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Abstract
GFAP-IL6 transgenic mice are characterised by astroglial and microglial activation predominantly in the cerebellum, hallmarks 
of many neuroinflammatory conditions. However, information available regarding the proteome profile associated with IL-6 
overexpression in the mouse brain is limited. This study investigated the cerebellum proteome using a top-down proteomics 
approach using 2-dimensional gel electrophoresis followed by liquid chromatography-coupled tandem mass spectrometry and 
correlated these data with motor deficits using the elevated beam walking and accelerod tests. In a detailed proteomic analysis, 
a total of 67 differentially expressed proteoforms including 47 cytosolic and 20 membrane-bound proteoforms were identified. 
Bioinformatics and literature mining analyses revealed that these proteins were associated with three distinct classes: metabolic 
and neurodegenerative processes as well as protein aggregation. The GFAP-IL6 mice exhibited impaired motor skills in the 
elevated beam walking test measured by their average scores of ‘number of footslips’ and ‘time to traverse’ values. Correlation 
of the proteoforms’ expression levels with the motor test scores showed a significant positive correlation to peroxiredoxin-6 
and negative correlation to alpha-internexin and mitochondrial cristae subunit Mic19. These findings suggest that the observed 
changes in the proteoform levels caused by IL-6 overexpression might contribute to the motor function deficits.

Keywords  Chronic inflammation · Motor function · Top-down proteomics · Bioinformatics · Neurodegeneration · 
Metabolic dysregulation · Protein aggregation

Introduction

Clinical and preclinical evidence suggests chronic inflamma-
tion as a significant pathogenic process driving the progres-
sion of neurodegenerative conditions such as Alzheimer’s 
disease (AD), the pathoetiology of which remains unclear 
[1–4]. The neuroinflammatory process is characterised by 
excessive release of various cytotoxic cytokines including 
interleukin-6 (IL-6) leading to reactive gliosis (i.e. reactivity 
of microglia and astroglia) [5, 6]. IL-6 is a potent proinflam-
matory mediator and its role is particularly important as its 
expression increases in normal ageing and neurological dis-
ease [7, 8]. Studies have also shown increased levels of IL-6 
in the post-mortem brains of AD patients [9]. Elevated lev-
els of systemic IL-6 have been correlated with lower white 
matter integrity in the brain and cognitive decline in older 
individuals in an age-dependent manner using neuroimaging 
and cognitive tests [10, 11].

It was reported that IL-6 could also induce neuronal pro-
tein tau hyperphosphorylation, altered electrophysiological 
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activity and calcium signalling in cerebellar Purkinje cells 
[12, 13]. Therefore, an animal model with a chronic expres-
sion of IL-6 in the brain could provide a better understand-
ing of functional and structural changes as a result of the 
inflammatory cascade initiated by IL-6 [14]. The transgenic 
GFAP-IL6 mouse is a model of chronic neuroinflamma-
tion with astrocyte-targeted overexpression of IL-6 in the 
brain [14]. GFAP-IL6 mice exhibit neurological-like dis-
ease with inflammatory processes and degeneration in the 
brain. Homozygous GFAP-IL6 mice express 8 copies of the 
transgene while heterozygous mice express 4 copies [14]. 
The inflammatory response in the brains of GFAP-IL6 mice 
involves elevated levels of IL-6, tumour necrosis factor-α, 
IL-1, intercellular adhesion molecule-1, activation of micro-
glia and astrocytes [1, 14–16]. The resultant neurodegen-
erative changes include the breakdown of the blood–brain 
barrier, pathological deposition of oxidated products, iron, 
dystrophy and loss of Purkinje neuron dendritic processes 
in the cerebellum region of homozygous mice [14, 17]. The 
cerebellar atrophy and loss of synapses and neurons in the 
brain lead to motor and memory function deficits of the 
GFAP-IL6 mice [1, 14, 16, 18].

Proteome analysis is a powerful tool to investigate 
changes in protein profiles for disease state (i.e. protein up 
or downregulation, biomarker discovery), their association 
with other protein networks and to understand the role of 
different proteoforms in a normal physiological state as 
well as various pathophysiological conditions [19–21]. The 
effects of the IL-6-initiated inflammatory cascade can be 
understood by assessment of cerebellum-based motor func-
tion and correlation with cerebellum proteome analysis of 
GFAP-IL6 mice which may lead to the discovery of new 
targets for effective treatment of neuroinflammatory neuro-
degenerative diseases [22, 23]. The function and abundance 
of proteoforms in biological systems may be altered via post-
translational processes without involving transcriptional 
mechanisms [19, 24, 25]. Concerning this, the discovery of 
proteome alterations has enabled a better understanding of 
consequential and adaptive mechanisms in neurodegenera-
tive diseases [25, 26].

Top-down proteomic analysis is a common approach in 
biomedical research that employs 2-dimensional gel electro-
phoresis (2-DE) of protein samples followed by mass spec-
trometry analysis of protein spots of interest [25, 27–29]. 
It provides a great advantage by allowing robust assay to 
resolve protein species and their isoforms based on their 
isoelectric points (pI) and molecular weights (MW) [30–32]. 
The separated proteins are stained, and gel images are quan-
titatively analysed to identify protein spots with significant 
changes [25, 33–35]. The protein of each selected spot can 
be identified using peptide mass fingerprint data generated 
by the liquid chromatography-tandem mass spectrometry 
(LC–MS/MS) and queries in the bioinformatics database 

[25, 36, 37]. In this study, we assessed motor functions at 
9 months of age and subsequently analysed the cerebellar 
proteome of heterozygous GFAP-IL6 mice in comparison 
to wild type (WT) C57BL/6J mice to identify significant 
changes in protein profiles (upregulated or downregulated) 
associated with the motor deficits of the transgenic mice. We 
found a marked alteration in cerebellar proteoforms and defi-
cits in motor function of the GFAP-IL6 mice. Most impor-
tantly, a subset of the proteoforms was correlated with the 
motor scores indicating cerebellum proteome changes are 
associated with behavioural deficits of the GFAP-IL6 mice.

Materials and Methods

Ethics Statement and Experimental Animals

All animal research procedures were performed according 
to the Western Sydney University Animal Care and Eth-
ics Committee (ACEC) guidelines and approvals (Animal 
Research Authority code: A10057) and followed the Aus-
tralian Code of Practice for the Care and Use of Animals 
for Scientific Purposes. The general health condition and 
body weights of the mice were monitored and recorded in 
2 weeks’ intervals in line with the ACEC guidelines. The 
body weight data was statistically analysed as part of their 
general health assessment. The study was conducted by 
selecting 9-month-old male heterozygous GFAP-IL6 mice 
(n = 8) and wild type-like (WT) control (C57BL/6J, n = 9) 
littermates by group-housing them in individually ventilated 
cages (GM500 Mouse IVC, Techniplast, UK) in the animal 
facility. The decision on the age of the mice was based on the 
histological (i.e. marked gliosis and neurodegeneration) and 
motor function changes previously published by our group 
[1, 16]. Mouse food pellets were obtained from Specialty 
Feeds (Glen Forrest, WA, Australia) following the National 
Health and Medical Research Council guidelines for mice 
and were fed to the mice with water ad libitum. The animal 
facility was operated with a 12:12-h light–dark cycle with 
control of temperature (22–23℃) and humidity (40–60%).

Behavioural Tests

Male GFAP-IL6 (n = 8) mice and WT (n = 9) littermates 
were handled by the same experimenter for three consecu-
tive days involving 2 min of handling per mouse each day. 
On test days, the mice were transported to the experimental 
laboratory and left undisturbed for 30 min for adaptation. 
Handling and transport of the mice for behavioural testing 
were conducted according to the laboratory protocol based 
on previous publications [38, 39].
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Elevated Beam Walking Test

Motor learning and performance of the mice were measured 
by the elevated beam walking test which allows sensitive 
assessment of motor skills such as coordination, balance and 
muscle function [1, 40, 41] and well-established standard 
protocols were used [42, 43]. The custom-made test appara-
tus consisted of an elevated narrow beam with 52-cm height, 
1-m length, 0.4-cm width upper surface and 1.5-cm width 
lower surface. Aversive 800 lx bright light from 60-W lamp 
was positioned close to the starting point on the beam (Sup-
plementary Fig. 1A). The test procedure involved training 
the mice to walk on the beam for two consecutive days and 
testing their motor learning and performance on the 3rd day. 
The training of the mice was assisted by the experimenter on 
the 1st day of the test to encourage them to walk towards the 
safety of their home cages located at the end of the beam. 
Each mouse was given three trials per day with an inter-trial 
interval of at least 30 s to 1 min during both training and 
testing days. The apparatus was thoroughly cleaned with 
70% ethanol and completely dried with absorbent paper tow-
els between each trial. Test performance was quantified by 
measurement of ‘number of footslips’ and ‘time to traverse’ 
values of each mouse on the testing day. The footslips’ meas-
urement accounted for errors made by only the hind limbs of 
each animal. Motor performance of the experimental groups 
was compared by statistical analysis of the average ‘number 
of footslips’ and ‘time to traverse’ scores of the mice across 
the trials.

Accelerod Test

The accelerod test allows assessing motor function and 
learning performance of mice by quantitative measurement 
of their coordination and balance skills on an accelerating 
rotarod [1, 16, 40, 41]. A commercially available test appa-
ratus (Model 47600, Ugo Basile, Italy) was used which con-
sists of a rod in 3-cm diameter and 30-cm height and rotat-
ing around its axis (Supplementary Fig. 1B). The accelerod 
was designed with a knurled surface to provide support for 
paw gripping of mice while they try to maintain balance 
on the accelerod. The apparatus allowed testing up to five 
animals simultaneously by providing individual partition 
of equal width. Each compartment was confined by large 
diameter plastic barriers on both sides to prevent animal 
escape and distraction from other mice. The accelerod skills 
of the mice were assessed 48 h after the elevated beam walk-
ing test. Each mouse was given three testing trials with an 
inter-trial interval of 30–40 min for resting. The apparatus 
was thoroughly cleaned with 70% ethanol and completely 
dried with absorbent paper towels between each trial. The 
protocol involved an assessment of the motor performance of 
the mice on an accelerating rotarod for a maximum time of 

300 s. The accelerod was started with constant 4 rpm speed 
and uniformly accelerated to 40 rpm speed. The acceleration 
of the speed was approximately 7.2 rpm increase per minute 
meaning that speed reached 40 rpm at 300 s. The accelerod 
performance of the experimental groups was compared by 
statistical analysis of averaged and best ‘time to fall’ scores 
of the mice across all three trials.

Sample Collection and Tissue Homogenisation

After completion of the motor tests, the mice were euthanised 
using an overdose of anaesthetic pentobarbitone (250 mg/kg, 
LethobarbTM, Tory laboratories, Glendenning, NSW, Aus-
tralia) exposure. Three male mice from each group were 
randomly selected for proteomic analysis. The brains were 
dissected, quickly washed in cold (4℃) 0.01 M phosphate-
buffered saline (PBS) containing 0.004 mg/mL concentration 
of cocktail (MSSAFE-5VL, Sigma-Aldrich, St. Louis, MO, 
USA) of protease inhibitors (bestatin hydrochloride, leupep-
tin, phosphoramidon disodium salt, pepstatin A, elastatinal, 
aprotinin, nafamostat mesylate, antipain) and phosphatase 
inhibitors (okadaic acid, sodium fluoride, sodium orthova-
nadate, bromotetramisole oxalate) to wash the blood and pre-
vent any proteolysis. The cerebellum was dissected using a 
sharp scalpel and immediately snap-frozen in liquid nitrogen 
(− 196℃) and stored at − 80℃ until further use. The cerebel-
lum tissue was pulverised by applying an automated frozen 
disruption procedure [27] and using Mikro-Dismembrator 
(Sartorius, Göttingen, LS, Germany). Polytetrafluoroethyl-
ene (Teflon) chambers along with a grinding ball made of 
chromium steel were pre-cooled in liquid nitrogen for 5 min. 
Frozen whole cerebellum was placed into the cold Teflon 
chamber and homogenised at 2000 rpm for 30 s and powder 
was stored at − 80℃ until further use [25].

Protein Fractionation

Total soluble and membrane protein fractionation was per-
formed by resuspending 0.97 ± 0.16 g of each pulverised 
cerebellum tissue in three times the volume of hypotonic 
lysis buffer (20 mM HEPES, pH 7.4 containing EDTA-free 
protease and phosphatase inhibitors). An equal volume 
of 0.02 M PBS was added to the sample mixture and was 
kept on ice for 1 min. Then the sample was centrifuged at 
109 × 103 g force for 3 h at 4℃ using SW 55 Ti rotor in Beck-
man Coulter Optima L-100 XP ultracentrifuge (Beckman 
Coulter, Indianapolis, IN, USA). After the centrifugation, 
the supernatant was collected as a total cytosolic/soluble 
protein (SP) fraction and retained the pellet as a membrane 
protein (MP) fraction. PBS buffer from SP was exchanged 
with 4 M urea buffer using a 3-kD cut-off filter tube (Ami-
con, Ultra-4 centrifugal filter devices, Merck-Millipore, 
Burlington, MA, USA) to 500 µL and stored at − 80℃. The 
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pellet was collected as total MP fraction and solubilised in 
500 µL of solubilisation buffer containing 8 M urea, 2 M 
thiourea, 4% CHAPS with protease and phosphatase inhibi-
tors, centrifuged at 109 × 103 g force at 4℃ for 1 h, aliquoted, 
the supernatant was snap-frozen and stored at − 80℃ [25, 
44]. The protein was quantified by using EZQ fluorescent 
dye (Invitrogen, Carlsbad, CA, USA) and bovine serum 
albumin (BSA, Amresco, Solon, OH, USA) as standard as 
shown before [45, 46].

Sample Treatment: Disulphide Reduction 
and Alkylation

Each protein sample with a concentration of 100 µg was 
prepared by adding solubilisation buffer, a mixture of car-
rier ampholytes, reducing agent tributylphosphine (TBP) 
and acrylamide solution to a final volume of 125 µL during 
rehydration with 3–10 broad pH range non-linear immobi-
lised pH gradient (IPG) strip (Bio-Rad, Hercules, CA, USA). 
Initially, each sample was mixed with a buffer containing 
8 M urea, 2 M thiourea, 4% CHAPS containing protease-
phosphatase inhibitors followed by 2% ampholytes before 
subjected to disulphide reduction. The reduction of proteins 
in the sample was performed by adding a reducing buffer 
containing 45 mM 1,4-dithiothreitol (Merck, Darmstadt, 
HE, Germany) and 2.3 mM tributylphosphine (Bio-Rad, 
Hercules, CA, USA), respectively. Immediately, all the 
above-treated samples were incubated at 25℃ for 60 min. 
The alkylation step was carried out after incubation by add-
ing freshly prepared acrylamide solution (final concentration 
230 mM) and incubated for a further 60 min at 25℃. All 
treated samples containing 100 µg proteins were loaded to 
7 cm IPG strips and rehydrated for 16 h at room temperature 
[25, 47, 48].

Protein Separation by 2‑DE Method

Initially, proteins were separated by the net charge of protein 
(i.e. isoelectric point, pI; first dimension) and subsequently 
based on protein molecular weight (second dimension). Dur-
ing the first dimension, rehydrated IPG strips were trans-
ferred to the focusing tray and overlayed with mineral oil 
(Bio-Rad) to prevent sample evaporation during the focus-
sing step. Electrical contact was established by placing one 
wet filter paper wick (2.5 cm × 4 mm) between both positive 
and negative ends of the platinum electrodes and IEF gel. 
The loaded tray was then transferred to the Protean IEF Cell 
(Bio-Rad) machine for the run. The isoelectric focusing was 
performed at 4000 V, current 50 µA/strip was applied for 
37,500 V hours at 17℃. Once focusing was completed, min-
eral oil was drained from the strips, placed into a clean rehy-
dration tray and immediately subjected to the second dimen-
sion on 12.5% SDS-PAGE. Before subjected to the second 

dimension, focussed proteins were reduced and alkylated by 
adding 2 mL of equilibration buffer to each IPG strip (6 M 
urea, 20% glycerol, 2% SDS, 375 mM Tris (pH 8.8) and 
130 mM DTT) for 10 min at room temperature. Immediately 
after reduction step, all strips were transferred to 2 mL of 
350 mM acrylamide solution (6 M urea, 20% glycerol, 2% 
SDS, 375 mM Tris (pH 8.8)) for alkylation and incubated for 
further 10 min. After alkylation, second dimension (SDS-
PAGE) was carried along with molecular weight markers. 
The gels were quickly transferred to a cold room (4℃) and 
placed into a Mini-Protean (Bio-Rad) electrophoretic tank 
with a running buffer (0.3% Tris, 1.44% glycine, 0.1% SDS). 
Electrophoresis was carried out at 90 V until tracking dye 
bromophenol blue reached the bottom of the gel [25, 47, 48].

Gel Staining, Imaging and Protein Spot Analysis

After completion of the electrophoresis, the gels were fixed 
with a solution containing 10% methanol and 7% acetic acid 
for 1 h on an orbital shaker (50 rpm/min). Then the gels were 
washed with distilled water for 3 × 30 min and stained with 
freshly prepared 50 mL of Colloidal Coomassie Brilliant Blue 
(G-250, Merck) solution and left on a shaker for 20 h at room 
temperature. After staining, the gels were destained with a 
0.5% NaCl solution for 5 × 15 min [25, 47, 48] and imaged 
using ImageQuant™ FUJI LAS-4000 biomolecular imager 
(GE Healthcare, Chicago, IL, USA). The image analysis was 
carried out using Delta2D software [DECODON, Greifswald, 
Germany]; [25, 48]. Protein spot analysis from the imaged gels 
was carried out as per the manufacturer’s manual. In a nutshell, 
automatic warping mode was selected for warping both within 
the groups (n = 3) and between the groups (n = 3), and spots 
were sorted for their ‘percent normalised spot volume’ values, 
‘average grey’ values, ‘mean normalised volume’ and ‘Stu-
dent’s t-test p-values’ for the transgenic versus control groups. 
All significant protein spots with a p-value of less than 0.05 
were selected for protein identification using liquid chroma-
tography-tandem mass spectrometry [LC–MS/MS]; [25, 48].

In‑gel Digestion and Peptide Extraction

The protein spots from both SP and MP gels were excised 
and equilibrated with 400 µL of 50 mM ammonium bicar-
bonate buffer and destained with 2 × 200 µL 50 mM ammo-
nium bicarbonate containing 50% acetonitrile for 10 min. 
The destained gel pieces were then dehydrated for 5 min 
by adding 200 µL of 100% acetonitrile. After removing 
the acetonitrile, the gel pieces were completely dried and 
digested by adding freshly prepared trypsin (Trypsin Gold, 
Mass Spectrometry Grade, Promega Corp, V5280) solution 
with a concentration of 12.5 ng/µL and incubated at 4℃ 
overnight. The next day, the peptide solution was collected 
after 30-min bath sonication and transferred to a fresh tube. 
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The final peptide sample volume was reduced to 14 µL using 
SpeedVac™ vacuum concentrator (1400 rpm for 10 min). 
Finally, the samples were transferred to glass vials for subse-
quent LC–MS/MS analysis as described before [25, 47, 48].

Liquid Chromatography‑Tandem Mass Spectrometry 
Analysis

The extracted peptide sample vials were placed in a sample 
plate of nanoAcquity UPLC (Waters, Milford, MA, USA) 
attached to a SynaptG2-Si HDMS (Waters) mass spectrom-
eter which is a combination of ultra-performance liquid chro-
matography and ESI tandem mass spectrometry (UPLC-MS/
MS). Three microliters of each sample were injected into 
M/Z Symmetry C18 trapping column (180 µm × 20 mm) 
and washed at a flow rate of 5 µL/min and passed through 
BEH130 C18 (Waters) analytical column (75 µm × 100 mm) 
packed with 130 A0 × 1.7 µm particles for UPLC run. Peptides 
bound to the C18 column were eluted at 0.3 µL/min flow rate 
of mobile phase solvents A (water) and B (acetonitrile). Gra-
dient elution of the peptides was initially performed at 1% B 
then gradually raised to 40% B in 40 min and 85% B in the 
next 2 min for the MS/MS analysis. The MS analysis of each 
sample was completed in a total of 50 min. After comple-
tion of the mass spectrometry, raw mass spectra data were 
analysed in the Protein Lynx Global Server (PLGS). Data 
were analysed using the following setup: species-Mus muscu-
lus, databank-UniProt (https://​www.​unipr​ot.​org/), lock mass 
window-0.25 Da, low energy threshold-500, enzyme-trypsin, 
missed cleavages-2, fixed modifier reagents: carbamidomethyl 
C, variable modifier reagent: deamidation N, deamidation Q, 
oxidation M and false discovery rate-4. The identified pro-
teins were selected by the following criteria: (1) the high-
est PLGS score (> 80) with a sequence coverage ≥ 15%; and 
(2) ≥ 3 unique matched peptides [25, 47, 48]. The top scorer 
from the list is provided in Table 1, and the rest of the pro-
teins corresponding to each spot have been provided in the 
Supplementary Excel file. The experimental MW and pI of 
the protein spots were calculated by linear fit curve formula 
obtained from X, Y plotting of refractive index MW versus 
Log MW, refractive index pI versus Log pI of the molecular 
weight and pI standards, respectively [25]. The experimental 
MW and pI are presented in Table 1.

Literature Mining and Bioinformatics

The identified proteins were reviewed in the literature using 
PubMed (www.​ncbi.​nlm.​nih.​gov/​pubmed). Functional anno-
tation and network of the proteins were analysed by a query 
in DAVID V6.8 (Database for Annotation, Visualization 
and Integrated Discovery, https://​david.​ncifc​rf.​gov/​home.​
jsp) and STRING V11.0 (Search Tool for the Retrieval of 

Interacting Genes/Proteins, https://​string-​db.​org/) websites 
using the list of their UniProt accession numbers [25].

Statistical Analysis

Data obtained by body weight measurement, elevated beam 
walking and accelerod tests were statistically analysed using 
the SPSS software (IBM Corp, USA). Body weight data 
was analysed using the general linear model and applying 
repeated measures analysis of variance (RM ANOVA). If 
a significant p-value was displayed by Mauchly’s test in 
the RM ANOVA, then data analysis was performed by the 
mixed models linear and applying autoregressive or hetero-
geneous autoregressive covariance matrix model. The motor 
performance of the experimental groups was compared by 
univariate ANOVA of the averaged scores of the mice in the 
elevated beam walking and averaged and best scores in the 
accelerod test. The average motor score of each mouse was 
calculated by the average value of its two trials with the best 
performances in each motor test measure. The reason for the 
selection of two trials with the best values is to minimise the 
effect of possible confounding behaviour of the mice during 
the trials on their motor scores. Genotype was defined as 
between the subjects’ factors. Pearson test (two-tailed) was 
used for bivariate correlation of the averaged and best scores 
of motor function of each mouse to the normalised spot vol-
ume of each protein from its cerebellum. GraphPad Prism 
8 (www.​graph​pad.​com, San Diego, CA, USA) was used for 
post hoc multiple comparison analysis of the body weights 
by applying Sidak’s test and graphical presentation of all 
data. Statistically significant results are shown by *p < 0.05, 
**p < 0.01 and ***p < 0.001 values in the figures. Image 
processing software CorelDRAW (V2019; www.​corel​draw.​
com, Canada) was used for figure assembly.

Results

Body Weight Analysis

We conducted a comparative statistical analysis of the body 
weights of the heterozygous GFAP-IL6 and WT mice over 
6 months to examine whether IL-6 overexpression caused 
adverse effects on general health. Both groups exhibited 
significantly increased body  weights over time [F(13, 
233.797) = 66.141, p < 0.001]. Although GFAP-IL6 mice 
exhibited a trend of lower body weights after the 10th week 
of monitoring, this effect of the genotype was not statis-
tically significant [F(1, 37.390) = 2.621, p = 0.114] as we 
observed previously [1]. Furthermore, the difference in body 
weights of the groups was not statistically significant at all 
time points of measurement assessed by multiple compari-
sons test (Fig. 1A).

https://www.uniprot.org/
http://www.ncbi.nlm.nih.gov/pubmed
https://david.ncifcrf.gov/home.jsp
https://david.ncifcrf.gov/home.jsp
https://string-db.org/
http://www.graphpad.com
http://www.coreldraw.com
http://www.coreldraw.com
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Assessment of Motor Function

The motor function of the mice was assessed by the 
elevated beam walking and accelerod tasks to examine 
functional deficits caused by IL-6-induced brain inflam-
mation. Genotype of the mice significantly influenced 
their average ‘number of footslips’ [F(1, 16) = 10.802, 
p = 0.005] and ‘time to traverse’ [F(1, 16) = 4.787, 
p = 0.045] scores (Fig. 1B, C). The GFAP-IL6 mice had 
impaired motor performance measured by their higher 
average scores of ‘number of footslips’ and ‘time to trav-
erse’ compared to the WT counterparts. However, average 
and best ‘time to fall’ scores of the mice in the accelerod 
test were not significantly changed by genotype [F(1, 
16) = 0.145, p = 0.708] and [F(1, 16) = 0.142, p = 0.711], 
respectively (Fig. 1D). Both groups had similar ‘time to 
fall’ scores.

Identification and Quantification of Differentially 
Regulated Proteoforms

After the behavioural assessment, the whole cerebellar pro-
teome of the mice was assessed using the 2-DE approach 
coupled with LC–MS/MS to identify changes in proteins’ 
spot abundances. Representative images of the soluble pro-
teome (SP) and membrane proteomes (MP) are shown in 
Fig. 2A–D. Total spots were counted from soluble and mem-
brane protein gel images of each group. The WT group had 
a total of 1653 ± 23 spots while the GFAP-IL6 group had 
1532 ± 51 spots detected from whole cerebellum SP and MP 
gel images combined, respectively, as shown in Fig. 2E and 
2F. The quantification of SP and MP spots from the WT 
group showed 828 ± 20 and 825 ± 27 spots and the GFAP-
IL6 group showed 788 ± 20 and 744 ± 38 spots, respectively. 
There was no statistically significant difference between the 

Fig. 1   Body weights and motor 
test scores of the groups A 
Body weights of both GFAP-
IL6 (n = 8) and WT (n = 9) mice 
increased significantly over time 
(p < 0.001) but had similar body 
weights across all time points 
when compared to each other. 
B, C GFAP-IL6 mice exhibited 
significantly higher average 
scores of ‘number of footslips’ 
and ‘time to traverse’ compared 
to the WT mice (p = 0 .005 
and p = 0.045, respectively). D 
No significant difference was 
found in average ‘time to fall’ 
scores of the groups (p = 0.708). 
Statistically significant results 
are shown by *p < 0.05 and 
**p < 0.01 values in the figures. 
Mice randomly selected from 
the GFAP-IL6 (n = 3) and WT 
(n = 3) groups for cerebellar 
proteome analysis are depicted 
in green colour in the motor test 
graphs
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groups when their SP spots or MP spots were compared as 
shown in Fig. 2E. However, the number of total spots was 
significantly reduced in the GFAP-IL6 group compared to 
the WT group as shown in Fig. 2F.

Determination of Protein Spot Volumes 
and Intensities

Delta2D software was used to quantify the normalised spot 
volumes (i.e. the abundance of resolved proteoforms) and 
intensities (i.e. average grey values) from the raw gels images 
(Supplementary Table S1, n = 9 gels/group). The spots with 
a significant change in normalised volumes between the 
groups (P < 0.05) were excised for protein identification. 
From the table, in SP, the highest spot volume was found 
in S18, which presented 2.337 ± 0.154 and 3.009 ± 0.144 
values for WT and GFAP-IL6 groups, respectively. In con-
trast, the lowest spot volume was found in S46, which pre-
sented 0.037 ± 0.004 and 0.024 ± 0.003 values for WT and 
GFAP-IL6 groups, respectively. The highest spot intensity 
was observed in S18 with values of 0.041 ± 0.0007 and 
0.044 ± 0.0020 for WT and GFAP-IL-6 groups, respectively. 
On the other hand, the lowest spot intensity was observed 
in S46 with values of 0.003 ± 0.0004 and 0.003 ± 0.0002 for 
WT and GFAP-IL6 groups, respectively. We also noticed 
that the SP spots with the highest and lowest normalised 
spot volumes from both groups presented also the highest 
and lowest spot intensities. Like SP, the MP spot with the 
lowest values (M20) followed a similar trend in spot volume 
and intensity in each group, respectively, but not the MP 
spot with the highest values. In MP, the highest normal-
ised volume was found in M9 with values of 1.766 ± 0.134 
and 2.373 ± 0.169 in WT and GFAP-IL6 groups while the 
highest spot intensities were present in M18 with values of 
0.024 ± 0.0015 and 0.020 ± 0.0011 for the groups, respec-
tively. The SP spots from the GFAP-IL6 mice showed 47 
protein spots with significant changes in normalised volume 
among which 11 protein spots were increased and 36 protein 
spots were decreased in their spot volumes compared to the 
WT mice. On the other hand, the MP spots of the GFAP-
IL6 mice showed 20 spots with significant changes which 
included 9 spots with increased spot volume and 11 spots 
with decreased spot volume compared to the membrane pro-
teome of the WT mice.

Identification of Proteoforms from Soluble 
and Membrane Fractions After LC–MS/MS

The protein of each spot with a significant volume change 
was identified by applying selection criteria based on the 
number of detected unique peptides (n ≥ 3) and Protein-
Lynx Global Server (PLGS) score (n ≥ 80). Table 1 sum-
marises the proteins which have the highest PLGS score, 

unique peptides and sequence coverage. The proteins with 
the highest level of PLGS confidence score and a minimum 
of 3 unique peptides were selected and then protein with 
the highest PLGS score was identified as the spot protein. 
The PLGS score for protein hits of each sample is calcu-
lated based on statistical algorithms matching peptide mass 
spectra of the sample from the experimental data with 
probabilities of all peptide sequences obtained by synthetic 
digestion of all protein sequences in the search database. All 
identified proteoforms had a PLGS score exceeding 80, with 
3% between 80 and 200, 11% between 1000 and 2000, 14% 
between 2001 and 3000, 25% between 3001 and 5000, 27% 
between 5001 and 8000 and 20% exceeding 8000. Moreover, 
each identification was based at least sequence coverage over 
15% with 15–20% for 4 proteins, 21–30% for 6 proteins, 
31–40% for 14 proteins, 41–50% for 21 proteins and > 50% 
for 21 proteins. Likewise, unique peptides were at least 5 
unique peptides: only 6% based on 5–10 peptides, but 29% 
based on 11–30 peptides; 24% based on 31–50 peptides; 
17% based on 51–70 peptides; 7% based on 71–100 pep-
tides and even 17% based on over 100 peptides. In addi-
tion to the spots with significantly altered volumes, spots 
uniquely detected by 2-DE only in one of the groups were 
also excised and analysed which led to the identification of 
7 proteins (Supplementary Table S2). Out of 7 proteins, 5 
proteins were identified from soluble fraction, whereas 2 
proteins from membrane fraction. Interestingly, most of 
the proteins (6 proteins) were detected from the GFAP-IL6 
group, only one protein was found in the WT group (Sup-
plementary Figures S6-S7). All of these identified proteins 
have a PLGS score over 3290, unique peptides over 15 and 
sequence coverage over 25 suggesting a high degree of con-
fidence in protein identification.

Bioinformatics Analysis

The identified proteins were queried on the online web tool 
DAVID Bioinformatics (Database for Annotation, Visuali-
zation and Integrated Discovery, NIH, USA) using a func-
tional annotation tool to explore their molecular functions 
and enriched biological processes [25, 49, 50]. Functional 
categories defined by DAVID default settings were selected 
and a minimum of two protein counts and EASE score p-value 
less than 0.05 were applied for the annotation analysis. The 
aim was to find out functional and biological process-spe-
cific effects of IL-6-induced inflammatory cascade in the 
cerebellum region. The results of the annotation analysis 
are shown as bar charts in Fig. 3A and 3B. The interactions 
of the identified proteins were queried using the online tool 
STRING (Search Tool for the Retrieval of Interacting Genes/
Proteins) by selecting active interaction sources and applying 
an interaction score of medium confidence (0.4). The analysis 
showed protein–protein associations which included known 
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interactions as well as predicted interactions of the proteins 
as shown in Fig. 3C. The STRING analysis showed direct 
protein associations of several enzymes of glucose metabo-
lism including triosephosphate isomerase, α-enolase, pyruvate 

kinase, fructose-bisphosphate aldolase A and C and lactate 
dehydrogenase which indicates significant regulation of the 
glycolytic process. In addition, an association of proteoforms 
involved in oxidative stress response including peroxiredoxin 
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family members peroxiredoxin-1, peroxiredoxin-5 and per-
oxiredoxin-6 and protein/nucleic acid deglycase was also 
revealed by the STRING analysis. Furthermore, this oxidative 
stress response network was closely linked to the chaperone 
protein network involved in unfolded protein responses such 
as heat shock protein 70, T-complex protein 1, and peptidyl-
prolyl cis–trans isomerase A and ubiquitin–proteasome net-
works such as proteasome subunit alpha type-1 and type-6 and 
ubiquitin carboxyl-terminal hydrolase isozyme L1. It shows 
the activation of molecular mechanisms to protect against 
protein misfolding and aggregation as a result of the inflam-
matory and oxidative stress. The network interaction also 
showed significant alterations in mitochondrial and neuronal 
cytoskeleton proteins as a result of chronic IL-6 expression.

Correlation of Motor Test Scores with Protein Spot 
Volumes

Pearson correlation (two-tailed) analysis was performed to 
assess whether average motor function scores of the WT and 
GFAP-IL6 mice in the elevated beam walking and accel-
erod tests were correlated to the average spot volume of 
each identified protein in their cerebelli. For this purpose, 
averaged ‘number of footslips’ and ‘time to traverse’ val-
ues in the beam walking test and averaged and best ‘time 
to fall’ values in the accelerod test were correlated to the 
spot volumes of the soluble and membrane proteins. The 
significant correlation results for WT and GFAP-IL6 mice 
together are shown in Table 2 and the rest of the results 
are shown in Supplementary Table S3. Averaged ‘time to 
traverse’ and ‘number of footslips’ scores of the mice were 
positively correlated to peroxiredoxin-6 (p = 0.033, r = 0.848 
and p = 0.030, r = 0.856, respectively) and negatively corre-
lated to α-internexin (p = 0.004, r =  − 0.946 and p = 0.012, 
r =  − 0.911) and mitochondrial cristae subunit Mic19 
(p = 0.026, r =  − 0.864 and p = 0.031, r =  − 0.853, respec-
tively). Also, averaged and best ‘time to fall’ scores of the 

mice were positively correlated to forkhead box protein K2 
(p = 0.012, r = 0.909 and p = 0.014, r = 0.901, respectively).

Discussion

Summary of Key Findings

In this study, we assessed motor skills and subsequently ana-
lysed the cerebellar proteome of the GFAP-IL6 transgenic mice 
and compared them to the WT counterparts to examine the 
effects of IL-6-induced chronic inflammatory process in the 
cerebellum. The transgenic mice exhibited motor deficits in 
the walking beam test, whereas their accelerod test skills were 
not significantly different than the WT mice. Whole cerebel-
lum proteomic analysis revealed significant changes in both 
membrane and soluble proteoforms which were associated with 
motor behavioural deficits, neurodegeneration, metabolism and 
protein aggregation. Comparison of the cerebellar proteome of 
the GFAP-IL6 and WT mice showed notable changes in the 
abundance of 47 soluble proteins and 20 membrane proteins. 
Also, 5 soluble proteins and one membrane protein were pre-
sent only in the cerebellar proteome of the GFAP-IL6 mice 
while one membrane protein was found only in the WT mice 
proteome. These changes indicated increased response to oxida-
tive stress and unfolded proteins, and upregulation of glycolytic 
process while a significant reduction in mitochondrial oxidative 
phosphorylation and altered neuronal cytoskeleton as a result 
of the chronic inflammation. The motor test scores of the mice 
were positively correlated to peroxiredoxin-6 and negatively 
correlated to mitochondrial cristae complex subunit Mic19 
and α-internexin demonstrating prediction of motor function 
decline by these proteins.

Relationship Between Motor Behaviour 
and Changes in Cerebellum Proteome

The cerebellum is the brain region associated with control-
ling motor coordination, balance and inflammatory process 
in this region leads to deficits in motor function [41, 51]. 
In line with this, we also found the impaired motor perfor-
mance of the GFAP-IL6 mice when measured their ‘number 
of footslips’ and ‘time to traverse’ scores. On the contrary, 
no significant differences were observed in the accelerod 
test which could be due to the higher sensitivity of the beam 
walking test for detecting motor deficits in mice as well as 
the influence of various parameters on accelerod test perfor-
mance including rotarod diameter, rotation speed, pretrain-
ing and pharmacological treatment of animals [40, 52–55]. 
Furthermore, no significant difference was observed in body 
weights of the GFAP-IL6 mice when compared to the WT 
counterparts. This finding is intriguing as previously pub-
lished study showed cerebellar neurodegeneration, motor 

Fig. 2   The  average representative gel images of the total cerebel-
lum soluble and membrane proteome of the WT group A, C and the 
GFAP-IL6 group B, D, respectively. The total number of soluble pro-
tein spots detected from WT (828 ± 20) and GFAP-IL6 (788 ± 20) 
and membrane protein spots from WT (825 ± 27) and GFAP-IL6 
(744 ± 39) gel images. E, F Soluble protein (SP), membrane protein 
(MP) and total protein (TP) spot counts for the WT and GFAP-IL6 
groups are shown by blue and red bars, respectively. E Student’s 
t-test did not show a significant difference between WT and GFAP-
IL6 groups’ soluble protein spot counts (p = 0.1724) or membrane 
protein spot counts (p = 0.1058). F The GFAP-IL6 group showed sig-
nificantly lower total protein spot counts compared to the WT group 
(p = 0.0455). Data are presented as mean ± SEM for WT (n = 9) and 
GFAP-IL6 (n = 9). Statistically significant differences are shown by 
*p < 0.05. High magnification separate gel images are provided in the 
Supplementary Figures S2-7

◂
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impairment and reduced body weight development in mice 
with brain-specific chronic overexpression of another proin-
flammatory cytokine tumour necrosis factor-α (TNF-α) [56]. 
This could be due to sex-specific effects of cytokine-induced 
brain inflammation on body weight development in mice as 
demonstrated in another study [57]. In fact, decreased levels 
of brain IL-6 expression were found in obese male mice but 
not in obese female mice [58] indicating regulatory role of 
this cytokine but not IL-1 or TNF-α for normal bodyweight 
development in male organism. Central nervous system 
IL-6 levels were also associated with bodyweight function 
in male human subjects [59].

Although motor impairment of both male and female 
heterozygous GFAP-IL6 mice at 14 months of age was 
previously reported [1], for the first time, we attempted to 
examine cerebellar proteome changes underlying their motor 
deficits. For this purpose, the motor test scores of the mice 
were correlated to levels of the identified proteoforms in 
their cerebelli. We found a significant positive correlation 
of the beam walking scores of the mice to peroxiredoxin-6 
and a negative correlation to alpha-internexin and mitochon-
drial cristae complex subunit Mic19 levels. Peroxiredoxin-6 
plays an important role in cell membrane repair and integ-
rity via its glutathione-dependent peroxidase function and 
its increased levels in the cerebelli of the GFAP-IL6 mice 
reflect an endogenous response to oxidative damage to neu-
ronal and synaptic membranes [17, 60].

Significantly reduced levels of Mic19 subunit and alpha-
internexin also displayed similar pathogenic changes in the 
cerebelli of the transgenic mice as these proteins play an 
essential role in mitochondrial cristae structure organisa-
tion and intermediate filament assembly in dendritic spines, 
respectively [61, 62]. These findings are also supported by 
previously published evidence demonstrating social memory 

deficits and significantly reduced long-term potentiation 
(LTP) in the hippocampal Schaffer collateral pathway of 
transgenic mice with knockout of alpha-internexin, neuro-
filament heavy and light polypeptides [63].

On the other hand, the Mic19 subunit was found to play 
an essential role in the interaction of MICOS (mitochondrial 
contact site and cristae organising system) subcomplexes 
as well as regulate their number and positional distribution 
to the inner mitochondrial membrane thereby determining 
inner membrane architecture [64]. Loss of MICOS com-
plex integrity and mitochondrial damage was found to cause 
severe motor neuron disease in patients with frontotempo-
ral dementia–amyotrophic lateral sclerosis clinical spectrum 
[65]. Impaired mitochondrial cristae were also shown as part 
of pathoetiology in hereditary sensory neuropathy, a disease 
characterised by axonal degeneration in afflicted patients 
[66]. The negative correlation of averaged ‘time to traverse’ 
and ‘number of footslips’ of the mice to alpha-internexin 
and Mic19 levels in our study suggests these proteins could 
be potential biomarkers for prognosis of motor function 
decline. The functional effects of the proteome changes 
were also indicated by significant positive correlation of the 
averaged ‘time to fall’ scores to the forkhead box protein 
K2 levels which are in line with findings of a previous study 
showing induction of aerobic glycolysis and inhibition of 
citric acid cycle metabolism by this transcription factor in 
mice subjected to physical exercise [67].

The proteome of the GFAP-IL6 mice displayed sig-
nificant alteration in a network of neuronal cytoskeleton 
proteins including tubulin, neurofilament, cofilin-1 and 
profilin-2 which suggests injury to neuro-architecture and 
deterioration of neuronal communication leading to their 
motor decline [68, 69]. IL-6-induced chronic inflammatory 
damage to neurons was also seen by significantly reduced 
levels of calbindin protein, a Purkinje cell marker indicat-
ing loss of these neurons in the cerebelli of the GFAP-IL6 
mice which explain their tremor and limb errors seen in our 
current study using the beam walking test [41, 70]. Degen-
eration and loss of calbindin-positive Purkinje neurons in 
GFAP-IL6 mice cerebelli are confirmed in a study recently 
published by our group [71].

The Proteome Changes Linked to Inflammation 
and Neurodegeneration

It is noteworthy to highlight that IL-6 can play both toxic and 
neuroprotective roles depending on the microenvironment 
and surrounding glial cell population in the brain [72]. Previ-
ously published results by our group clearly showed increased 
microglia and astrocyte activation in the cerebellum region 
of the GFAP-IL6 mice using inflammation-specific mark-
ers and showing significant morphological changes in soma 
and processes of the cells [16]. GFAP-IL6 mice were also 

Fig. 3   Functional annotation and network analysis of the identified 
proteins by DAVID and STRING bioinformatics  tools. A DAVID 
analysis revealed proteins functional enrichment in biological pro-
cesses such as ageing, glycolysis, protein folding, response to oxida-
tive stress, spinal cord development, locomotor behaviour and regu-
lation of cell death. B Their functions included (DAVID analysis) 
poly(A) RNA-binding, hydrolase activity, cadherin binding, ubiq-
uitin-protein ligase binding, protein kinase binding, peroxiredoxin 
activity, cytoskeletal protein binding and unfolded protein binding. 
C Functional interactions of the proteins in the STRING analysis 
showed their network in the glycolytic process, peroxiredoxin, chap-
erone and proteasome systems, mitochondrial function and neu-
ronal cytoskeleton organisation. The findings indicate IL-6 induced 
changes in molecular and cellular functions including regulation of 
RNA transcriptome, peroxiredoxin, chaperone and proteasomal activ-
ities, and alterations in glycolytic process, neuronal cytoskeleton and 
mitochondrial function. The thickness of the lines shows the strength 
of data support while lines of different colours indicate the type of 
interaction evidence. Known protein interactions are shown by light 
blue and purple lines while predicted interactions are shown by green, 
red and dark blue lines

◂
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characterised by pathological deposition of iron in their cer-
ebellar region [17] which explains increased serotransferrin 
levels in the transgenic group of this study [73].

IL-6 is a multifunctional cytokine and its signalling occurs 
through two different receptor types, classic signalling via a 
membrane-bound receptor and trans-signalling through its 
soluble receptor [72, 74]. The trans-signalling was previously 
shown responsible for most of the inflammatory and neuro-
degenerative effects of the cytokine in the cerebellum region 
including glial cell activation, vasculopathy, blood–brain bar-
rier breakdown and impaired neurogenesis [75]. Interestingly, 
recently published study results demonstrated the role of repop-
ulated microglia in promoting neuroprotection and neurogen-
esis which was critically dependent on IL-6 trans-signalling in 
a mouse model with acute brain injury and ensuing inflamma-
tion [76]. Another study also reported enhanced inflammatory 
reaction in the brain stem of the GFAP-IL6 mice with acute 
chemical agent-induced toxicity to neuroglia and expression 
of IL-6 was neuroprotective by promoting angiogenesis and 
reducing oxidative stress and apoptotic cell death [77]. This 
could be explained by the fact that IL-6 signalling exerts protec-
tive actions in the brain particularly under conditions of acute 
injury and toxicity [78, 79]. Moreover, microglia may become 
activated and take distinct functional phenotypes depending on 
the brain region, the form of acute injury or chronic disease 
condition as suggested in previous studies [80, 81]. Therefore, 
microenvironment and glial cell heterogeneity could determine 
differential effects for IL-6 trans-signalling. The role of IL-6 
signalling in the brain has been also elucidated by studies of 
IL-6 knockout mice. Transgenic mice with deletion of IL-6 
gene was reported with significantly reduced neurogenesis 
and compromised inflammatory response and neuroprotec-
tion following traumatic brain injury [82, 83]. Interestingly, 
behavioural phenotype of IL-6 knockout mice was reported 
to involve resistance to depressive-like behaviour induced by 

stress, impaired object recognition and better radial maze learn-
ing compared to WT counterparts [84–86].

In our study, IL-6-induced inflammatory reaction was 
characterised by significantly increased expression of glial 
fibrillary acidic protein which co-migrated with peroxire-
doxin-6 (S2, Supplementary Excel file) and heat shock 
cognate 71-kD protein (S33, Supplementary Excel file) to 
the same location in the 2D gels with 16 and 18 uniquely 
detected peptides and 480 and 2632 PLGS scores, respec-
tively. GFAP is a marker of activated astrocytes and its 
increased abundance in the GFAP-IL6 mice cerebelli dem-
onstrates astroglial activation in their brains as shown in 
our previous study [16]. The findings of that study showed 
increased expression of GFAP as a result of chronic neuro-
inflammation in GFAP-IL6 mice [16].

It should be noted that protein interaction analysis using 
DAVID and STRING online bioinformatics tools did not 
reveal inflammatory network for the identified proteins but 
showed their network in glucose metabolism, oxidative stress 
response, chaperone and ubiquitin proteasomal systems. In 
this line, current findings also did not reveal proteins spe-
cifically involved in proliferative angiopathy as shown in the 
original study of the GFAP-IL6 model. It could be explained 
by the fact that mammalian proteome such as one derived 
from mouse cerebellar region presents high-level complexity 
and variety in composition considering proteoforms’ wide 
range physicochemical properties, abundance, complexation, 
isoforms and post-translational modifications [87]. Therefore, 
it is not possible to resolve the entire cerebellar proteome 
using single sample preparation and protein separation pro-
tocol. For instance, GFAP-IL6 mice were reported with pro-
liferative angiopathy in their cerebelli using immunolabeling 
for the von Willebrand factor (vWF) [14]. However, we did 
not identify this protein in our study as its 309-kD molecular 
weight lied outside the upper limit of resolution in our cur-
rent 2-DE analysis [88]. The absence of an inflammatory 

Table 2   Pearson correlation (PC) of the average scores of motor tests 
to the cerebellar spot volumes of the proteins. Correlation of the aver-
age scores of ‘time to traverse’, ‘number of footslips’, average and 
best scores of ‘time to fall’ of the WT and GFAP-IL6 mice (n = 6) to 

the spot volumes of their cerebellar soluble and membrane proteins. 
PC Pearson correlation, Sig significance (2-tailed, P < 0.05). Numbers 
in bold represent a significant value in each category

Elevated beam walking Accelerod

Protein PC/sig Time to traverse (average 
score)

Number of footslips (average 
score)

Time to fall (average 
score)

Time to fall 
(best score)

Prdx6 PC 0.848 0.856 0.370 0.345
Sig 0.033 0.030 0.470 0.503

Ainx PC  − 0.946  − 0.911  − 0.207  − 0.103
Sig 0.004 0.012 0.693 0.846

Mic19 PC  − 0.864 - 0.853  − 0.281  − 0.237
Sig 0.026 0.031 0.590 0.651

Foxk2 PC 0.503 0.503 0.909 0.901
Sig 0.310 0.309 0.012 0.014
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network could be also due to adaptive alterations at the age 
of analysis in this study compared to the postnatal findings 
of GFAP-IL6 mice in the original study [14]. For example, 
we found significantly reduced levels of eukaryotic transla-
tion initiation factor 5A-1 in the transgenic mice which is a 
mediator for the post-transcriptional synthesis of several pro-
inflammatory mediators including iNOS, IL-1 and IL-6 [89, 
90]. Reduced levels of this translation initiation factor may 
have resulted in decreased levels of inflammatory network 
proteins in the current study. This finding also emphasises 
the importance of longitudinal analysis of the cerebellar pro-
teome of GFAP-IL6 mice to better understand the chronology 
of IL-6-induced pathophysiology and discover proteome cor-
relates underlying their functional impairment and neurologi-
cal disease which develop at 6 months of age as reported in 
the original study [14].

The Proteome Changes Linked to Glucose 
Metabolism

Glucose is the primary source for cellular ATP energy pro-
duction in the brain via a series of enzymatic reactions in 
the cytoplasm and subsequent oxidative phosphorylation in 
mitochondria [91]. Previous studies have shown that inflam-
matory challenges observed in neurodegenerative conditions 
may lead to alterations in energy metabolism by stimulat-
ing glycolysis while causing deficits in oxidative phospho-
rylation [92–94]. This phenomenon was also evident in the 
GFAP-IL6 mice proteome which showed increased levels of 
glycolytic enzymes including fructose-bisphosphate aldo-
lase, triosephosphate isomerase and alpha-enolase while 
reduced levels of pyruvate kinase and isocitrate dehydro-
genase essential enzymes for the citric acid cycle and gen-
eration of electron carriers for oxidative phosphorylation in 
mitochondria [95]. These findings suggest metabolic distur-
bance and mitochondrial alteration in the GFAP-IL6 mice as 
seen in AD patients [96, 97].

GFAP‑IL6 Mice Proteome Linked to Protein 
Aggregation

We have previously shown chronic neuroinflammation 
in GFAP-IL6 mice [1, 16], but this is the first study that 
revealed protein aggregation-related proteins in this mouse 
model. Several chaperones including heat shock cognate 
71-kD protein were detected. They are a ubiquitous family 
of enzymes and regulate protein folding and assembly [98], 
which suggests an increase in unfolded protein response 
and protein self-aggregation. The identified proteoforms 
were also associated with ubiquitin proteasomal networks 
(ubiquitin carboxyl-terminal hydrolase isozyme L1) which 
were closely linked to oxidative stress response and this 
reflects sequelae of molecular mechanisms activated by 

IL-6-initiated inflammatory cascade. These proteins play an 
essential neuroprotective role in the repair or degradation of 
misfolded protein aggregates formed during the neurodegen-
erative process [99, 100]. However, chronic inflammation 
can lead to dysregulation of these networks by overloading 
cellular capacity with aberrant aggregates or inhibition of 
proteasomal activity [101, 102]. The evidence from previous 
studies showed a direct link between chaperone proteins heat 
shock 70/90 and proteasomal machinery to degrade ubiqui-
tin-tagged protein aggregates followed by protein misfolding 
[103]. The GFAP-IL6 mice proteome displayed a signifi-
cantly increased level of heat shock protein 70 and de novo 
expression of heat shock protein 90 suggesting probable 
interaction of these mechanisms in their cerebelli. These 
findings are similar to histopathology of neurodegenerative 
diseases with ubiquitin immunoreactive protein aggregates 
in the brain suggesting failed or dysregulated proteasome 
mechanisms in the course of these diseases [104, 105].

Post‑translational Modifications Induced by Chronic 
IL‑6 Expression

The present analysis detected few proteoforms, in both solu-
ble and membrane fractions with different experimental MW 
and pI values. These included dihydropyrimidinase-related 
protein 2, heat shock cognate 71-kD protein, l-lactate dehy-
drogenase B chain, peroxiredoxin-6, profilin-2, triosephos-
phate isomerase and tubulin alpha-1B chain (Table 1). This 
could be due to the PTMs of these proteoforms resulting in 
differential migration during separation as revealed by vari-
ous modifications of tubulins in different neuronal compart-
ments [106]. In our study, heat shock cognate 71-kD protein 
and peroxiredoxin-6 were found by an increased abundance 
from both soluble and membrane fractions. The increased 
levels may be contributed by the release of heat shock pro-
tein 70 from astroglia to the extracellular environment which 
protects neuronal cells from stress-induced apoptosis [107, 
108]. Distinct enzymatic functions of peroxiredoxin-6 are 
dependent on its subcellular localisation and PTMs can 
change these activities by mediating intracellular localisa-
tion of the peroxidase [60, 109]. Phosphorylation of per-
oxiredoxin-6 by mitogen-activated protein kinase (MAPK) 
has been previously shown to target the peroxiredoxin to 
membrane-bound lysosomal organelles [110].

Limitations of This Study and Future 
Research Work

Chronic IL-6-induced inflammatory alterations in the 
cerebellar proteins of the GFAP-IL6 mice have been also 
confirmed by immunohistochemical evidence recently 
published by our group in peer-reviewed journals. These 
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include studies showing significant atrophy and loss of 
calbindin-positive Purkinje neurons in the cerebellar region 
of GFAP-IL6 mice at 12 and 24 months of age (P < 0.0001 
and P < 0.001, respectively) [71] and increased expression 
of activated astrocyte marker GFAP in GFAP-IL6 mice cer-
ebelli at 8 months of age compared to age-matched WT mice 
[16]. However, additional experimental work is needed to 
better understand mechanisms underlying cerebellar histopa-
thology and motor function deficits of the GFAP-IL6 mice. 
For this purpose, future research studies should aim for vali-
dation of the current proteome findings using immunohis-
tochemistry, western blot and cell culture assays as well as 
examine proteome analysis of GFAP-IL6 mice at an earlier 
age time point and targeted validation of the poorly resolved 
proteins and PTMs using PTM-based staining (e.g. phospho 
and glycol) [111]. The findings may potentially lead to the 
discovery of novel protein targets for effective therapeutics 
of brain inflammatory diseases.

Conclusions

This study showed that IL-6 overexpression in the brain 
leads to motor behavioural deficits that were only evident 
when a complex behavioural task was used. The current 
study also revealed for the first time that lack of fine motor 
control is closely associated with the proteoform changes in 
the cerebellum. The identified cerebellar proteoforms were 
associated with the metabolic and cellular responses to oxi-
dative stress, mitochondrial structural integrity and function, 
and neuronal cytoskeleton organisation, suggesting the mul-
tifactorial nature of GFAP-IL6 pathobiology. The functional 
network of the identified proteoforms revealed molecular 
sequelae of pathophysiological changes underlying IL-6-in-
duced neurological disease of the GFAP-IL6 mice.
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