled,
concentrated in a centrifugal evaporator (Genevac miVac, SP Genevac™
SCIENTIFIC, Warminster, PA, USA), and stored at − 20 ◦C, until Mass
Spectrophotometry (MS) assay was performed.

2.7. Spectral library generation by Data-Dependent acquisition

In order to build the MS/MS spectral libraries, the peptide solutions
were analyzed by a shotgun Data-Dependent Acquisition (DDA)
approach using micro-Liquid Chromatography-MS/MS (micro-LC-MS/
MS). To obtain a good representation of the peptides and proteins pre-
sent in all samples, pooled vials of samples from each group were pre-
pared using an equal mixture of the original samples. One 4 μL of each
pool was separated into a micro-LC system Ekspert nLC425 (Eksigen,
Dublin, CA, USA) using an YCM-TriartC18 column (150 μm × 0.3 mm,
12 nm, s-3 µm) (YMC CO, Japan) at a flow rate of 5 µL/min. Water and
ACN, both containing 0.1 % HCOOH, were used as solvents A and B,
respectively. The gradient run consisted of 5 % to 95 % B for 30 min, 5
min at 90 % B and finally 5 min at 5 % B for column equilibration, for a
total run time of 40 min. As the peptides eluted, they were directly
injected into a hybrid quadrupole-TOF MS Triple TOF 6600 (Sciex,

Redwood City, CA, USA) operated with a data-dependent acquisition
system in positive ion mode. A Micro source (Sciex, Redwood City, CA,
USA) was used for the interface between microLC and MS, with an
application of 2600 V voltage. The acquisition mode consisted of a 250
ms survey MS scan from 400 to 1250 m/z followed by an MS/MS scan
from 100 to 1500 m/z (25 ms acquisition time) of the top 65 precursor
ions from the survey scan, for a total cycle time of 2.8 s. The fragmented
precursors were then added to a dynamic exclusion list for 15 s; any
singly charged ions were excluded from the MS/MS analysis.

The peptide and protein identifications were performed using Pro-
tein Pilot software (version 5.0.1, Sciex, Redwood City, CA, USA) from
Rattus Novergicus Uniprot database (freely available at https://www.
uniprot.org/. Data base release 2023_05 that contain 8313 proteins),
specifying iodoacetamide as Cys alkylation. The False Discovery Rate
(FDR) was set to 1 for both peptides and proteins. Then, the MS/MS
spectra of the identified peptides were used to generate the spectral li-
brary for SWATH peak extraction using the add-in for PeakView Soft-
ware (version 2.2, Sciex, Redwood City, CA, USA) MS/MS and ALL with
SWATH Acquisition MicroApp (version 2.0, Sciex, Redwood City, CA,
USA). Peptides with a confidence score above 99 % (as obtained from
Protein Pilot database search were included in the spectral library).

2.8. Relative quantification by SWATH acquisition

Sequential Window Acquisition of all Theoretical Mass Spectra
(SWATH – MS) was performed on a TripleTOF® 6600 LC-MS/MS system
(Sciex, Redwood City, CA, USA). Samples from tears samples were
analyzed using a Data-Independent Acquisition (DIA) method making 3
technical replicates for each sample (12 total samples). Each sample (4
μL) was analyzed using the LC-MS equipment and LC gradient described
above for building the spectral library but instead using the SWATH-MS
acquisition method. The method consisted of repeating a cycle of 65 TOF
MS/MS scans of overlapping sequential precursor isolation windows of
variable width (1m/z overlap) covering the 400 to 1250m/zmass range
with a previous TOF MS scan (400 to 1500 m/z, 50 ms acquisition time)
for each cycle. Total cycle time was 6.3 s. For each sample set, the width
of the 100 variable window was optimized according to the ion density
found in the DDA runs using a SWATH variable window calculator
worksheet from Sciex.

2.9. Proteomics data analysis

The targeted data extraction of the fragment ion chromatogram
traces from the SWATH runs was performed by PeakView (version 2.2)
using the SWATH Acquisition MicroApp (version 2.0). This application
processed the data using the spectral library created from the shotgun
data. Up to 10 peptides per protein and 7 fragments/transitions per
peptide were selected, based on signal intensity; any shared and modi-
fied peptides were excluded from the processing. Five-minute windows
and 30 ppmwidths were used to extract the ion chromatograms; SWATH
quantitation was attempted for all proteins in the ion library that were
identified by ProteinPilot with an FDR below 1%. The retention times of
the peptides that were selected for each protein were realigned in each
run according to the Internal Retention Time (iRT) peptides corre-
sponding to the different proteins identified in each sample and eluted
along the whole-time axis. The extracted ion chromatograms were then
generated for each selected fragment ion; the peak areas for the peptides
were obtained by summing the peak areas from the corresponding
fragment ions. Protein quantization was calculated by adding the peak
areas of the corresponding peptides.

The integrated peak areas (processed. mrkvw files from PeakView)
were directly exported to the MarkerView software (Sciex, Redwood
City, CA, USA) for relative quantitative analysis. A global normalization
was carried out based on the total sum of all the peak areas extracted
from all the peptides and transitions across the replicates of each sample.
The average MS peak area of each protein was derived from the
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replicates of the SWATH-MS of each sample followed by Student’s t-test
analysis using the MarkerView software for comparison among the
samples based on the averaged area sums of all the transitions derived
for each protein. The t-test will indicate how well each variable distin-
guishes the two groups, reported as a α-value. Network analysis was
done with String DB 12.0 (freely available at https://string-db.org/) and
SR plot software (https://www.uniprot.org/) was used for visualization.
The raw data files are available in the public domain through the
MassIVE repository (https://massive.ucsd.edu/ProteoSAFe/static/mass
ive.jsp).

2.10. PET/CT acquisition and image analysis

Once the level of ocular inflammation in uveitis models and the
possible existence of inflammation associated with LPS were studied, a
preclinical PET/CT system (Albira PET/CT Preclinical scanner, Bruker
Biospin Corp. Billerica, MA) was used to compare whole-body inflam-
mation between both. For this purpose, a 18F- FDG PET/CT study was
performed in three groups of 3 rats each: FDG-C, FDG-LPSs and FDG-
LPSi. Radiopharmaceutical administration was injected 24 h after uve-
itis induction. Animals were fasted for 12 h before the FDG PET studies.

Prior to image acquisition, glucose levels were measured before 18F-
FDG injection (114.67 ± 13.78 mg/dL) and then, 14.22 ± 0.37 MBq of
18F-FDG was intravenously administered into the vein tail of the ani-
mals. During FDG administration and image acquisition, rats were kept
anesthetized with 2.5–3 % of isoflurane/oxygen through a face mask
and breathing was monitored. PET/CT static acquisitions were per-
formed 45 min after the 18F-FDG intravenous injection, consisting of 20
min PET scan followed by a 20 min CT scan. PET images were recon-
structed using the Maximum Likelihood Expectation Maximization
(MLEM) algorithm with 12 iterations and an image pixel size of
0.5x0.5x0.5 mm3, including decay, scatter and random coincidences
and no attenuation correction. The CT acquisition parameters were 35
kV for a tube current of 200 µA with 250 projections per bed and the
reconstructed images had a pixel size of 0.5x0.5x0.5 mm3. The Field Of
View (FOV) of the PET and CT scans covered the whole body of the
animals.

Image analysis was carried out using Amide’s Medical Image Data
Analysis Tool (Loening and Gambhir, 2003) gauging different ellipsoidal
Regions Of Interest (ROIs) of 5x5x5 mm (524mm3) delimiting the signal
area in each eye. Liver, spleen, and knee were also evaluated. The mean
radiotracer concentrations derived from the different ROIs were cor-
rected by the radioactive decay of the 18F radioisotope (half-life of 110
min). The semiquantitative measurements of 18F-FDG uptake were
estimated using the Standardized Uptake Value (SUV) following Equa-
tion (1).

SUV =
measured radioactivity concentration (Bq/mL)
injected radioactivity (Bq)/bodyweight (g)

(1)

Standardized uptake value (SUV) equation. Bq: becquerel.

2.11. Statistical analysis

Data analysis of the variables studied was carried out using Graph-
Pad Prism 9 for macOS v.9.3.1 software (GraphPad Software, San Diego,
CA, USA). Before the analysis, the normality of the distribution was
checked with the Shapiro-Wilk test for each parameter studied. For IOP
results, two analyses were performed: intragroup and intergroup anal-
ysis. The intragroup study was performed to observe differences within
groups before and after induction or intravitreal injection. Once the
assumption of normality was accepted, a parametric paired 2way
ANOVA test was performed with Sidak’s multiple comparisons test.
Subsequently, for the intergroup analysis, a parametric nonpaired 2way
ANOVA with Tukey’s multiple comparisons test was applied.

For the statistical evaluation of SUV values acquired from the PET/
CT scans, a one-way ANOVA with Tukey’s multiple comparisons test

was applied. For all cases, statistically significant differences were
considered when the comparison yielded a α-value < 0.05.

3. Results

3.1. Intraocular pressure measurements (IOP)

In the intragroup comparison, the variations within the same group
at the evaluated times were studied. Thus, a significant increase in
intraocular pressure was observed in intravitreally LPS-induced rats
(Sidak; α < 0.05), whereas a significant decrease occurred in systemi-
cally LPS-induced rats (Sidak; α < 0.01) (Fig. 2A). A comparison be-
tween the induced groups and the healthy control group was also
performed to identify differences in IOP. A significant increase was
found in postinduction measurements for the intravitreal LPS model
compared to control group and between uveitis groups (Tukey, α <

0.01). No significant differences were found between intravitreal BSS
injection and the healthy control group (Tukey, α.n.s.) (Fig. 2B).

3.2. OCT image analysis

The AS-OCT enabled the anterior chamber examination, observing
structural changes due to the induction of uveitis by the two routes of
LPS administration, providing information on the underlying inflam-
mation in both models. The findings observed in the images of the an-
imals with ocular procedures were compared with images obtained from
healthy control eyes (Fig. 3). Images corresponding to eyelids or skin
and without a clear image of the anterior chamber were removed.

As can be seen in Fig. 3A, the anterior segment of a healthy control
group (C) showed no signs of inflammation such as cellular infiltrate,
fibrotic membranes or iris inflammation. The anterior chamber shows a
hyporreflective images and healthy ocular structures. In the analysis of
the findings of the Ci group, cellular infiltrate was found in all animals
(100 %), being more prevalent in the central region. In the remaining
inflammatory evaluated signs, only 10 % presented fibrotic membranes,
and 20 % suffered iris inflammation in the central, middle superior and
superior regions (Fig. 3B).

In the LPSs group (Fig. 3C), as a remarkable sign of inflammation, 80
% of the animals were observed to have cellular infiltrate in at least one
of the five analyzed regions and 20 % suffered iris inflammation. No
signs of fibrotic membranes were observed in any systemically induced
animal. In the LPSi group (Fig. 3D), signs of cellular infiltrate were
presented in 100 % of the animals in all regions being the central and
middle superior regions the ones with the most cellular infiltrate.
Fibrotic membranes and iris inflammation were found in 60 % of the
animals.

After qualitative comparison of the salient signs between the Ci and
LPSi groups, it was noted that the hyperreflectance of the anterior
chamber of the animals in the LPSi group was higher than that observed
in the Ci group, produced by the large number of cells in the anterior
chamber, which in some cases agglomerated and caused cell masses. In
the comparison between the signs of the LPSs model and the LPSi model,
the same behavior was observed as in the previous comparison, the
hyperreflectance observed in the anterior chamber of the LPSi group was
still higher than that found in the LPSs group. In addition, the LPSi
model produced greater inflammatory signs in the anterior chamber and
to a greater degree than the LPSs model. Finally, it should be noted that
the posterior segment and retina examination could not be performed
due to the turbidity of the media both in the anterior chamber, as
demonstrated by the AS-OCT images, and in the posterior chamber. The
presence of turbidity in the ocular media prevented the proper physical
functioning of the instrument and therefore it was not possible to obtain
reliable and clear images of the posterior segment.

A. Cuartero-Martínez et al.
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3.3. Proteomics

A quantitative analysis of the modulated proteins was performed
between the groups examined. The proteome analysis and the compar-
ison could be found in the MassIVE repository (The comparative analysis

is available in the public domain through the MassIVE repository).
A comparison was made between uveitis models (LPSi vs LPSs);

healthy control group and LPSi model (C vs LPSi); healthy control group
and LPSs model (C vs LPSs) and Ci group and LPSi model (Ci vs LPSi). As
analysis criteria, it was studied those proteins that were statistically

Fig. 2. Variations of intraocular pressure measured at different time-points in the different groups analyzed. A) Intragroup paired comparative analysis of intraocular
pressure (Sidak’s multiple comparisons test). Pre: before induction; Post: 24 h after induction. B) Intergroup unpaired comparative analysis of intraocular pressure
(Tukey’s multiple comparisons test); *: statistical significance α < 0.05; **: statistical significance α < 0.01.

Fig. 3. In vivo images of the anterior chamber of the rat eye. A) Lower middle section of the anterior chamber of a healthy control rat without relevant inflammatory
findings. B) Middle section of the anterior chamber of rats administered with BSS intravitreally 24 h after administration. C) Lower middle section of rats induced
with systemically LPS 24 h after administration. D) Middle section of the anterior chamber of rats induced with intravitreal LPS 24 h after administration. *white:
cellular infiltrate; *magenta: cell accumulation; *green: fibrotic membrane; *blue: iris inflammation.

A. Cuartero-Martínez et al.
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significantly expressed (α < 0.05) and with a fold change (FC) up to 2
and below 0.5.

In the LPSi vs LPSs comparison, a total of 355 proteins were quan-
tified of which 28 have a statistically significant modulation (differen-
tially expressed proteins: DEPs) (α < 0.05) and the chosen ratio. Of the
28 proteins obtained, 20 of them are overexpressed at least 2-fold in the
LPSi model. Fig. 4a shows a volcano plot of the modulated proteins in
LPSi vs LPSs comparison. Of the 20 upregulated proteins in LPSi group,
an increase was found in S100A9 protein (FC=5.28; α < 0.05); Parkinson
disease protein 7 homolog (FC=4.76; α < 0.05); Cathepsin G (FC=4.59; α
< 0.001); Heat shot protein HSP 90-alpha (FC=3.70; α < 0.05) and Stress-
70 protein mitochondrial (FC=2.33; α < 0.01) among others. A network
analysis of the upregulated proteins was carried out. Some of the most
representative biological processes in which these proteins were
involved include humoral immune response, positive regulation of de-
fense response, response to toxic substance, inflammatory response, and
response to lipids (Fig. 5).

In the analysis between the healthy control group and the LPSi model
(C vs. LPSi), 29 proteins were found to be upregulated at least 2-fold in
the LPSi model compared to the healthy control group (Fig. 4b). Ex-
amples of DEPs are the Heat shock cognate 71 (FC=0.46; α < 0.01), Stress
70 protein (FC=0.43; α < 0.05), Gamma crystallin N (FC=0.39; α < 0.05),
gamma crystallin S (FC=0.32; α < 0.05), Gamma crystallin B (FC=0.24; α
< 0.05), Gamma crystallin C (FC=0.16; α < 0.05), protein S100-A8
(FC=0.31; α < 0.01), Ig gamma-2B chain (FC=0.28; α < 0.05), Cathepsin
G (FC=0.16; α < 0.001), serine protease inhibition (FC=0.13; α < 0.01),
serotransferrin (FC=0.11; α < 0.05), protein S100-A9 (FC=0.09; α <

0.05), complement C3 (FC=0.09; α < 0.01), among others. As revealed by
network analysis different biological processes were found significantly
altered such as neutrophil aggregation, very-low-density lipoprotein
particle remodeling, regulation of Cdc42 protein signal transduction,
high-density lipoprotein particle remodeling, acute inflammatory
response, humoral immune response, response to wounding, wound
healing, regulation of inflammatory response, inflammatory response,
innate immune response and regulation of immune response, among
others (Fig. 6). When comparing the Ci model and LPSi (Ci vs LPSi) 24
DEPs were found. Overlapping DEPs were detected after crossing the C
vs LPSi and Ci vs LPSi results. The upregulated LPSi proteins present in
both comparisons were Cathepsin G (FC=0.25; α < 0.001), Protein S100-
A8 (FC=0.24; α < 0.001), Serine protease inhibitor A3N (FC=0.26; α <

0.001) and Complement C3 (FC=0.21; α < 0.05).
When comparing the healthy control group versus LPSs group (C vs.

LPSs) only 8 proteins were significantly upregulated and within the ratio
chosen in the LPSs group (Fig. 4c). Complement C3 (FC=0.28; α < 0.001)
and serine protease inhibitor (FC=0.25; α < 0.001) were found among the
upregulated proteins.

3.4. PET/CT studies

The mean uptake of 18F-FDG of each selected organ was analyzed
individually and a multiple comparative analysis was performed be-
tween the results obtained in healthy control rats and those injected with
LPS systemically and intravitreally. The eyes uptake of 18F-FDG PET/CT
images in the differents groups are shown in Fig. 7. The red ellipses in
the image represent the ROIs of the eyes. In this first qualitative evalu-
ation, a greater uptake of 18F-FDG is clearly seen in the brain of the FDG-
LPSi group compared to the other two groups, although the uptake of the
FDG-LPSs group is greater than the FDG-C group. Furthermore, in the
FDG-LPSs group, greater bone and joint uptake was observed.

As shown in Fig. 8, a significant difference between the healthy
control rats and the induced uveitis models for the ocular region analysis
was observed. Both uveitis models gave significantly higher SUV values
than control rats (Tukey, α < 0.0001). In the comparison between LPSi
and LPSs induced rats, the uptake of 18F-FDG in the LPSi group is
significantly higher than in the LPSs group (Tukey, α < 0.05).

Systemic uptake of 18F-FDG was evaluated in different regions. As
can be seen in Fig. 8, there was notable uptake in the liver, spleen, and
knee. In the comparative analysis between healthy control group and the
induced groups, a significantly higher SUV was found in the liver of the
induced models compared to the healthy control rat (Tukey, αintravitreal
< 0.001; αsystemic < 0.0001). Significant differences in uptake were also
found between the intravitreal and systemic induced model in spleen,
with SUV being higher in the systemic model (Tukey, α < 0.0001).

The knee was another region where increased uptake was observed.
In this area, induced uveitis rats gave significantly higher SUV values
than healthy control rats. Again, there were significant differences be-
tween systemic and intravitreal-induced animals, with the systemic
group giving significantly higher SUV values than the intravitreal group
(Tukey, α < 0.001). As can be seen in Fig. 7, the 18F-FDG uptake in the
brain is higher in the uveitis model groups, and among them, the FDG-
LPSi group is the one with the highest uptake.

4. Discussion

In this study, two models of uveitis were analyzed and characterized
with novel and noninvasive imaging techniques. Moreover, a proteomic
study was performed to correlate imaging findings with the presence of
certain inflammation-modulating proteins. Uveitis model induction was
performed through the administration of an endotoxin by two different
routes (Zhang et al., 2022). First, a systemic route is considered as it is
the one that has traditionally been used to induce uveitis models. This
involves a rapid and short course of anterior uveitis (Bansal et al., 2015)
due to the privileged and unique immune system of the eyeball
(Egwuagu et al., 2021; Mölzer et al., 2021). When LPS is administered
systemically, the lipopolysaccharide breaks the blood barriers and

Fig. 4. Volcano plot of the modulated proteins in the differents comparisons. a) LPSi vs LPSs; b) C vs LPSi and c) C vs LPSs.

A. Cuartero-Martínez et al.
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triggers the activation of the immune system. At that time, immune cells
initiate migration to the anterior segment of the eye and other structures
(Egwuagu et al., 2021). This phenomenon allows systemic administra-
tion of LPS to be used to evaluate ocular and other inflammatory pro-
cesses such as neuroinflammation (Di Paolo et al., 2023; Md Pisar et al.,
2023) or gastrointestinal dysmotility sepsis (Castro et al., 2023), etc.)
despite its handling and reproducibility (Garg et al., 2021). Neverthe-
less, systemic administration of LPS can induce systemic inflammatory
mechanisms that would mask or hinder ocular evaluation (Arıkan et al.,
2023; Gupta et al., 2008). Due to this, more and more studies are
choosing intravitreal administration over systemic administration (Garg
et al., 2021; Rosenbaum et al., 2011). Although these models do not

provoke all the ocular signs of clinical uveitis (Chu et al., 2016), it seems
that the induced inflammation should be only local and therefore more
appropriate for a uveitis model. This is the reason because intravitreal
administration is considered as preferred induction model to study acute
anterior uveitis and it might be the most appropriate model to evaluate
the efficacy of ocular drugs, since it presents increased levels of proin-
flammatory cytokines in ocular fluids (Herbort et al., 1989). Despite the
intense work in generating optimal models of uveitis, there has been
little progress in the development of noninvasive biomarkers. Today,
there is a growing interest in less invasive techniques for the evaluation
and characterization of uveitis, mainly due to the need for improved in
vivo characterization of the current models and ultimately for a better

Fig. 5. Network and gene ontology analysis of the comparison LPSi vs LPSs.

Fig. 6. Network and gene ontology analysis of the comparison C vs LPSi.

A. Cuartero-Martínez et al.
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understanding of the uveitis behavior. In addition, more ethical alter-
natives are required in preclinical research, due to the increasingly
stringent limitations on the use of animals for experimentation. The
imaging studies implemented in this work have a direct impact on the
implications of the 3Rs, since the number of animals is exponentially
reduced by not having to sacrifice each animal to measure the studied
parameters. Regarding to this, present study provides a full character-
ization of uveitis models induced by systemic and intravitreal adminis-
tration of LPS using in vivo imaging biomarkers based on OCT and PET/
CT studies. Furthermore, imaging findings were correlated with an
extensive proteomic study, which allowed the previous molecular
characterization of the models in terms of inflammation-modulating
proteins.

High IOP increases the likelihood of axonal damage and, conse-
quently, glaucoma. Over the years, the need to study IOP in patients
with uveitis has been increasing due to its association (Friedman et al.,
2013; Herbert et al., 2004; Kothari et al., 2015). In this work, when
studying IOP variations, it is observed that intravitreal injection of LPS
causes a significant increase that is not observed in the systemic model.
This finding could be due to the immediate increase due to the injection
itself observed in different studies (Grzybowski et al., 2018; Lemos et al.,
2015). Consequently, the IOP increase of the intravitreal-induced model
could be caused by the combined influence between the severe ocular
inflammatory process and the effect of the intravitreal injection itself.
Del Sole et al. reported in a study of intravitreal injection uveitis in cats,
an increase in IOP after injection of sterile saline (Sole et al., 2008). In
this regard, the differences found between Sole et al. study and ours may
be due to possible differences in the immune response between cats and
rats. Our hypothesis is that the inflammation caused by LPS injection
causes a continued change in IOP, since no differences were found be-
tween BSS injection and control animals either. Regarding AS-OCT
studies, the use of this imaging technique provided noninvasive infor-
mation on morphological slices of the animal’s anterior chamber. This
allowed us to detect clinical signs of cellular infiltrate, fibrotic mem-
brane and iris inflammation in both intravitreal and systemic LPS-

induced animals, results that correspond with those found in other
preclinical studies of the disease (Chen et al., 2013; Choi et al., 2015;
Downie et al., 2014; Gutowski et al., 2017). Fundus images and retinal
OCT images could not be obtained due to underlying inflammation and
turbidity in the posterior chamber, especially in those induced intra-
vitreally. This event was also observed in other studies confirming the
presence of ocular media opacity (Chen and Caspi, 2019). Moreover, it
was observed that intravitreal injection of BSS produced clear signs of
intraocular inflammation. These findings are consistent with previous
clinical reports of possible subclinical inflammation in the anterior
chamber after the injection (Sole et al., 2008). Finally, it has been
confirmed that intravitreal administration of LPS effectively activates
the cellular inflammatory response, leading to increased production and
release of proinflammatory cells, as described by Gupta et al. (Gupta
et al., 2008).

Our study describes the proteomic profile obtained in the different
models. It was demonstrated the presence of histones, crystalline pro-
teins and S100A9 in the uveitis models, with higher expression when
LPS is administered intravitreally. In addition, it has been proved that
the presence of S100A8, a protein that has been described as specific in
several animal models of uveitis, and proinflammatory proteins such as
Cathepsin G, Serine protease inhibitor A3N and Complement C3 pro-
teins in the eye are related to the presence of LPS. Among the proin-
flammatory proteins established in the uveitis models, the Parkinson’s
disease protein 7 homologue was more upregulated in the intravitreal
model, although it was found in both EIU models. This protein has a
protective function against oxidative stress and mediator of inflamma-
tion by TLR4 receptor (Lippai et al., 2021). These results are in agree-
ment with previous results in the proteome characterization of animal
models, where the presence of beta-B2-crystallin (Rao et al., 2008), αA-
Crystallin (Wang et al., 2015), S100A8 and S100A9 protein (Pepple
et al., 2015) were also determined. There are also studies in aqueous
humor demonstrating increased levels of calprotectin and apolipopro-
tein E in inflammation models, as well as beta-B2-crystallin (Zhang
et al., 2022). Zhang et al. identified histones such as H1, H2A and H2B at
the disease peak. They concluded that the presence of histones in the
animals retina could lead to a protective effect against LPS (Zhang et al.,
2022).

After establishing the proteomic characterization of the models
confirming the association between LPS administration and ocular
inflammation, 18F-FDG PET/CT study was subsequently conducted. To
our knowledge, this is the first study using PET/CT to characterize the
inflammation of EIU models both in the eye and whole-body organism.
PET/CT results are in accordance with those obtained in AS-OCT and
proteomic studies. The uveitis model induced through intravitreal in-
jection generates a greater ocular inflammation compared to the sys-
tematically induced model. According to the results, the analysis
performed in the liver, spleen and knee shows that 18F-FDG uptake is
higher when LPS is administered systemically, confirming a greater

Fig. 7. Coronal fused PET/CT images of rats head for the three groups scanned.
The color scale represented the uptake of 18F-FDG from lower (blue) to higher
(red) intensity.

Fig. 8. SUV values and standard deviation of the evaluated organs in the different performed models and their comparison between groups. *: α < 0.05; ***: α <

0.001 and ****: α < 0.0001.
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affectation of these organs. In conclusion, the inflammation caused in
the systemic model is more generalized than that obtained after local
administration of LPS. This imaging technique was also used by Fujii et
al. (Fujii et al., 2018) for evaluating response of ocular adnexal lym-
phoma to treatment and by Bazewicz et al. (Bazewicz et al., 2023) in the
work-up of children with uveitis. Rodents, unlike humans, have a gland
in the head, called Harderian gland, which uptakes a large amount of
18F-FDG. This structure is located very close to the eye of the rats, so
special care must be taken to ensure that the uptake data from the eye is
independent of, and not affected by, the uptake of the gland. For this
reason, when performing the image analysis and placing the ocular ROIs
it was verified that the eye data were not influenced by the spillover
uptake of the Harderian gland. The retina has been described as a
window to the brain because the axons that compose the optic nerve are
directly connected to the brain. This makes the optic nerve a transport
pathway to the cerebrospinal fluid (Wang et al., 2020). When LPS is
administered, blood-ocular barriers are breached and the inflammatory
cascade is activated leading to cytokine proliferation and activation of
microglia (Kokona et al., 2018; Lai et al., 2022). These events may
explain the increased 18F-FDG uptake in the brain of animals adminis-
tered LPS intravitreally.

Among the limitations of our study is the subjective evaluation of
OCT images. There are studies that propose objective assessment algo-
rithms for anterior chamber evaluation (Xu et al., 2017). In clinical
practice, one of the signs that is checked is possible corneal edema. In
our case, it could not be evaluated because the Spectralis OCT software
available to us does not present an automatic segmentation of the
cornea. Due to the manual measurement of corneal edema, its possible
error in measurement accuracy and the fact that corneal thickness is the
least reliable sign of inflammation, it was decided not to perform it.
Another limitation for IOP and OCT is the duration of anesthesia. Studies
have shown that prolonged anesthesia can cause opacities and ocular
dryness (Bell et al., 2019). Despite the instillation of artificial tears,
changes in imaging phase are observed, probably due to anesthesia.
Although the performed studies demonstrate the usefulness of OCT to
observe changes in animal model inflammation and correlation between
the tested assays, it would be interesting to objectify the OCT results
with histological studies.

The results of each study in this work are consistent with each other.
The high presence of proteins belonging to the cells that play a key role
in the inflammatory process obtained in the proteomic study corre-
sponds with the results obtained in the OCT and PET/CT images, where
an increase in cellular infiltration and iris inflammation, and a higher
uptake of 18F-FDG caused by inflammation, respectively, can be seen.
Taking into account that the degree of inflammation from highest to
lowest of the studied groups is LPSi, LPSs and healthy, it is possible to
correlate the level of expression of the proteins obtained by proteomics
with the appearance of signs through OCT and the level of 18F-FDG
uptake in the PET/CT study.

5. Conclusions

Our study has provided noninvasive imaging of two animal models of
uveitis, establishing Spectralis AS-OCT is a useful and noninvasive tool
for anterior ocular segment assessment in experimental models. In turn,
PET/CT studies with 18F-FDG may be of potential interest as a nonin-
vasive biomarker in ocular diseases. The differences between the uveitis
models induced by intravitreal and systemic administration of LPS have
been characterized, confirming that the intravitreal model generates
more inflammation in the anterior chamber in all the performed studies,
whereas the systemic model could better reproduce the conditions of a
generalized inflammation affecting other parts of the organism. These
results would provide useful information for application in future spe-
cific inflammatory diseases and pharmacological studies.
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Ruibal, Á., Otero-Espinar, F.J., González, F., 2017. Preclinical PET study of
intravitreal injections. Invest Ophthalmol vis Sci 58, 2843–2851. https://doi.org/
10.1167/iovs.17-21812.

Friedman, D.S., Holbrook, J.T., Ansari, H., Alexander, J., Burke, A., Reed, S.B., Katz, J.,
Thorne, J.E., Lightman, S.L., Kempen, J.H., 2013. Risk of elevated intraocular
pressure and glaucoma in patients with uveitis; results of the multicenter uveitis
steroid treatment trial. Ophthalmology 120, 1571–1579. https://doi.org/10.1016/j.
ophtha.2013.01.025.

Fujii, H., Tanaka, H., Nomoto, Y., Harata, N., Oota, S., Isogai, J., Yoshida, K., 2018.
Usefulness of 18F-FDG PET/CT for evaluating response of ocular adnexal lymphoma
to treatment. Medicine (Baltimore) 97, e0543. https://doi.org/10.1097/
MD.0000000000010543.

Gadjanski, I., Williams, S.K., Hein, K., Sättler, M.B., Bähr, M., Diem, R., 2011. Correlation
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