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A B S T R A C T

Neuroinflammation, i.e. self-propelling progressive cycle of microglial activation and neuron damage, as well as
improper protein folding, are recognized as major culprits of neurodegenerative diseases, such as amyotrophic
lateral sclerosis (ALS). Mutations in several proteins have been linked to ALS pathogenesis, including the G93A
mutation in the superoxide dismutase 1 (SOD1) enzyme. SOD1(G93A) mutant is prone to aggregate thus in-
ducing both oxidative stress and neuroinflammation. In this study we used hSOD1(G93A) microglial cells to
investigate the effects of the antioxidant and anti-inflammatory cyclic dipeptide (His-Pro) on LPS-induced in-
flammasome activation. We found that cyclo(His-Pro) inhibits NLRP3 inflammasome activation by reducing
protein nitration via reduction in NO and ROS levels, indicative of lower peroxynitrite generation by LPS. Low
levels in peroxynitrite are related to NF-κB inhibition responsible for iNOS down-regulation and NO dampening.
On the other hand, cyclo(His-Pro)-mediated ROS attenuation, not linked to Nrf2 activation in this cellular model,
is ascribed to increased soluble SOD1 activity due to the up-regulation of Hsp70 and Hsp27 expression.
Conclusively, our results, besides corroborating the anti-inflammatory properties of cyclo(His-Pro), highlight a
novel role of the cyclic dipeptide as a proteostasis regulator, and therefore a good candidate for the treatment of
ALS and other misfolding diseases.

1. Background

Amyotrophic lateral sclerosis (ALS) is a rare neurodegenerative
disease linked to the progressive moto-neuron degeneration (Kiernan
et al., 2011). About 90% of ALS cases are sporadic, but 5–10% of cases
are inherited in an autosomal dominant fashion. Approximately 20% of
familial are associated with mutations in the gene encoding superoxide
dismutase 1 (SOD1) (Rosen et al., 1993) such as the substitution of
glycine to alanine at position 93 (G93A). Mutant SOD1 exhibits a high
aggregation tendency that renders the protein cytotoxic through a gain
of function mechanism (Ruegsegger and Saxena, 2016). One of the
possible cytotoxic mechanisms induced by protein aggregates is the
ability to stimulate the inflammasome, a protein complex whose

activation culminates in caspase 1 activation and mature IL-1β release
(Shi et al., 2015). It is worth noticing that both active caspase 1 and IL-
1β are elevated in the central nervous system of ALS mouse models and
human subjects (Li et al., 2000; Meissner et al., 2010), pointing to a
pivotal role of inflammasome in pathogenesis or progression of the
disease (Volpe and Nogueira-Machado, 2015).

Generally, the activation of inflammasome depends on the binding
of specific ligands, such as damage associated proteins (DAMPS) or
pathogen specific proteins (PAMPS) to the inflammasome receptor, the
most studied of which is NLRP3. The cytosolic ligand-receptor binding
leads to the assembly of the inflammasome complex that culminates in
caspase 1 recruitment and activation, which, in turn, is responsible for
the cleavage/maturation of pro-IL-1β. Mature IL-1β is then released in
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the extracellular milieu to elicit its effects in an autocrine/paracrine
manner. It is worth noticing that IL-1β secretion requires a two-step
mechanism: (i) a priming step, i.e. NF-κB-driven pro-IL-1β gene ex-
pression, and (ii) a maturation step, i.e. the caspase-1 dependent pro-IL-
1β cleavage. IL-1β promotes several pro-inflammatory reactions and
has been closely associated to neuroinflammation and the associated
brain diseases (Singhal et al., 2014).

The primary mediators of neuroinflammation are microglial cells
that represent the innate immune mononuclear phagocytes of the
central nervous system. We recently showed that murine microglial
cells harbouring the G93A mutation in the SOD1 gene respond to in-
flammatory stimuli by activating NLRP3 inflammasome (Bellezza et al.,
2018). Neuroinflammatory reactions lead to the activation and nuclear
translocation of the transcription factor NF-κB that, in turn, positively
controls the expression of both pro-inflammatory cytokines, e.g. IL-6,
IL-1β and TNFα, and of pro-inflammatory enzymes, such as COX2 and
iNOS, the latter responsible for an increase in nitric oxide (NO) levels.
Moreover, in the course of an inflammatory response, microglial cells
increase the expression and activity of the enzyme NADPH oxidase 2
(NOX2), responsible for the production of superoxide anion, thus
causing an increase in ROS levels, an event known as oxidative stress.
The simultaneous increase in NO and ROS levels is known as nitro-
oxidative stress. We have demonstrated that inflammasome activation,
in the ALS microglial cell model, depends on the induction of nitro-
oxidative stress and that the inhibition of the activity of iNOS and
NOX2 abolish caspase 1 activity (Bellezza et al., 2018).

Cyclo(His-Pro), an endogenous cyclic dipeptide derived from the
cleavage of thyreotropin releasing hormone, elicits both anti-in-
flammatory and anti-oxidative effects in several cellular and animal
models of neurodegeneration (Grottelli et al., 2016). Cyclo(His-Pro)
suppress LPS-induced activation of NF-κB in BV2 microglial cells, thus
leading to the reduction of cytokine production and iNOS and COX2
expression. These effects render cyclo(His-Pro) a potential anti-in-
flammatory molecule. On the other hand, the antioxidant properties of
cyclo(His-Pro) rely on its ability to reduce ROS generation through the
activation of the transcription factor Nrf2, which results in the in-
creased expression of a plethora of antioxidant genes (Grottelli et al.,
2016; Bellezza et al., 2014a).

Due to the ability of cyclo(His-Pro) to counteract both oxidative and
nitrosative stress, we aimed at testing whether the cyclic dipeptide can
dampen inflammasome activation in the hSOD1(G93A) microglial cells,
used as cellular model of ALS.

2. Materials and methods

2.1. Materials

Cyclo(His-Pro) (CHP) was synthesized as described elsewhere
(Kukla et al., 1985). All the reagents, unless otherwise stated, were from
Sigma-Aldrich (St. Louis, MO). All the antibodies, unless otherwise
stated, were from Santa Cruz Biotech (Santa Cruz, CA). Cell culture
reagents were from Life Technologies (GibcoBRL, Gaithersburg, MD).

2.2. Immortalized microglia

Immortalized microglial cells, obtained from embryonic (E14) cor-
tices from hSOD1(G93A) mice following the method described by Righi
et al. (1989), were a kind gift of Dr G. Pietrini (Università di Milano).
Microglia were characterized by Western blot and immunofluorescence
for the presence of selective markers (CSF-1) and the absence of as-
trocyte-specific molecules (i.e., glial fibrillary acidic protein).

2.3. Cell cultures and treatments

hSOD1(G93A) microglial cells were cultured in DMEM F-12 sup-
plemented with 5% foetal bovine serum (FBS), glutamine (4mM),

penicillin (50 U/ml), and streptomycin (50mg/ml) at 37 °C in a humi-
dified 5% CO2 environment and seeded at the density of 31,000/cm2.
After 24 h subculture, cells were treated with 50 μM CHP and then
exposed to 1 μg/ml LPS for various time. In Thioflavin T experiments
cell were grown for four days in the presence of 50 μM CHP.

Human THP-1 monocytes were purchased from American Type
Culture Collection (ATCC, USA) and routinely maintained at 37 °C in
5% CO2 in RPMI 1640 supplemented with 10% FBS, glutamine (4mM),
penicillin (50 U/ml), and streptomycin (50mg/ml) at 37 °C in a humi-
dified 5% CO2 environment and seeded at the density of (1×106 cells/
ml). After 24 h subculture, cells were treated with 50 μM CHP and then
exposed 10 μg/ml LPS/5mM ATP for 60min.

2.4. Measurement of NO production

Nitric oxide (NO) production was determined indirectly through the
measurement of nitrite, a stable metabolite of nitric oxide, by Griess
reaction. After the treatments, a 50 μl aliquot of culture medium was
mixed with an equal volume of Griess reagent, incubated for 20min at
room temperature and absorbance read at 550 nm using a microplate
reader (Seac, Florence, Italy). Results were expressed as percentage of
the control, assumed as 100%. Nitrite standard reference curve was
prepared for each determination.

2.5. Measurement of cytokine levels by ELISA

Cytokine production was measured with an enzyme-linked im-
munosorbent assay (ELISA) kit in cell medium collected from control/
LPS-treated cells. Samples were analysed according to the manufac-
turer's protocols (BD Biosciences Pharmingen, San Diego, CA).

2.6. Real time PCR

Total RNA was isolated with TRIZOL Reagent (Invitrogen Ltd.,
Paisley, UK) according to the manufacturer's instructions and cDNA was
synthesized using iScript cDNA synthesis kit (Bio-Rad Lab, Hercules,
CA.). Real time PCR was performed using the iCycler iQ detection
system (Bio-Rad) and SYBR Green chemistry. Mouse primer sequences,
obtained from Invitrogen (Invitrogen Ltd., Paisley, UK) were listed in
Table 1. SYBR Green RT-PCR amplifications were carried out in a 96-
well plate in a 25 μl reaction volume that contained 12,5 μl of 2× iQ™
SYBR® Green SuperMix (Bio-Rad), 400 nM forward and reverse primers,
and 5 to 40 ng of cDNA. In each assay, no-template controls were in-
cluded and each sample was run in triplicates. The thermal profile
consisted of incubation at 95 °C 3min, followed by 40 cycles of dena-
turation for 10 s at 95 °C and an annealing/extension step of 30 s at
62 °C. Mean of Ct values of the stimulated sample was compared to the
untreated control sample. ΔCt is the difference in Ct values derived
from the target gene (in each assayed sample) and Gapdh, while ΔΔCt
represents the difference between the paired samples. The n-fold dif-
ferential ratio was expressed as 2−ΔΔCt.

2.7. Western blotting analyses

Cells were lysed in boiling Laemmli sample buffer or processed with
NE-PER(R) Nuclear and Cytoplasmic Extraction Reagents (Pierce
Biotechnology, Rockford, IL) according to manufacturer's instruction.
Extracts were loaded on SDS-polyacrylamide gel, transferred on ni-
trocellulose membrane and immunoblotted with Phospho-NF-kB p65
(Ser536) antibody (1:1000) (#3036), caspase 1 antibody (1:1000)
(#2225; Cell Signalling Technology, Danvers, MA), iNOS (M-19) anti-
body (1:200), Nrf2 (C-20) antibody (1:200), LC3 antibody (1:1000)
(#L-8918; Sigma-Aldrich, St. Louis, MO), Ubiquitinylated proteins
(FK2) antibody (1:2000) (Merck Millipore, Darmstadt, Germany) and
horseradish peroxidase-conjugated-anti IgG antibody (1:5000). GAPDH
(6-C5) antibody (1:5000), Lamin B (C-20) antibody (1:100), and β-actin
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(I-19) antibody (1:400) were used as marker proteins for total and
nuclear extracts. Immunocomplexes were visualized with an enhanced
chemiluminescence kit (ECL, Pierce Biotechnology, Rockford, IL). Band
intensity was analysed by InageJ software.

2.8. Measurement of intracellular fluorescence

hSOD1(G93A) microglial cells, seeded on glass coverslips, were
used for the following evaluations:

2.8.1. ROS production
The 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) method

was used to detect ROS intracellular levels (Eruslanov and Kusmartsev,
2010). Cells were loaded with DCFH-DA (10 μM) for 30min at 37 °C,
and fixed with PFA 4% for 20min at room temperature. The fluores-
cence of 2′,7′-dichlorofluorescein was detected at 485 nm excitation
and at 535 nm emission.

2.8.2. Detection of activate caspase 1
hSOD1(G93A) cells were loaded with 50 μM caspase 1 fluorogenic

peptide substrate (Ac-YVAD-AFC) for 1 h at 37 °C, and fixed for 20min
in 4% PFA at room temperature.

2.8.3. Immunolocalization of nitrated protein
Cells were fixed with PFA 4% for 20min at room temperature and

incubated overnight at 4 °C with nitrotyrosine antibody (1:50) (Sigma-

Aldrich, St. Luis, MO). Cells were then incubated with Cyanine Cy™ 3
anti-rabbit IgG (1:100) (Jackson ImmunoResearch Laboratories, Inc.,
PA, USA) for 1 h at room temperature. Control samples were incubated
with non-immune serum.

2.8.4. Actin labelling
Phalloidin was used to detect filamentous actin (F-actin) content on

hSOD1(G93A). The cells were fixed with 4% PFA for 20min at room
temperature and F-actin was stained with tetramethylrhodamine
(TRITC)-labelled phalloidin (1:250) for 30min at room temperature.

At the end of each experimental procedure, cell nuclei were counter-
stained with 4′, 6-diamidino-2phenylindole (DAPI) and samples were
analysed with a Zeiss Axio Observer Z1 equipped with Apotome and
digital Camera Axiocam MRm (Zeiss).

2.9. SOD1 specific activity

Cell pellets from hSOD1(G93A) cells were treated with CHAPS
buffer (1% w/v CHAPS, 100mM KCl, 20mM Hepes, 1 mM EGTA), pH 8
plus protease inhibitor cocktail (CompleteMini, Roche) for 30min at
4 °C. The whole cell extract was separated by centrifugation
(12,500×g, 10min, 4 °C) to obtain the soluble fraction. The pellets
were then re-suspended in an equal volume of CHAPS buffer to obtain
the insoluble fraction. Protein extract was incubated with a SOD1 re-
action mixture (50mM potassium phosphate pH 7.8, 0.1 mM EDTA,
0.01mM cytochrome c, 0.05 mM xanthine, 0.005 unit of xanthine

Table 1
List of primers.

Gene name Gene symbol Primer sequences
(F. forward; R. reverse)

Glyceraldehyde-3-phosphate-dehydrogenase Gapdh F. GCCAAATTCAACGGCACAGT
R. AGATGGTGATGGGCTTCCC

Interleukin 1beta IL1β F. AAAAGCCTCGTGCTGTCGGACC
R. TTGAGGCCCAAGGCCACAGGT

Interleukin 6 IL6 F. GCTGGAGTCACAGAAGGAGTGGC
R. GGCATAACGCACTAGGTTTGCCG

Tumor necrosis factor alpha Tnfα F. GCCCACGTCGTAGCAAACCAC
R. GGCTGGCACCACTAGTTGGTTGT

NLR family, pyrin domain containing 1A Nlrp1a F. CTTGAGAAGTTGGGTGGGGT
R. GATGGAGCAACTCAGGACCA

NLR family, pyrin domain containing 3 NLRP3 F. GACACGAGTCCTGGTGACTTT
R. CAGACGTATCTGAGCCAT

NLR family, CARD domain containing 4 IPAF F. TCAGGTCACAGAAGACCT
R. TTCACCCAGGGGGTAGAAGT

Absent in melanoma 2 Aim2 F. AAAACTGCTCTGCTGCCTCT
R. GATGGCTTCCTGTTCTGCCA

PYD and CARD domain containing Asc F. AACTGCGAGAAGGCTATGGG
R. TGAGCTCCAAGCCATACGAC

Heme-binding membrane glycoprotein gp91phox gp91phox F. TCACCACTAGTACCAGCATCACCA
R. ACTCTGTCTTGCATTTCTGGATGCC

NADPH oxidase subunit (47 kDa) p47phox F. GGTCGACCATCCGCAACGCA
R. TGTGCCATCCGTGCTCAGCG

Inducible Nitric Oxide synthase iNOS F. GGTGTTCTTTGCTTCCATGCTAAT
R. GTCCCTGGCTAGTGCTTCAGA

Glutamate cysteine ligase catalytic subunit Gclc F. GGCGATGTTCTTGAGACTCTGC
R. TTCCTTCGATCATGTAACTCCC

Glutamate cysteine ligase modifier subunit Gclm F. CACAGGTAAAACCCAATAGTAACCAAGT
R. GTGAGTCAGTAGCTGTATGTCAAATTGTT

Peroxiredoxin 1 Prdx1 F. TTGGCGCTTCTGTGGATTCT
R. GGTGCGCTTGGGATCTGATA

NAD (P)H: quinone oxidoreductase 1 Nqo1 F. GGCTGGTTTGAGAGAGTGCT
R. TCTGGAAAGGACCGTTGTCG

Glutathione peroxidase Gpx F. CAGTTCGGAACATCAGGAAGAAT
R. AGAGCGGGTGAGCCTTCT

Heat shock protein 27 Hsp27 F. CACTGGCAAGCACGAAGAAAG
R. GCGTGTATTTCCGGGTGAAG

Heat shock protein 70 Hsp70 F. AGCTGGACAAGTCACAGATC
R. GGTGTCTCCAGCTGTTGATT

Heat shock protein 72 Hsp72 F. TTTGTCCTGCAATCAAGTCCT
R. GGCTGTCCTGCAAAACAAAT
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oxidase) at 25 °C and spectrophotometrically monitored. One unit of
SOD was defined as the amount of enzyme required to cause 50% in-
hibition of cytochrome c reduction traced at 550 nm and expressed as
Units/mg protein.

2.10. Thioflavin T fluorescence

The Thioflavin T (ThT) assay was used to measure changes of
fluorescence intensity of ThT upon binding to protein aggregates.
Briefly, cells were seeded in 6-well plate for four days in the presence or
in the absence of 50 μM CHP. Proteins extract (50 μg) from control and
CHP treated cells were loaded with 50 μM ThT for 1 h at 37 °C. The
fluorescence of ThT was detected at 440 nm excitation and at 490 nm
emission with Infinite M200 (Tecan).

2.11. Statistical analysis

All the results were confirmed in at least three separate experiments
performed as a minimum in quadruplicate. Data were analysed for
statistical significance by Mann-Whitney U test. p-Values < 0.05 were
considered significant and indicated as *.

3. Results

3.1. Cyclo(His-Pro) inhibits NLRP3 inflammasome in hSOD1(G93A)
microglial cells

We have previously shown that LPS can activate NLRP3 in-
flammasome in hSOD1(G93A) microglial cells via induction of nitro-
oxidative stress (Bellezza et al., 2018). Based on the known anti-in-
flammatory (Bellezza et al., 2014b) and anti-oxidative properties of

Fig. 1. Cyclo(His-Pro) inhibits NLRP3 inflammasome. hSOD1(G93A) microglial cells were pretreated for 24 h with 50 μM CHP and then exposed to 1 μg/ml LPS. (A)
Phalloidin staining after 24 h LPS exposure. Magnification 40×. The images are representative of one out of three separate experiments; (B) IL-1β and (C) IL-17
secretions assayed in cell medium by ELISA after an 18 h LPS treatment. Concentration of cytokines secreted by control cells (IL-1β 15 ± 0.98 pg/ml; IL-17
50 ± 4.6 pg/ml) was assumed as 100%. Data represent mean ± SD (n=3). *p < 0.05; (D) detection of activated caspase 1 by immunofluorescence, magnification
40×; and (E) Western Blotting analysis of full length and cleaved caspase 1 after a 6 h LPS exposure. β-actin was used as loading control and numbers below the
images represent the ratio between p20 fragment and β-actin band intensity. The images are representative of one out of at least three separate experiments; (F) qRT-
PCR of the indicated genes after a 3 h LPS exposure. Gene expression values were normalized to Gapdh and presented as 2−ΔΔCt. Relative mRNA gene abundance in
untreated cells was assumed to be 1 (control). Data represent mean ± SD (n=3). *p < 0.05.
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cyclo(His-Pro) (Minelli et al., 2009a, 2009b; Grottelli et al., 2015), we
sought to determine whether the cyclic dipeptide could affect in-
flammasome activation in the same cellular model. We first evaluated
the ability of cyclo(His-Pro) to revert the morphological changes
characteristic of microglial activation induced by LPS. In the presence
of 50 μM cyclo(His-Pro), hSOD1(G93A) microglial cells display a mor-
phology similar to control cells, suggesting that the cyclic dipeptide can
reduce microglial activation. Indeed, in the presence of 1 μg/ml LPS
microglial cells assume an amoeboid phenotype characteristic of acti-
vated microglia (Fig. 1A). Being inflammasome one of the key players
in microglial activation, we analysed the effect of cyclo(His-Pro) on
inflammasome activation (Fig. 1B, C and D). The pre-treatment of
hSOD1(G93A) microglial cells with 50 μM cyclo(His-Pro) significantly
reduces LPS-induced secretion of IL-1β (Fig. 1B) and IL-17 (Fig. 1C).
Moreover, cyclo(His-Pro) dampens active caspase 1, as shown by a
reduction in the cleavage of the fluorescent diffusible substrate YVAD
(Fig. 1D) and a reduction in the amount of the cleaved p20 fragment
(Fig. 1E). Similar results have been obtained in human THP-1 cells
exposed to cyclo(His-Pro) before LPS plus ATP treatment (Supplemen-
tary Fig. 1). To determine the involvement of NLRP3 inflammasome
receptor in cyclo(His-Pro) induced effects, we analysed gene expression
of inflammasome related genes (Fig. 1F). Cyclo(His-Pro) significantly
reduces NLRP3 gene expression which undergoes a three-fold increase
in the presence of LPS. It is of interest that treatment with cyclo(His-
pro) prior to the LPS exposure significantly reduces the expression of all
the examined inflammasome components (Fig. 1E). These data indicate
that the cyclic dipeptide can reduce neuroinflammation by inhibiting
inflammasome activation.

3.2. Cyclo(His-Pro) reduces protein nitration in hSOD1(G93A) microglial
cells

We have previously shown that LPS-induced inflammasome acti-
vation depends on peroxynitrite formation (Bellezza et al., 2018). To
understand whether cyclo(His-Pro)-induced inhibition of inflamma-
some depends on the reduction of peroxynitrite production, we ana-
lysed nitrotyrosine levels in hSOD1(G93A) microglial cells (Fig. 2A) and
found a reduced nitrotyrosine immunoreactivity in the presence of the
cyclic dipeptide. Peroxynitrite, responsible for protein nitration, is
produced by the spontaneous reaction of superoxide anion with NO
(Ferrer-Sueta and Radi, 2009). To investigate the mechanism by which
cyclo(His-Pro) induces a decrease in protein nitration, we determined
both ROS and NO levels after LPS exposure (Fig. 2B and C) and found
that both were reduced by pre-treatment with cyclo(His-Pro). It is to
note that LPS caused a small but significant decrease in cell viability, an
effect that was completely reversed by cyclo(His-Pro) (Fig. 2C). These
data suggest that cyclo(His-Pro) can inhibit inflammasome activation
by reducing peroxynitrite formation.

3.3. Cyclo(His-Pro) reduces NO production by inhibiting NF-κB in
hSOD1(G93A) microglial cells

It is well recognized that LPS, by inducing the activation of the
transcription factor NF-κB, can increase the production of both ROS and
NO by up-regulating NOX2 and iNOS expression, respectively (Doyle
and O'Neill, 2006). To test whether cyclo(His-Pro)-induced reduction in
protein nitration depends on NF-κB inhibition, we analysed the phos-
phorylation levels of NF-κB p65 subunit and found that cyclo(His Pro)
strongly reduces p65 phosphorylation induced by a 3 h exposure to LPS
(Fig. 3A). To determine whether p65 phosphorylation correlates with
NF-κB activation, we measured the mRNA levels of several NF-κB
driven genes. We found that cyclo(His-Pro) significantly decreases LPS-
induced IL-6 and iNOS mRNA levels whereas the cyclic dipeptide does
not modify the expression of the other analysed genes (Fig. 3B–F). The
reduced iNOS gene expression correlates with its protein expression
(Fig. 3G), as detected by Western blotting, and can explain the reduced

NO levels found in the presence of cyclo(His-Pro). These data suggest
that cyclo(His-Pro), by reducing NF-κB activation inhibits iNOS ex-
pression and, consequently NO production.

Fig. 2. Cyclo(His-Pro) reduces protein nitration. hSOD1(G93A) microglial cells,
pretreated with 50 μM CHP for 24 h, were exposed to 1 μg/ml LPS and used for
(A) immunolocalization of nitrotyrosine using anti-nitrotyrosine antibody after
a 6 h LPS exposure. Magnification 40×. The images are representative of one
out of three separate experiments; (B) detection of ROS generation by DCF
fluorescence after a 24 h LPS exposure. Magnification 40×. The images are
representative of one out of three separate experiments; (C) viability, detected
by MTT assay (absorbance of control cells 0.63 ± 0.05 was assumed as 100%),
and NO production, detected by Griess reagent (absorbance of control cells
0.29 ± 0.05 was assumed as 100%.) after a 24 h LPS exposure. Data represent
means ± SD (n=3). *p < 0.05.
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3.4. Cyclo(His-Pro) reduces ROS levels without affecting Nrf2 in
hSOD1(G93A) microglial cells

Although cyclo(His-Pro) did not reduce NOX2 catalytic subunit gene
expression (Fig. 3F), we observed that it was capable of inducing a
decrease in ROS levels. Therefore, we first examined whether cyclo(His-
Pro) could counteract ROS generation by increasing Nrf2-driven anti-
oxidant gene expression. We found that in hSOD1(G93A) microglial
cells, LPS induces an increase in Nrf2 nuclear translocation (Fig. 4A)
accompanied by an increase in antioxidant gene expression (Fig. 4B).
On the contrary, the 24 h cyclo(His-Pro) pre-treatment does not in-
crease either Nrf2 nuclear translocation (Fig. 4A) or the expression of

antioxidant genes (Fig. 4B). These results indicate that the reduction in
ROS levels are not dependent on increased antioxidant defences driven
by cyclo(His-Pro).

3.5. Cyclo(His-Pro) increases soluble SOD1 activity

It is to note that hSOD1(G93A) mutation induces the aggregation of
the enzyme that acquire a toxic gain of function supporting the pa-
thogenesis of ALS (Strong et al., 2005). It has been reported that SOD1
mutations can cause protein misfolding that, in turn, lead to the in-
hibition of the ubiquitin-proteasome system, and enhanced pro-in-
flammatory ROS production (Franco et al., 2013). To test whether cyclo

Fig. 3. Cyclo(His-Pro) reduces NO produc-
tion by inhibiting NF-κB. hSOD1(G93A)
microglial cells were pretreated for 24 h
with 50 μM CHP and then treated with 1 μg/
ml LPS. (A) Time course of p-NF-κB (p65).
At each indicated time, cells were collected
and total extract analysed by Western blot-
ting. GAPDH was used as loading control.
Numbers below the images represent the
ratio between p-NF-κB and GAPDH band
intensity The images are representative of
one out of three separate experiments; qRT-
PCR of IL-1β (B), IL-6 (C), TNF-α (D), iNOS
(E), and p47 and gp91 phox (F) after a 6 h
LPS exposure. Gene expression values were
normalized to Gapdh and presented as
2−ΔΔCt. Relative mRNA gene abundance in
untreated cells was assumed to be 1 (con-
trol). Data represent mean ± SD (n=3).
*p < 0.05; (G) time course of iNOS. At
each indicated time, cells were collected
and total extract analysed by Western
Blotting. GAPDH was used as loading con-
trol. Numbers below the images represent
the ratio between iNOS and GAPDH band
intensity The images are representative of
one out of three separate experiments.
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(His-Pro) could reduce protein aggregation in hSOD1(G93A) microglial
cells, we measured Thioflavin T fluorescence after a 4-days cyclo(His-
Pro) exposure and found it slightly but significantly reduced (Fig. 5A),
suggesting that cyclo(His-Pro) can reduce the amount of protein ag-
gregates. The clearance of misfolded aggregates can rely on: an increase
in ubiquitin-proteasome system function, an increase in the autophagic
flux, and an increase in Hsps expression. We first analysed the in-
volvement of ubiquitin-proteasome system on cyclo(His-Pro) induced
effects. We found that cyclo(His-Pro) does not affect the poly-ubiqui-
tination process as evidenced by unchanged levels of poly-ubiquitinated
proteins in any tested conditions (Fig. 5B). Moreover, we found no
differences in the autophagy marker LC3 upon cyclo(His-Pro) treatment
(Fig. 5C). We then tested the possible effects of cyclo(His-Pro) on gene
expression of molecular chaperones Hsp27, Hsp70 and Hsp72 and
found that the expression of Hsp27 and Hsp70 is significantly increased
by cyclo(His-Pro) pre-treatment compared to a 6 h LPS exposure
(Fig. 5D). These data suggest that cyclo(His-Pro) can reduce protein
aggregation by increasing the cellular protein folding ability.

To understand whether the effects of cyclo(His-Pro) underlie an
increase in soluble SOD1 activity, we measured specific enzyme activity
in the soluble and insoluble fractions of cell lysates (Fig. 5E) and found
that pre-treatment with cyclo(His-Pro) increased SOD1 activity in the
soluble fraction, while reducing enzyme activity in the insoluble frac-
tion. This data suggest that the reduced amount of ROS detected in the
presence of cyclo(His-Pro) might depend on the increased levels of
catalytically-active soluble SOD1.

4. Discussion

In this paper we showed that cyclo(His-Pro), by lowering mutant
SOD1 aggregation, prevents LPS-induced inflammasome activation in
an ALS microglial cell model.

Abnormal protein aggregation in both neurons and glia is a hall-
mark of several neurodegenerative diseases, including amyotrophic
lateral sclerosis (ALS). For this reason, neurodegenerative diseases can
be regarded as a protein misfolding disorders (Hekmatimoghaddam
et al., 2017; Forsberg et al., 2011). The incorrect folding of mutant
SOD1 induces a toxic gain of function that has been explained either
with an aberrant catalysis that causes an increase in ROS production or
with the toxic effects of aggregates themselves (Franco et al., 2013;
Strong et al., 2005). The aberrant catalysis hypothesis states that the
mutated enzyme can have a reduced ability to catalyze the dis-
proportionation of superoxide or can catalyze the reverse reaction
converting hydrogen peroxide to superoxide anion which, combining
with NO, generates peroxynitrite. Moreover, mutant SOD1 can catalyze
tyrosine nitration (Yim et al., 1990; Este'vez et al., 1999; Franco et al.,
2013). We have previously shown that peroxynitrite production,
through nitration of tyrosine residues, causes the activation of NLRP3
inflammasome, with the consequent cleavage of caspase 1 and ma-
turation and secretion of IL-1β in microglial cells harbouring the G93A
mutation in the SOD1 protein (Bellezza et al., 2018). In this report we
showed that the diketopiperazine cyclo(His-Pro), by reducing the levels
of nitrated proteins, inhibits LPS-induced inflammasome activation in
the microglial model of ALS.

The activation of inflammasome relies on peroxynitrite production
which is due to the increase in iNOS and NOX2 activity (Bellezza et al.,
2018). Both iNOS and NOX2 genes are controlled by the transcription
factor NF-κB, whose activation depends, among other, on the binding of
LPS to Toll-like receptor 4 (TLR4) (Doyle and O'Neill, 2006). Cyclo(His-
Pro) exerts its anti-inflammatory actions by inhibiting NF-κB activation
in several cellular models of neuroinflammation (Bellezza et al., 2014a,
2014b; Minelli et al., 2012). In microglial cells harbouring the G93A
substitution in SOD1 gene, as expected, pre-treatment with cyclo(His-
Pro) reduces the phosphorylation of p65 subunit of NF-κB and the ex-
pression of several NF-κB regulated genes. It is to note that cyclo(His-
Pro)-induced inhibition of NF-κB well correlates with a reduced iNOS
gene and protein expression and enzyme activity, as evidenced by the
reduction in NO levels. On the other hand, cyclo(His-Pro) does not
reduce the expression of gp91phox catalytic subunit of NOX2, although
reducing ROS levels. It has been reported that cyclo(His-Pro) can acti-
vate Nrf2 (Minelli et al., 2009a, 2009b), the major transcription factor
for cellular antioxidant defences (Silva-Islas and Maldonado, 2018),
and through the induction of hemeoxygenase 1 expression can down-
regulate NF-κB (Minelli et al., 2012; Bellezza et al., 2012; Bellezza et al.,
2014a, 2014b). We therefore speculated whether the antioxidant
properties of cyclo(His-Pro) could be responsible for the observed effect
on ROS levels. Although the cyclic dipeptide activates Nrf2 in the ALS
microglial cells stimulated with a pro-oxidant (Grottelli et al., 2015), it
does not induce Nrf2 activation and the transcription of target genes in
the same cells stimulated with LPS. Therefore, other cellular mechan-
isms should be responsible for the cyclo(His-Pro)-induced decrease in
ROS levels.

The aberrant catalysis determined by an incorrect folding of
SOD1can be avoided either by increasing the clearance of aggregates
through autophagy or ubiquitin-proteasome system, or by ameliorating
the folding process through an increase in molecular chaperone ex-
pression (Grottelli et al., 2018). In our experimental conditions, we
observed that cyclo(His-Pro) does not modify the amount of either
LC3B or ubiquitinated proteins, thus suggesting that the increase in
aggregates removal cannot be regarded as the cause of the observed
reduction in Thioflavin T stained protein aggregates. On the other hand,
a plausible explanation for the decreased amount of protein aggregates
could rely on the cyclo(His-Pro) –induced expression of the molecular

Fig. 4. Cyclo(His-Pro) reduces ROS levels without affecting Nrf2.
hSOD1(G93A) microglial cells were pretreated for 24 h with 50 μM CHP and
then exposed to 1 μg/ml LPS. (A) Time course of Nrf2. At each indicated time,
cells were collected and nuclear extract analysed by Western blotting. Lamin B
was used as loading control. Numbers below the images represent the ratio
between Nrf2 and lamin B band intensity The images are representative of one
out of three separate experiments; (B) qRT-PCR of the indicated genes after a
3 h LPS exposure. Gene expression values were normalized to Gapdh and pre-
sented as 2−ΔΔCt. Relative mRNA gene abundance in untreated cells was as-
sumed as 1 (control). Data represent mean ± SD (n=3). *p < 0.05 vs. con-
trol cells.
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chaperones Hsp27 and Hsp70. This finding is in agreement with our
previous data showing that the cyclic dipeptide increases Hsp27 and α-
B-Crystallin in serum starved PC12 cells (Minelli et al., 2006). There-
fore, while Hsp27 suppresses SOD1 aggregation in vitro (Yerbury et al.,
2013), the treatment with of cyclo(His-Pro) increases soluble SOD1
enzyme activity. Due to the fact that SOD1 converts superoxide anion,
produced by NOX2, in the less reactive hydrogen peroxide, the

increased activity of SOD1 in the presence of cyclo(His-Pro) might ex-
plain the reduction in ROS levels and the consequent inhibition of in-
flammasome. The use of ebselen, an antioxidant compound that effi-
ciently directs correct SOD1 folding to rescue the toxic characteristics of
mutant SOD1 (Capper et al., 2018) corroborates our hypothesis.

Fig. 5. Cyclo(His-Pro) increases soluble SOD1 activity. hSOD1(G93A) microglial cells were treated for four days with 50 μM CHP and used for determination of
Thioflavin T fluorescence. Data represent means ± SD (n=3) *p < 0.05 vs. control cells. SOD1(G93A) microglial cells were pretreated for 24 h with 50 μM CHP
and then exposed to 1 μg/ml LPS. Time course of poly-ubiquitination proteins (B) and LC3(C). At each indicated time, cells were collected and total extract analysed
by Western blotting. Actin and GAPDH were used as loading control. Numbers below the images represent the ratio between LC3 II and GAPDH band intensity. The
images are representative of one out of three separate experiments; (D) qRT-PCR of the indicated genes after 6 h LPS exposure. Gene expression values were
normalized to Gapdh and presented as 2−ΔΔCt. Relative mRNA gene abundance in untreated cells was assumed as 1 (control). Data represent mean ± SD (n=3).
*p < 0.05 vs. LPS treated cells; (E) determination of SOD1 specific activity after 24 h LPS treatment. Data were presented as percentage of protein in the soluble and
insoluble fractions of the lysate. Data represent mean ± SD (n=3). *p < 0.05 vs. untreated cells. #p < 0.05 vs. LPS treated cells.
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5. Conclusion

Our results indicate that cyclo(His-Pro) inhibits inducible nitric
oxide synthase and, by inducing Hsps expression, promotesSOD1 cor-
rect folding, thus reducing inflammasome activation in an ALS micro-
glial cell model. It is worth mentioning that cyclo(His-Pro) is well tol-
erated in humans and has been already formulated for oral
administration to treat type 1 diabetes (Grottelli et al., 2016; Uyemura
et al., 2010; Choi et al., 2017). All this considered, cyclo(His-Pro) can
be view as a good candidate for the treatment of ALS.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.mcn.2018.11.002.
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