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A B S T R A C T

Background: Serum and glucocorticoid-inducible kinase 1 (SGK1) is a ubiquitous kinase with cytoprotective and 
immune-specific functions. Parkinson’s disease (PD) animal models disclosed interactions between SGK1 and the 
critical pathogenic pathways of the disease, whereas human-based evidence is lacking. We investigated the SGK1 
contribution to the biological dynamics of PD ex vivo, at immune and systemic level.
Methods: Thirty-two well-phenotyped PD patients and 34 controls were enrolled. Peripheral blood mononuclear 
cells (PBMCs) and serum were obtained. PBMCs levels of SGK1, α-synuclein total and oligomeric forms (α-syntot, 
α-synolig) were measured by Western blot and ELISA, respectively. SGK1 levels were tested in the serum by 
ELISA. Group differences were assessed using age-adjusted, rank-based linear regression models; ROC analysis 
was performed using age-adjusted PBMC SGK1 residuals and a Youden-derived cutpoint; associations with 
clinical variables were tested using age-adjusted regressions.
Results: PD PBMCs exhibited lower SGK1 (p < 0.001) and higher α-synolig levels than controls (p = 0.026). SGK1 
serum levels were also lower in PD patients (p = 0.040). ROC analysis showed that PBMC SGK1 significantly 
discriminated PD from controls (AUC = 0.85,[95 % CI 0.75–0.95],p < 0.001). The optimal cutpoint yielded a 
sensitivity of 1.00 and a specificity of 0.60. No significant correlations were found between biological and clinical 
parameters.
Conclusions: In PD patients, SGK1 was downregulated in both PBMCs and serum. Given the preliminary nature of 
these findings and the co-occurrence of α-synolig accumulation in leukocytes, common mechanistic pathways 
might be supposed, although pending confirmation. Nevertheless, SGK1 emerged as a potential target in PD, for 
both biomarker and therapeutic purposes.
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1. Introduction

Parkinson’s disease (PD) is a common neurodegenerative disorder 
responsible for a progressive motor and non-motor syndrome. Neuro
pathology hallmarks are the loss of dopaminergic nigral cells and the 
intraneuronal accumulation of α-synuclein (α-syn)-positive Lewy 
bodies. PD pathogenesis is complex and arises from the impairment in 
multiple cellular pathways [1], but the immune system activation also 
provides a critical contribution [2,3]. In this regard, there is solid evi
dence on central neuroinflammation, whereas knowledge on peripheral 
immunity is still emerging. Circulating leukocytes rearrange their sub
populations in PD patients, shaping a systemic inflammatory state [4,5] 
and undergo molecular reprogramming consistent with a direct partic
ipation in the disease mechanisms. Moreover, peripheral blood mono
nuclear cells (PBMCs) recapitulate key PD pathology features, including 
the accumulation of pathological α-syn species and the impairment of 
main cellular systems, supporting their use in translational frameworks 
[6,7].

Serum and glucocorticoid-inducible kinase 1 (SGK1) is a ubiqui
tously expressed phosphorylation-activated kinase. Several hormones, 
inflammatory and metabolic mediators, promote the expression of SGK1 
that, in turn, modulates ion channels and pumps, glucose metabolism 
enzymes, and transcription factors involved in a cytoprotective signaling 
network [8–10]. In addition, SGK1 exerts specific regulatory activity on 
different immune cell subtypes, tuning their differentiation and activity 
[10].

This functional profile underlies SGK1 involvement in chronic con
ditions, such as diabetes, cancer, cardiovascular, inflammatory, and 
neurological diseases, including PD [8–10]. Indeed, SGK1 steers those 
pathways classically linked to PD pathogenesis, which encompass 
α-synuclein aggregation dynamics, mitochondrial dysfunction, oxida
tive stress, and neuroinflammatory signaling [11–14]. However, most of 
the evidence on the role of SGK1 in PD basically derives from animal 
models, whereas there are still no data from living patients.

Taking into consideration the relevance of peripheral immune cells 
to the pathogenic mechanisms of PD, as well as their ability to reflect 
primary disease hallmarks [6,7], we evaluated SGK1 levels and their 
correlations with PBMC α-syn species in well-phenotyped PD patients 
and controls. Since PBMC α-syn species are emerging peripheral markers 
of synucleinopathy, we also compared their levels between groups to 
assess whether SGK1 downregulation aligns with altered α-syn handling. 
We then examined the relationship between leukocyte SGK1 expression 
and PD clinical-pathological features. Finally, by measuring SGK1 in 
serum as a readout of systemic expression, we provided a first overall 
assessment of SGK1’s potential as a novel disease target in PD.

2. Materials and methods

2.1. Study population

We conducted a case–control study at Tor Vergata University Hos
pital (Rome, Italy), from 2022 to 2024, involving 32 PD patients and 34 
healthy controls with a similar age and sex distribution. PD was diag
nosed following MDS 2015 Postuma’s criteria [15]. Controls were 
healthy volunteers without a history or clinical signs of neurological 
diseases. Individuals with main acute/chronic infectious/in
flammatory/systemic diseases, immunosuppressive/immunomodula
tory therapies, recent vaccination, and other neurological diseases were 
excluded. A flowchart summarizing the selection process is shown in 
Supplementary Fig. 1.

For each subject, we collected demographic, anthropometric, and 
medical history data. PD patients were assessed using the MDS-UPDRS 
part III, Non-Motor Symptoms Scale (NMSS), Mini-Mental State Exam
ination (MMSE), adjusted for age and educational level, and the levo
dopa equivalent daily dose (LEDD) calculation. The assessment was 
performed within one week of the blood sampling, in “on” state (under 

the effect of dopaminergic therapy).

2.2. Blood sampling and PBMCs isolation

All participants received a venous blood sampling (15 mL) in the 
morning, after overnight fasting, for PBMCs extraction and serum sep
aration. PBMCs extraction was performed as previously described [16]. 
Briefly, the blood sample was processed to separate PBMCs by density 
gradient centrifugation with Ficoll– Hypaque (GE Healthcare Life Sci
ences, Milano, Italy), according to standard procedures. Samples were 
then diluted 1:1 with phosphate-buffered saline and stratified on 
Ficoll–Hypaque (0.7 vol in respect to diluted blood). PBMCs were 
carefully frozen in cryoSFM medium (Merck KGaA, Darmstadt, Ger
many) and stored in liquid nitrogen and subsequently thawed for bio
energetics and immunoblot analyses (2 x 10 7 cells/mL). Cell viability 
was assessed with Try-pan Blue staining before cryopreservation and 
after thawing. All PBMCs experiments have been run within 1 year of 
collection. All operators involved in the experimental procedures were 
blinded to the patient’s clinical diagnoses. All serum and PBMC samples 
were randomly analyzed using ELISA techniques to detect and quantify 
specific proteins and analytes.

2.3. PBMCs protein quantification and SGK1 western blot assay

SGK1 Western blot assay was conducted on lysed PBMCs by using the 
following primary antibodies: rabbit anti SGK1 (Cell Signaling, 
#D27C11), GAPDH (AB Clonal, #AC002); and secondary antibody: 
Goat Anti-Mouse IgG, Goat Anti-Rabbit IgG. For immunoblot analysis, 
cells were lysed in RIPA buffer (50 mM Tris-base, 150 mM NaCl, 1 % NP- 
40, 0.5 % sodium deoxycholate), supplemented with 1 mM sodium 
orthovanadate, 1 mM NaF, and a protease inhibitor cocktail (1 × , 
Sigma-Aldrich, Cat. No. P3840). Lysates were incubated on ice for 30 
min, followed by centrifugation at 16,000×g for 30 min at 4 ◦C to 
remove insoluble material.

Protein quantitation was assessed with Bradford Bio-Rad Protein 
Assay Dye Reagent Concentrate 5 × . After protein dosage, the super
natant was treated with Sample Buffer 4 × (Tris base 125 mM, 4 % of 
Sodium dodecyl sulphate, 20 % of Glycerol, 0.004 % of bromophenol 
blue, 10 % of beta-mercapto-ethanol) and incubated for 10 min at 96 ◦C. 
30 μg of proteins were loaded onto SDS-polyacrylamide gel and sub
jected to electrophoresis with 1 × tris-glycine-SDS running buffer and 
blotted overnight (4 ◦C for 16 h) at 30V in immersion transfer system 
loaded with 20 % v/v methanol tris-glycine transfer buffer. The correct 
protein transfer was evaluated through 1 mg/ml in 5 % v/v acetic acid 
Ponceau S solution. Membranes were washed 3 times for 10 min with 
TBS-0.1 % v/v Tween 20 (TBS-T) until completely clear and blocked 
with 5 % non-fat dry milk in TBS-T for 1 h at RT. Primary antibodies 
were incubated overnight at 4 ◦C in appropriate buffer and dilutions: 
rabbit anti SGK1 (1:1000 v/v in 5 % w/v milk/TBS-T, Cell Signaling, 
#D27C11), and GAPDH (1:10000, in 5 % w/v BSA/TBS-T, AB Clonal, 
#AC002). The day after, membranes were washed 3 times with TBS-T 
for 10 min and incubated for 1 h at RT with secondary antibody: Goat 
Anti-Mouse IgG (1:3000 v/v in 2 % w/v milk/TBS-T), Goat Anti-Rabbit 
IgG (1:3000 v/v in 2 % w/v milk/TBS-T). Membranes were washed 3 
times with TBS-T for 10 min. For protein detection, the chem
iluminescence was acquired with an iBright CL Imaging System (Applied 
Bioscience) using ClarityTM Western ECL Substrate. Densitometric 
analysis of the immunoreactive bands was performed using ImageJ 
(NIH) analysis Software. SGK1 protein levels were normalized against 
the respective GAPDH.

2.4. α-syn PBMC quantification by ELISA

Total α-syn (α-syntot) and oligomeric α-syn (α-synolig) levels were 
assessed using ELISA kits from Invitrogen (KHB0061) and MyBioSource 
(MBS730762), respectively, on proteins derived from PBMCs. For both 
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ELISA kits 10 μg of protein were loaded. Unknown samples were derived 
from standard curve fitting with a 4-parameter logistic (4-PL) algorithm. 
All samples (blanks, standards, and unknowns) were read in duplicate. A 
unique 96-well ELISA plate was sufficient to run all samples analyzed in 
the present study. All samples were in the standard curve range. The 
Optical density (O.D.) was determined at 450 nm using a microplate 
reader Victor3V (PerkinElmer).

2.5. SGK1 serum quantification by ELISA

Serum concentration of SGK1 was measured using Human SGK1 
ELISA Kit (Invitrogen, Thermofisher). The protocol was previously 
validated to assess the reproducibility and accuracy by serial dilution. 
All samples (100 μL) were diluted 2x and analyzed in duplicate. Color
imetric reactions were measured by reading the absorbance at 450 nm 
after the addition of a stop solution, using Varioskan LUX Multimode 
Microplate Reader (Thermo Fisher). Unknown concentrations in the 
samples were determined by plotting absorbance values on the corre
sponding standard curve, using a 4-parameter logistic (4-PL) algorithm 
(GraphPad software).

2.6. Statistical analysis

Between-group comparisons (PD vs controls) of continuous biolog
ical variables (PBMC and serum SGK1, PBMC α-syntot and α-synolig) were 
examined using age-adjusted, rank-based linear regression models, with 
group as the main predictor and age as a covariate. Unadjusted ranks are 
shown in Fig. 1 for descriptive and visualization purposes. Categorical 
variables were compared using the χ2 test. Receiver operating charac
teristic (ROC) analysis was used to evaluate PBMC SGK1 discrimination 
between PD and controls. For ROC analysis, residuals from a linear 
regression models with PBMC SGK1 as the dependent variable and age 
as the only predictor (computed in the pooled sample) were used. The 

optimal cutpoint was defined using Youden’s J statistic. Within-group 
associations between biomarkers (SGK1, α-syn) and demographic vari
ables (age, sex) were evaluated using rank-based linear regression 
models, while associations with clinical variables (MDS-UPDRS III, H&Y 
stage, NMSS, MMSE scores) were assessed using age-adjusted rank- 
based models. Analyses were performed using SPSS 29 (Armonk, NY). 
All analyses were two-sided and were performed with a significance 
level set at P < 0.05.

2.7. Sample size and power

An a priori power analysis was performed using G*Power. Since the 
primary comparisons were performed using ANCOVA with two cova
riates, we conducted a power calculation based on this model (F-test, 
fixed effects, main effects and interactions). Assuming a large effect size 
(f = 0.40; η2 = 0.14), a two-sided α = 0.05, and 80 % statistical power, 
the required total sample size for two groups was N = 52. Our final 
sample size (32 patients with PD and 34 controls; total N = 66) exceeded 
this a priori requirement, ensuring adequate power for the planned 
analyses.

3. Results

Table 1 summarizes demographics, clinical and biological parame
ters of the study population.

3.1. SGK1 levels

Rank-transformed PBMC SGK1 levels were significantly lower in PD 
patients compared with controls after adjustment for age (β = − 19.33, 
95 % CI -27.64 to − 11.02, p < 0.001). Also, serum SGK1 levels showed 
lower values in PD than in controls (β = − 8.62, 95 % CI -16.77 to − 0.47, 
p = 0.04) (unadjusted ranks are shown in Fig. 1). ROC analysis based on 

Fig. 1. PBMC and serum SGK1 and PBMC α-synuclein in PD and controls. 
Box-and-dot plots display unadjusted ranks of PBMC α-synuclein total (A) and oligomeric (B), and serum (C) and PBMC SGK1 (D), and a representative Western blot 
gel (F). ROC analysis (E) shows the discriminative performance of age-adjusted PBMC SGK1 (regression residuals) (AUC, optimal Youden’s J cutoff with sensitivity 
and specificity).
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age-adjusted PBMC SGK1 residuals yielded an AUC of 0.85 (95 % CI 
0.75–0.95, p < 0.001). The optimal cut-point residual value (− 0.322), 
identified by Youden’s J statistic, provided a sensitivity of 0.97 and a 
specificity of 0.61 (Fig. 1). No significant associations were found be
tween SGK1 levels and demographic variables (age, sex) in either PD 
patients or controls (Supplementary Table S1). No significant associa
tions were found between SGK1 levels (serum or PBMC) and PBMC α-syn 
species (total or oligomeric), as assessed through age-adjusted rank- 
based regression analyses (Supplementary Table S2).

3.2. PBMC α-syn

Rank-transformed α-synolig levels were significantly higher in PD 
patients compared with controls after adjustment for age (B = 9.34, 95 
% CI 1.15 to 17.53, p = 0.026). In contrast, syntot levels did not differ 
between groups (B = 6.25, 95 % CI -2.31 to 14.81, p = 0.149) (unad
justed ranks are shown in Fig. 1). No significant associations were found 
between α-syn species and demographic variables (age, sex) in either PD 
patients or controls (Supplementary Table S1).

3.3. Clinical correlations

In the PD group, SGK1 and α-syn species levels showed no significant 
associations with MDS-UPDRS III, H&Y, NMSS, or MMSE 
(Supplementary Table S3).

4. Discussion

Although synucleinopathy has a pivotal role in the clinical- 
pathological progression of PD, the disappointing results of recent 
anti-α-syn trials highlight the urgent need for novel targets or alternative 
strategies [17]. Accordingly, here we went to test the reliability in this 
scenario of SGK1, a factor mediating the main PD pathogenic pathways, 
including immune activation [8–10], directly in patients ex vivo. Spe
cifically, we measured SGK1 levels in PBMCs and serum and assessed 
their associations with peripheral synucleinopathy markers. Of interest, 
we found that SGK1 was reduced in both compartments. In contrast, 
PBMCs α-syn species were increased (only the α-synolig significantly), 
suggesting that a SGK1 pathway downregulation may occur either at 
immune or systemic levels, probably in relation to α-syn pathology 
dynamics.

α-syntot reflects the total amount of α-syn monomers, including the 
physiological forms; α-synolig, conversely, is pathological, representing 

aggregates of modified α-syn monomers that precede Lewy body fibrils 
and exert cytotoxic and pro-inflammatory effects [18]. The accumula
tion of α-syn species in PD PBMCs aligns with previous observations 
[19]. Indeed, leukocyte subpopulations differently express α-syn as a 
critical regulator of normal immune activity; as well, various environ
mental stimuli and systemic inflammation may trigger the over
expression in immune cells and peripheral tissues [20,21], eventually 
facilitating α-syn oligomerization and priming the synucleinopathy 
overall [21]. Therefore, the higher PBMCs content of α-syn species, 
especially α-synolig, may be a consequence of the systemic inflammation 
classically occurring in PD [2,3,5,22]. Otherwise, leukocytes can engulf 
the different α-syn forms directly from the brain [23] or rather from the 
periphery, capturing those circulating within the exosomes [24] or 
picking those deposited in other tissues [25,26].

SGK1 levels, instead, were reduced in PD PBMCs. The concurrence of 
pathological α-syn accumulation and SGK1 downregulation was already 
noticed in other experimental frameworks. Specifically, different studies 
based on PD MPTP-mice demonstrated an inverse association between 
SGK1 and α-syn expression occurring in the Substantia Nigra [27], in the 
skeletal muscle cells [13], and in the colon tissue [12], providing a 
multisystem biological construct linking SGK1 reduction to synuclein
opathy that we observed even in patients’ blood cells.

SGK1 operates ubiquitously in the cytoprotective response and 
drives the differentiation and activity of leukocytes [8–10]. In addition, 
SGK1 negatively regulates the activation of the NLRP3 inflammasome 
and the production of inflammatory cytokines in immune cells [28]. 
NLRP3 inflammasome components are increased in PD PBMCs [29], and 
the inflammasome effectors enhance α-syn expression and aggregation 
in the CNS or peripherally [29]. Accordingly, we might hypothesize that 
leukocyte SGK1 downregulation reflects an inflammatory state, the 
same that facilitates the concurrent accumulation of α-syn species.

After investigating the blood cells, we evaluated SGK1 in the serum 
as a matrix mirroring the biological dynamics at a systemic level. Also, 
serum SGK1 was reduced in PD, suggesting a lower peripheral tissue 
production or a downregulation of the pathway, again in line with 
preclinical findings [12,13,27]. Peripheral SGK1 production depends on 
several triggers [8,30], one of the foremost being Klotho [31], a ubiq
uitous anti-gerontic and anti-inflammatory factor whose levels are 
reduced in PD serum [32]. Therefore, we may suppose that systemic 
SGK1 downregulation results from a broader impairment of cytopro
tective networks, although the intermediate molecular steps have not 
been explored here.

Our results might, to some extent, appear in contrast with previous 
findings from other authors showing, for example, in PD mice, an 
upregulation of SGK1 at the initial stages of dopaminergic degeneration 
[11], or, as well, to those demonstrating similar upregulation in acute 
CNS injury, such as cerebral ischemia, arising from excitotoxic and in
flammatory cascades [33]. However, we should remember that SGK1 
exerts highly context-dependent functions in neurological disease, 
acting through distinct molecular pathways according to cell type, 
timing, and pathological environment [14]. Accordingly, we should not 
consider leukocyte and serum expression as direct surrogates of central 
SGK1 activity. Conversely, they can represent events specifically 
occurring in the periphery, namely within circulating blood cells and 
peripheral tissues, accounting for those molecular changes that make PD 
a sort of systemic disorder [34].

These preliminary findings must be interpreted considering several 
limitations. First, the relatively small sample size. Second, SGK1 levels 
were assessed only in the periphery, and no CSF measurements were 
available, which might have provided more direct insights into CNS- 
related dynamics. Third, we did not evaluate upstream regulators or 
downstream targets of SGK1. In particular, we did not quantify key 
phospho-substrates such as NDRG1, which would have offered a more 
direct readout of SGK1 enzymatic activity beyond protein abundance 
alone. Finally, immune–inflammatory profiling (e.g., immunopheno
typing, inflammasome components, or soluble mediators) was not 

Table 1 
Demographic and clinical characteristics of the study population.

Variable PD patients (n = 32) Controls (n = 34)

Age (y) 66.3 ± 9.7 (49.0–83.0) 63.7 ± 8.0 (48.0–78.0)
Sex (m/f) 19/13 (40.6 % f) 20/14 (41.2 % f)
BMI 28.15 ± 2.18 (24.4–32.7) 27.65 ± 2.02 (24.1–31.2) 

(n=28)
PBMC SGK1 (ng/ml) 0.3 ± 0.3 (0.01–1.1) 0.8 ± 0.6 (0.06–2.7)
Serum SGK1 (ng/ml) 8.5 ± 9.2 (0.4–25.8) 9.7 ± 9.8 (2.00–32.6)
Total α-synuclein (ng/ 

ml)
2.2 ± 1.3 (0.09–4.9) 1.7 ± 0.7 (0.3–3.0)

Oligomeric α-synuclein 
(ng/ml)

2.5 ± 0.2 (2.2–3.2) 2.3 ± 0.3 (1.8–2.8)

Disease duration (y) 4.0 ± 3.4 (0.5–9.5) –
MDS-UPDRSIII 38.2 ± 14.3 (16.0–70.00) –
NMSS 45.3 ± 38.6 

(3.00–180.00)
–

MMSE 27.3 ± 2.6 (22–30.00) –
LEDD 612.6 ± 253.5 

(160.00–950.00)
–

Abbreviations: f = female, m = male, n = number; y = years; other abbreviations 
are spelled out in the text. Results are expressed as mean ± standard deviation 
(minimum - maximum) for continuous variables and as absolute counts for 
categorical variables.
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performed, limiting a more comprehensive characterization of the 
pathway.

5. Conclusion

Although preliminary, this study translates the promising preclinical 
evidence on SGK1 involvement in the biological dynamics of PD to 
humans. SGK1 was found to be globally downregulated in PD patients, 
either in PBMCs or systemically, likely due to a complex dysfunction of 
the cytoprotective networks or immune-inflammatory activation. 
Notably, leukocyte SGK1 downregulation coincides with the accumu
lation of pathological α-syn, suggesting a common underlying mecha
nism that needs to be elucidated in proper, dedicated experimental 
frameworks. While waiting for replication in larger and longitudinal 
cohorts, we support the potential value of SGK1 in the scenario of the 
emerging targets in the PD field.
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