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Excessive extracellular concentrations of L-glutamate (L-Glu) can be neurotoxic and
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1 | INTRODUCTION

Multiple sclerosis (MS) is an inflammatory, demyelinating disease of
the central nervous system (CNS) (Levite, 2017). Neuroinflammation
is a hallmark of MS, characterized by abundant release of cytokines,
such as interleukin-1p (IL-1p), interferon-y (IFN-y), and tumor necro-
sis factor (TNF) by activated T lymphocytes, astrocytes, and mi-
croglia (Kothur et al., 2016). Inflammatory cytokines influence brain
function by altering neuronal synaptic transmission and plasticity
(Stampanoni Bassi et al., 2017). Increased cerebrospinal fluid (CSF)
levels of inflammatory cytokines induce profound alterations of glu-
tamatergic neurotransmission both in experimental autoimmune en-
cephalomyelitis (EAE) models and in MS patients (Centonze et al.,
2009; Kostic et al., 2014; Levite, 2017; Mandolesi et al., 2013; Rossi
etal., 2012, 2014).

Besides its main role in regulating neuronal development,
differentiation, and function, L-Glu released by neurons acti-
vates «-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid/
kainate receptors (AMPARs), and N-methyl-p-aspartate receptors
(NMDARSs) expressed by myelin-producing oligodendrocytes pre-
cursor cells (OPCs), influencing their proliferation, differentiation,
and myelination capacity (Bonetto et al., 2020; Fields et al., 2002;
Gautier et al., 2015; Kolodziejczyk et al., 2010). While physiologi-
cal signaling through L-Glu receptors is fundamental for the proper
development and function of gray and white matter, an abnormal
increase in extracellular concentrations of L-Glu trigger axonal
damage as well as neuronal and oligodendrocyte death, contrib-
uting to neurological impairment in MS (Levite, 2017; Stojanovic
et al., 2014). Consistent with this, administration of AMPAR and
NMDAR antagonists attenuates synaptic hyperexcitability, excito-
toxic neurodegeneration and motor deficits in EAE mice (Centonze
et al., 2009).

These findings functionally link aberrant activation of L-Glu
receptors with clinical features of MS, however, it remains un-
clear whether the concentration of L-Glu in the CSF represents
a suitable biochemical signature of MS. In fact, while some
reports have shown either comparable or reduced levels of L-Glu
in the CSF of MS-affected subjects compared to control patients
(Garseth et al., 2001; Klivényi et al., 1997; Launes et al., 1998;
Qureshi et al., 1988; Rossi et al., 2014), others have documented
increased amounts of this amino acid (Sarchielli et al., 2003;
Stover et al., 1997).

Based on the discrepancies among studies to date, here we
sought to evaluate the concentrations of L-Glu in the CSF of a large
cohort of MS patients with different clinical phenotypes (relapsing
remitting (RR)-MS, secondary progressive/primary progressive (SP/
PP)-MS) compared to patients with other non-inflammatory/non-
degenerative disorders. We also explored potential correlations

between the CSF levels of L-Glu and those of various pro- and anti-

inflammatory molecules.

2 | MATERIALS AND METHODS

2.1 | Patients enrollment and cerebrospinal fluid
collection

A group of 179 consecutive MS patients enrolled between 2017 and
2019 participated in this cohort study. No randomization was per-
formed to allocate subjects in the study. Inclusion criteria were the
established MS diagnosis and the ability to provide written informed
consent to the study. The study was not pre-registered. Patients
were admitted to the Neurology Unit of IRCCS Neuromed in Pozzilli
(IS) and later diagnosed as suffering from RR and SP/PP-MS. All pa-
tients underwent for diagnostic purposes blood tests, complete neu-
rological evaluation, brain and spinal MRI scan and CSF withdrawal
within 24 h. No patients were treated with corticosteroids or other
MS-specific immunoactive therapies before CSF withdrawal and
neurophysiologic evaluation. Such medications were started later,
if appropriate. The control group comprised 40 patients with non-
inflammatory/non-degenerative CNS disorders or peripheral nerv-
ous system disorders, such as vascular leukoencephalopathy (N = 21
patients), metabolic and hereditary polyneuropathies (N = 4), normal
pressure hydrocephalus (N = 2), pseudotumor cerebri (N = 3), func-
tional neurological disorder (N = 5), migraine (N = 1), and spondylotic
myelopathy (N = 4).

All patients and/or their legal representatives gave informed
written consent to the study. The protocol was authorized by the
ethics committee of IRCCS Neuromed (CE number 6/17). All pro-
cedures were carried out in accordance with approved guidelines.

The diagnosis of RR-MS or PP-MS was established by clinical,
laboratory, and MRI parameters, and matched published crite-
ria (Thompson et al., 2018). Demographic and clinical information
was derived from medical records. MS disease onset was defined
as the first episode of focal neurological dysfunction indicative of
MS. Disease duration was estimated as the number of months from
onset to the time of diagnosis. Disability was determined by a spe-
cially trained (Neurostatus training and documentation DVD for a
standardized neurological examination and assessment of Kurtzke's
functional systems and Expanded Disability Status Scale for MS pa-
tients. Basel, Switzerland: Neurostatus, 2006; available at http://
www.neurostatus.net) and certified examining neurologist using
Expanded Disability Status Scale (EDSS) (Kurtzke, 1983).

MRI examination consisted of three Tesla dual-echo proton
density, fluid-attenuated inversion recovery (FLAIR), T2-weighted
spin-echo images and pre-contrast and post-contrast T1-weighted
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spin-echo images. All images were acquired in the axial orientation
with 3 mm-thick contiguous slices. Radiological activity was defined
as the presence of gadolinium (Gd) (0.2 ml/Kg e.v.) enhancing lesions
evaluated by a neuroradiologist who was unaware of the patients’
clinical details.

CSF samples were collected according to international guidelines
(del Campo et al., 2012; Teunissen et al., 2009; Vanderstichele et al.,
2012). Lumbar puncture (LP) was performed from 8:00 to 10:00,
after an overnight fasting. 2 ml of CSF sample were used for bio-
chemistry analysis including total cell count and lactate levels. CSF
was immediately collected in sterile polypropylene tubes (Sarstedt®
tubes, codes: 62.610.210) and gently mixed to avoid possible gra-
dient effects. All samples were centrifuged at 2000 g for 10 min at
room temperature and then aliquoted in 0.5 ml aliquots in sterile
polypropylene tubes (Sarstedt® tubes, codes: 72.730.007). Aliquots
were frozen at —~80°C pending analysis, avoiding freeze/thaw cycles.
Blood-contaminated samples were excluded from the analysis (cut-
off of 50 red blood cells per microliter). Internal quality controls were
assayed in each run. Operators blinded to the diagnosis performed

the measurements.

2.2 | HPLC detection of CSF L-glutamate levels

CSF samples were analyzed as previously reported (Nuzzo et al.,
2021), with minor modifications. The HPLC system comprised a
Shimadzu Nexera X2 ultra high-performance liquid chromatogra-
phy system. 100 ul CSF sample were mixed with 900 pl HPLC-grade
methanol and centrifuged at 13 000 g for 10 min. The supernatants
were then dried and suspendedin 0.2 M TCA. CSF supernatants were
then neutralized with 0.2 M NaOH and subjected to precolumn deri-
vatization with o-phthaldialdehyde (OPA)/N-acetyl-L-cysteine (NAC)
in 50% methanol. Amino acids derivatives were then resolved on a
Simmetry C8 5 um reversed-phase column (Waters, 4.6 x 250 mm),
in isocratic conditions (0.1 M sodium acetate buffer, pH 6.2, 1% tet-
rahydrofuran, 1 ml/min flow rate). A washing step in 0.1 M sodium
acetate buffer, 3% tetrahydrofuran and 47% acetonitrile, was per-
formed after every single run. Identification and quantification of
L-Glu was based on retention time (L-Glu = 10.8 + 0.1 min) and peak
areas, compared with those associated with external standard. L-Glu
levels were expressed as uM concentration.

2.3 | Analysis of CSF inflammatory molecules

CSF samples were analyzed using a Bio-Plex multiplex cytokine
assay (Bio-Rad Laboratories), according to the manufacturer's in-
structions. Concentrations were calculated according to a standard
curve generated for the specific target and expressed as picograms/
milliliter. All samples were analyzed in triplicate. The CSF molecules
examined included: IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10,
IL-12, IL-13, IL-1 receptor antagonist (ra), TNF, macrophage inflam-
matory protein 1-alpha (MIP-1a), IFN-y.
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2.4 | Statistical analysis

The normality distribution was tested using the Kolmogorov-Smirnov
test. Data were shown as mean (standard deviation, SD) or, as me-
dian (interquartile range, IQR) if not normally distributed. Categorical
variables were presented as number (n). Differences in continuous
variables among two groups were evaluated by parametric t-test or, if
necessary, non-parametric Mann-Whitney test. A p value < 0.05 was
considered statistically significant. Spearman's non-parametric corre-
lation was used to test possible associations between non-parametric
variables. When exploring correlations between L-Glu and various in-
flammatory CSF molecules, Benjamini-Hockberg (B-H) procedure was
used to decrease the false discovery rate and avoid Type | errors (false
positives). To explore associations between L-Glu and different vari-
ables, after adjustment for possible confounding factors (i.e. age at LP,
disease duration, sex, radiological disease activity), linear regression
models were used. Box plot was used to depict statistically significant
differences between groups. No test for outliers was conducted.

In this exploratory study, predetermined primary and second-
ary outcomes were not used. Sample size calculation was not per-
formed; the number of participants was based on previous studies
of a similar nature (Sarchielli et al., 2003; Stover et al., 1997). All anal-
yses were performed using IBM SPSS Statistics for Windows (IBM
Corp.). The data that support the findings of this study are available

from the corresponding author upon reasonable request.

3 | RESULTS

3.1 | HPLC determination of L-glutamate levels in
the CSF of MS and control patients

Here, by HPLC analysis we determined the CSF levels of L-Glu in a
group of 179 MS patients (n = 157 RR-MS, n = 22 SP/PP) and 40 con-
trol individuals with other non-inflammatory/non-degenerative dis-
orders (clinical and demographic characteristics shown in Table 1).
First, we explored the correlations between L-Glu concentration and
demographic characteristics at the time of LP in both MS and control
patient groups. Our results showed that L-Glu levels did not signifi-
cantly change with aging in control patients (r = -0.042; p = 0.793;
N = 40 patients; Figure 1a). Also, in the control group no significant
correlations emerged between L-Glu CSF concentrations and other
demographic characteristics, such as sex and body mass index (BMI).
In the whole cohort of MS patients we reported a significant cor-
relation between CSF L-Glu content and age (r = 0.191; p = 0.010;
N = 179; Figure 1b), while no significant correlation emerged with
sex, BMI, and disease duration. In addition, a significant association
was found between CSF L-Glu amounts and oligoclonal bands (OCB)
presence in MS patients (OCB+median [IQR] of uM = 5.46 [4.54-
7.14] vs. OCB- median [IQR] of uM = 6.24 [5.39-7.41]; p = 0.014).
When comparing CSF L-Glu concentrations in MS patients and
controls, statistical analysis showed a mild L-Glu reduction in the CSF
of whole cohort of MS patients compared with controls (median [IQR]
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TABLE 1 Demographic and clinical characteristics of multiple sclerosis and control subjects

Demographic and clinical
characteristics

Gender (Female/Male)
Age at LP (years)
BMI

Radiological activity (Gd™/
Gd")
OCB presence (No / Yes)

MS disease duration
(months)

EDSS score at LP

EDSS score at 1 year from
LP

CSF lactate (mmol/I)

Controls (N = 40)
median (IQR)

24/16
41.76 (33.59-49.04)

23.89 (21.44-26.73)
n=237

1.40(1.3-1.6)n=39

Multiple sclerosis

RR-MS (n = 157)
median (IQR)
109/48
35.61(27.34-45.99)

24.44 (21.80-28.67)
n=136

75/67

37/114

6.98 (1.70-36.64)
n=150

1.50 (1-2.5)
1(1-2)n=118

1.50(1.3-1.7)n =153

SP/PP-MS (n = 22)
median (IQR)

9/13
48.62 (38.41-56.79)
26.21(22.9-29.51)n =20

16/5

2/20
20.57 (11.08-50.8)

4.25(2.12-5.37)n =20
4.75(2.75-6)n =18

1.55(1.4-1.8)

Total MS (n = 179)
median (IQR)

118/61
37.99 (28.62-47.32)

24.67 (21.98; 28.84)
n=156

91/72

39/134
9.83(2.20-36.74)n = 172

2(1-3)n=177
1.50(1-2)n =136

1.50(1.4-1.7)n=175

Abbreviations: BMI, body max index; CSF, cerebrospinal fluid; EDSS, expanded disability status scale; Gd, gadolinium; LP, lumbar puncture; MS,
multiple sclerosis; n, number of patients; OCB, oligoclonal bands; PP, primary progressive; RR, relapsing-remitting; SP, secondary progressive.

of uM, Ctrl = 7.03 [5.75-8.83] vs. MS = 5.71 [4.76-7.08]; p < 0.01;
Figure 1c), while comparable levels were found between RR-MS and
SP/PP-MS patients (RR-MS median [IQR] of uM = 5.73 [4.76-7.13] vs.
SP/PP-MS median [IQR] of uM = 5.71 [4.51-6.55]; Figure 1d).

Of interest, in RR-MS patients, similar L-Glu CSF levels were
detected regardless their radiological activity (Gd+ median [IQR] of
uM = 5.66 [4.8-6.74] vs. Gd- median [IQR] of uM = 5.72 [4.66-7.31];
Figure 1e).

3.2 | L-glutamate concentration correlates with
EDSS after 1 year follow-up in RR-MS patients

While in RR-MS patients no significant association emerged be-
tween CSF L-Glu concentration and EDSS at the time of LP (r = 0.037,
p = 0.648; N = 157; Figure 2a), we found a significant correlation
between this neurotransmitter and EDSS after 1 year follow-up
(r = 0.205; p = 0.026; N = 118; Figure 2b). This association was sig-
nificant after correcting for all other clinical and demographic variables
(age, gender, disease duration, radiological activity, EDSS at LP, and
OCB presence) (Beta = 0.244; Cl 0.054-0.201; p = 0.001). In contrast,
no significant correlation between L-Glu CSF levels and EDSS at the
time of LP (r=0.339, p =0.143; N = 20) or EDSS after 1 year (r = 0.344,
p =0.162; N = 18; Figure 2c,d) was observed in SP/PP-MS group.

3.3 | L-glutamate directly correlates with lactate
levels in the CSF of MS patients

Statistical analysis indicated no significant differences in CSF lactate
concentrations between MS patients and control subjects (Ctrl= 1.4
[1.3-1.6] vs. MS = 1.5 [1.4-1.7]; p = 0.116). Also comparing RR-MS,

SP/PP-MS, and control patients no changes were found in CSF lac-
tate concentrations. In the controls, a significant correlation emerged
between CSF lactate and age at LP (r = 0.440, p = 0.005; N = 40,
whereas no significant correlation was found between L-Glu and lac-
tate (r = 0.105; p = 0.523; Figure 3a). As found in controls, also in the
whole MS group a significant correlation emerged between CSF lac-
tate and age at LP (r = 0.298, p < 0.001). Interestingly, a significant
positive correlation was found between L-Glu CSF levels and lactate
in the whole cohort of MS patients (r = 0.175; p = 0.02; N = 175;
Figure 3b). This association was significant also controlling for the
effect of age, gender, disease duration, EDSS at LP, and OCB pres-
ence (Beta =0.205, Cl 0.006-0.040, p = 0.008). On the other hand,
no significant correlations were observed between CSF L-Glu and
lactate concentration, when analyzing separately RR-MS patients
and SP/PP-MS patients.

3.4 | L-glutamate concentration is associated with
IL-2, IL-6, and IL-1ra in MS patients

Finally, in MS patients we explored the existence of possible correla-
tions between the CSF L-Glu concentration and the levels of a set of
proinflammatory and anti-inflammatory cytokines.

We found that CSF L-Glu levels positively correlated with inflam-
matory cytokines IL-2 (r = 0.239; p = 0.003, B-H p = 0.01; Figure 4a)
and IL-6 (r = 0.253; p = 0.001, B-H p = 0.006; Figure 4b) after cor-
rection for multiple comparisons. In addition, in RR-MS patients we
observed a negative correlation between L-Glu and IL-5 (r = -0.246;
p = 0.002, B-H p = 0.009; Figure 4c) or IL-1ra (r = -0.375; p <
0.0001, B-H p = 0.0009; Figure 4d), after correction for multiple
comparisons. No other significant correlations were found be-
tween L-Glu and CSF inflammatory molecules in the RR-MS group
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(Gd*, N = 67) or without (Gd~, N = 75) gadolinium enhancing lesions at MRI. **<0.01 (Mann-Whitney test), compared to control group.
Abbreviations: CSF, cerebrospinal fluid; Gd, gadolinium; LP, lumbar puncture; MRI, magnetic resonance imaging; MS, multiple sclerosis;

RR, relapsing remitting; SP/PP, secondary progressive/primary progressive

(Supplementary Figure, panel a). Linear regressions confirmed signif-
icant correlations between L-Glu and IL-2 (Beta = 0.528, Cl 0.176-
0.318, p < 0.001), IL-6 (Beta = 0.132, Cl 0.089-0.613, p = 0.009),
IL-5 (Beta = -0.248, Cl -0.479 to -0.092, p = 0.004), and IL-1ra
(Beta = -0.277, Cl -4.917 to -1.148, p = 0.002) also controlling for
the effect of age, gender, disease duration, EDSS at LP, OCB pres-
ence, and radiological disease activity.

Similar to what was observed for RR-MS, also in SP/PP-MS
patients, we found significant positive correlations between L-
Glu and IL-6 (r = 0.640, p = 0.001, B-H p = 0.009; Figure 4g),
along a negative correlation between the concentrations of this
excitatory amino acid and those of IL-1ra (r = -0.583, p = 0.004,
B-H p = 0.024; Figure 4i) and IL-8 (r = -0.675, p = 0.001, B-H
p = 0.009; Figure 4j) after correction for multiple comparisons.
Conversely, correlation between L-Glu and IL-2 in SP/PP-MS pa-
tients was not significant after controlling for multiple compari-
sons (r = 0.478; p = 0.024, B-H p = 0.086; Figure 4f). No other

significant correlations were found between L-Glu and CSF
inflammatory molecules in the SP/PP-MS group (Supplementary
Figure, panel b).

4 | DISCUSSION

It is well-established that CSF inflammation negatively influences
the disease course in MS patients, being associated with increased
prospective neurodegeneration and disability (Rossi et al., 2014;
Stampanoni Bassi et al., 2019). In animal models and in MS patients
it has been consistently demonstrated that inflammation alters
glutamatergic transmission in several brain areas, promoting neu-
ronal hyperexcitability and excitotoxic damage (Stampanoni Bassi
et al., 2017). In vivo brain evidence of elevated glutamate in MS
using MRI (Srinivasan et al., 2005; Tisell et al., 2013), along immu-
nohistochemical investigation in post-mortem specimens confirmed
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homeostasisdysfunctionofL-Glutransmissionwithinthe CNS(Werner
et al., 2001). In agreement with this, decrease in L-Glu transporters
together with defects in enzymes regulating L-Glu metabolism in
activated microglia and astrocytes localized within demyelinating
lesions and in the surrounding areas, have been reported in EAE
model and in MS patients (Levite, 2017; Stojanovic et al., 2014).
Although these findings strongly indicate a substantial increase in
glutamatergic signaling within demyelinating lesions of MS patients

it remains unclear whether glutamate homeostasis dysregulation
could directly impact on its CSF levels. In fact, data from the litera-
ture remain highly controversial.

Consistent with other reports (Garseth et al., 2001; Klivényi
et al., 1997; Kostic et al., 2014; Launes et al., 1998; Qureshi et al.,
1988), we failed to find higher levels of L-Glu in the CSF of RR-MS
and SP/PP-MS patients, when compared to controls. In the at-
tempt to reconcile the different observations reported by others
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(Sarchielli et al., 2003; Stover et al., 1997), it is important to con-
sider that any L-Glu measurement in the CSF mirrors a complex
equilibrium of its cellular synthesis, catabolism, and transport be-
tween the blood, the CSF and the CNS. Furthermore, L-Glu levels
are also affected by metabolic processes in the body and cerebral
tissues as well as by Blood Brain Barrier leakage, reported in MS
(Minagar et al., 2003). Therefore, CSF glutamate levels might be
significantly affected by several factors. Also, we argue that a
not negligible source of variability among studies is linked to the
clinical features of control patients because subjects affected by
non-inflammatory/non-degenerative neurological disorders suf-
fer from heterogeneous clinical diseases that may involve gluta-
matergic dysfunction, this potential bias may directly influence
the comparisons performed with MS patient group. Notably,
taking into account this caveat, we documented that L-Glu con-
centrations in our control patients were considerably greater
compared to those indicated by others (Sarchielli et al., 2003;
Stover et al., 1997). Yet, other factors that may also contribute to
explain the divergent published data are the difference in sam-
ples size and age of MS patients enrolled among distinct studies.
Although our group of 179 MS patients is larger than all of those
used in previous HPLC determination of L-Glu levels in the CSF
these factors gave cause for concern, and suggest that highly
controlled studies on large cohort of patients are warranted to
investigate this issue.

Analysis of the association between the levels of L-Glu and clin-
ical/demographic characteristics of RR-MS patients revealed that
L-Glu at diagnosis was positively correlated with EDSS after 1 year
of follow-up. This result suggests that L-Glu concentrations might
predict disability worsening, however, the short duration of fol-
low-up and lack of prospective radiological measures represent two
major limitations of the present investigation, and further studies

are needed to better elucidate the impact of L-Glu CSF levels at di-
agnosis on the course of MS disease.

To better characterize the pathophysiological role of dysfunc-
tional L-Glu transmission in MS, here we explored the correlation be-
tween L-Glu and CSF biomarkers of oxidative stress and inflammation.
Mitochondrial dysfunction and oxidative stress may contribute to MS
progression by promoting axonal and neuronal damage (Campbell
et al.,, 2011; Su et al., 2013; Trapp et al., 2009). It has been proposed
that CSF lactate may represent a suitable biomarker of disease sever-
ity in MS (Albanese et al., 2016). Notably, a study involving 118 MS
patients showed that higher CSF lactate levels were associated with
enhanced long-term disability and increased levels of neurofilament
light protein in the CSF (Albanese et al., 2016). Remarkably, here we
found a significant direct correlation between CSF L-Glu and lactate
concentrations in the whole cohort of MS patients. These findings mir-
ror those obtained in EAE mice, showing that excessive activation of L-
Glu receptors was associated with enhanced mitochondrial oxidative
stress and neuronal swelling (Levite, 2017; Stover et al., 1997).

The relationship between altered CSF levels of L-Glu, clinical
features, and levels of central inflammation represents an open
question. One study previously reported a correlation between CSF
L-Glu and the CSF levels of the proinflammatory molecule IL-17 in
MS patients (Kostic et al., 2014). Here, we documented that in the
CSF of MS patients L-Glu concentrations positively correlated with
the levels of specific proinflammatory cytokines IL-2 and IL-6, while
negatively correlated with the anti-inflammatory cytokine IL-5 and
the competitive inhibitor IL-1ra. No other significant correlations
were found with the other CSF molecules analyzed. Remarkably,
IL-2 and IL-6 represent major proinflammatory molecules previously
associated with MS pathogenesis (Kimura et al., 2017; Kothur et al.,
2016; Maimone et al., 1997). Particularly, it has been shown that IL-6
impaired synaptic plasticity and exacerbated disease course in MS
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(Stampanoni Bassi et al., 2019). IL-1p is another important inflam-

Neurochemistry

matory molecule involved in MS pathogenesis (Lin et al., 2017). IL-
1B activities are mediated by the IL-1 receptor type 1, which also
represents the site of binding of the competitive inhibitor IL-1ra
(Dinarello, 2002). Increased expression of IL-1p has been previously
associated with increased neurodegeneration in MS (Rossi et al.,
2014). We previously documented that IL-1B promotes neuronal
swelling along with synaptic hyperexcitability, enhancing glutama-
tergic transmission, and reducing GABAergic transmission in EAE
and MS (Centonze et al., 2009; Rossi et al., 2011, 2012). In the cer-
ebellum of EAE mice, IL-1p alters the expression of the glutamate
aspartate transporter (GLAST), reducing glutamate reuptake, and
leading to excitotoxic neuronal damage (Mandolesi e al., 2013). The
present findings, in line with preclinical evidence in EAE, support the
role of inflammation in excitotoxic neurodegeneration in MS.

Our results suggest that L-Glu may negatively influence disabil-
ity progression in MS by interacting with fundamental mechanisms,
such as oxidative stress and inflammation.
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