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Abstract: Patients with nonalcoholic fatty liver disease (NAFLD) may show mild cognitive im-
pairment (MCI). The mechanisms involved remain unclear. The plasma concentrations of several
cytokines and chemokines were measured in 71 NAFLD patients (20 with and 51 without MCI) and
61 controls. Characterization and activation of leukocyte populations and CD4+ sub-populations
were carried out and analyzed by flow cytometry. We analyzed the cytokines released from CD4+ cell
cultures and the mRNA expression of transcription factors and receptors in peripheral blood mononu-
clear cells. The appearance of MCI in NAFLD patients was associated with increased activation of
CD4+ T lymphocytes, mainly of the Th17 subtype, increased plasma levels of pro-inflammatory and
anti-inflammatory cytokines such as IL-17A, IL-23, IL-21, IL-22, IL-6, INF-γ, and IL-13, and higher
expression of the CCR2 receptor. Constitutive expression of IL-17 was found in cultures of CD4+

cells from MCI patients, reflecting Th17 activation. High IL-13 plasma levels were predictive of
MCI and could reflect a compensatory anti-inflammatory response to the increased expression of
pro-inflammatory cytokines. This study identified some specific alterations of the immune system
associated with the appearance of neurological alterations in MCI patients with NAFLD that could
be the basis to improve and restore cognitive functions and quality of life in these patients.

Keywords: inflammation; mild cognitive impairment; non-alcoholic fatty liver disease; immunophe-
notype; interleukins; lymphocyte activation

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is a progressive disease, ranging from
non-alcoholic fatty liver (NAFL) to non-alcoholic steatohepatitis (NASH), where inflam-
mation may be associated with fibrosis, and which may progress to liver cirrhosis and
hepatocellular carcinoma [1]. NAFLD is considered the hepatic manifestation of metabolic
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syndrome and is therefore associated with features of this syndrome such as obesity, type
II diabetes, hyperdyslipidemia, and insulin resistance [2]. Given the current epidemic of
obesity and metabolic syndrome, NAFLD has become a major cause of chronic liver disease
worldwide, with a global prevalence of 25% [3].

Different studies have suggested the involvement of metabolic syndrome and its
components, including liver manifestations such as NAFLD, in cognitive impairment,
ranging from mild cognitive changes to dementia [4,5].

In a previous study, we reported that a substantial percentage of patients with NAFLD
(32%) show mild cognitive impairment (MCI), characterized by the impairment of selec-
tive, sustained, and verbal attention, mental concentration, psychomotor speed, cognitive
flexibility, inhibitory mental control, and working memory, with an associated negative
impact on everyday living and quality of life [6].

Chronic systemic inflammation is known to be a damaging process and a risk factor
for several neurodegenerative and cardiovascular diseases. Chronic inflammatory diseases,
such as diabetes, rheumatoid arthritis, and liver cirrhosis, can lead to neurological alter-
ations [7–10]. In cirrhotic patients with MHE, the reversal of peripheral inflammation by
treatment with rifaximin restores the cognitive function [11]. The dysregulation of the
peripheral and central immune systems is a predominant feature of neurodegenerative
diseases, in which T cell subtypes play an important role in inducing cognitive impair-
ment [12,13]. In a previous study in cirrhotic patients, we demonstrated that mild cognitive
alterations (minimal hepatic encephalopathy) were associated with specific changes in
peripheral inflammation and immunophenotype, particularly with the activation of Th22,
Tfh, CD4+CD28−, and B lymphocytes. These changes in lymphocyte populations were
reflected specifically in the pattern of interleukins they released [14]. Increased levels of
certain ILs activate their receptors on endothelial cells, which transmit these alterations to
the brain, leading to cognitive and motor impairment [15,16].

In NAFLD, lipid accumulation and hepatocyte injury induce the recruitment of
macrophages, i.e., Kupffer cells and monocyte-derived macrophages, that secrete proin-
flammatory cytokines and chemokines, which facilitates NASH progression [17,18].

Multiple T cell subsets are involved in NAFLD pathogenesis, exerting differential
effects on adiposity, insulin resistance, steatosis, hepatic inflammation, hepatic injury, and
fibrosis [19,20]. Hyperammonemia plays a synergistic role with inflammation in inducing
neurologic impairment in liver cirrhosis patients [21,22]. In our previous studies, patients
with non-alcoholic steatohepatitis (NASH) without liver cirrhosis showed increased levels
of inflammatory factors [23,24] and developed cognitive impairment if the ammonia and
inflammation levels were high enough [22]. In rats with diet-induced NASH, neurobe-
havioral disorders were associated with systemic hyperammonemia, gut dysbiosis, and a
deficit of neurotransmitters in several brain regions [25]. Moreover, NAFLD is associated
with a smaller total brain volume, which points to a possible link between hepatic steatosis
and brain aging [26].

We previously showed the presence of neuroinflammation in post-mortem cerebellums
of NASH patients, with an increased activation of microglia and astrocytes, loss of granular
and Purkinje neurons, and CD4+ T cell infiltration [27,28].

Recently, it was shown that NAFLD accelerated pathological Alzheimer’s disease
signs such as neuronal apoptosis and reduced the expression of low-density lipoprotein
receptor-related protein-1, involved in β-amyloid clearance [29].

Nonetheless, how inflammation induces cognitive alterations in NAFLD patients is
unclear and poorly studied. We hypothesized that, as in cirrhotic patients, MCI appearance
in NAFLD patients could be associated with specific qualitative changes in peripheral
inflammation and in the immune system that could trigger the induction of cognitive and
motor impairment.

The aim of our study was to characterize these changes in the immunophenotype and
peripheral inflammation in NAFLD patients with or without MCI compared to controls
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without liver disease. A secondary aim was to assess whether these changes were associated
with liver injury severity.

2. Results
2.1. Patient Characteristics

The patient characteristics are shown in Table 1. Overall, 28% of the patients (20 of
71) were classified as with MCI according to the mean ± 2SD criterion [6], showing a
significantly lower score (−7.2 ± 0.5) than that obtained by NMCI patients (−1.0 ± 0.3;
p < 0.0001) or controls (−0.8 ± 0.3; p < 0.0001) (Table 1). The patients with MCI performed
worse than the NMCI patients in all evaluated psychometric tests (Table S2).

Table 1. Characteristics of the patients and controls included in this study.

Parameter Controls NAFLD Patients without MCI NAFLD Patients with MCI p Value

Number of subjects
[n (% of total patients)] 61 51 (71) 20 (29)

Age a 58 ± 1.0 58 ± 1.1 59 ± 2.4 0.966
Sex [n (%)] 0.314

Male 34 (53) 26 (51) 8 (40)
Female 30 (47) 25 (49) 12 (60)

Education
(years of schooling) a 14 ± 0.5 14 ± 0.6 12 ± 1.0 0.181

Comorbidity [n (%)]
Diabetes mellitus 18 (35) 12 (60) 0.060

Dyslipidemia 30 (59) 12 (60) 0.928
Arterial Hypertension 25 (49) 13 (65) 0.228
Metabolic Syndrome 21 (41) 12 (60) 0.156

Laboratory Parameters a

AST (U/L) 25.8 ± 1.2 37.8 ± 3.0 ** 36.5 ± 3.6 * 0.0012
ALT (U/L) 25.7 ± 1.7 46.5 ± 3.6 **** 45.4 ± 5.1 ** <0.0001

Albumin (g/dL) 4.4 ± 0.04 4.4 ± 0.04 4.3 ± 0.09 0.205
Bilirubin (mg/dL) 0.5 ± 0.03 0.8 ± 0.07 0.6 ± 0.12 0.067

Creatinine (mg/dL) 0.8 ± 0.02 0.8 ± 0.03 0.8 ± 0.07 0.845
Platelets (×109/L) 242.3 ± 9.0 227.0 ± 10.3 292.1 ± 22.8 */bb 0.005

INR 1.01 ± 0.00 1.02 ± 0.01 1.2 ± 0.19 0.099
Ammonia (µM) 9.9 ± 0.5 15.1 ± 1.3 ** 18.2 ± 3.1 *** <0.0001

BMI (Body Mass Index) a 29 ± 1.8 32 ± 0.7 32.4 ± 1.5 0.415
MCI Score a −0.8 ± 0.3 −1.0 ± 0.3 −7.2 ± 0.5 ****/bbbb <0.0001

Diagnosis [n (%)]
NAFL 27 (53) 12 (60) 0.593
NASH 24 (47) 8 (40)

a Values are expressed as mean ± standard error of the mean (SEM). Between-group comparisons were performed
using ANOVA followed by post-hoc Tukey’s test for continuous data and Chi-square (χ2) test for categorical
data. Abbreviations: ALT, alanine aminotransferase; AST, aspartate aminotransferase; BMI, body mass index;
INR, international normalized ratio; MCI, mild cognitive impairment; NAFL, non-alcoholic fatty liver; NAFLD,
non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis. Values significantly different from controls
are indicated by asterisks (*). Values significantly different in patients with vs. patients without MCI are indicated
by (b): * p < 0.05; **/bb p < 0.01; *** p < 0.001; ****/bbbb p < 0.0001.

The two patient groups (NMCI and MCI) and the controls had similar demographic
(age and sex), educational, and clinical (comorbidities, renal and hepatic function) charac-
teristics. Compared with the control group, the NAFLD patients showed increased levels of
liver damage markers such as AST and ALT (Table 1). The blood ammonia levels, although
within the normal range, were higher in patients both with (18 ± 3; p < 0.001) and without
MCI (15 ± 1; p < 0.01) than in controls.
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According to the NAS and FAST scores, 55% of the patients were classified as NAFL
(n = 39), and 45% as NASH (n = 32), and these were homogeneously distributed across the
MCI and NMCI groups (Table 1).

The NASH patients showed significantly higher liver fibrosis than the NAFL patients
(p = 0.023), as shown in Table S3.

2.2. Monocyte Populations in Peripheral Blood

The NAFLD patients showed an increased percentage of intermediate CD14+CD16+,
pro-inflammatory monocytes compared to the controls (p < 0.0001) (Figure S1). This increase
was associated with a reduced percentage of classical, non-inflammatory CD14++CD16−

monocytes, which represented 95.2 ± 0.3% of the total population in controls, 93.5 ± 0.5%
in patients without MCI, and 92.5 ± 0.7% (p < 0.05) in patients with MCI. Furthermore,
the NAFLD patients showed a significant decrease in the percentage of non-classical
CD14+CD16++ monocytes, with 0.1 ± 0.0% of the total population (p < 0.0001) in patients
without MCI and 0.2 ± 0.1% (p < 0.0001) in patients with MCI, compared to the control
group (0.7 ± 0.1%) (Figure S1).

2.3. MCI Association with the Induction of the Early Activation Marker CD69 in CD4+ T
Lymphocytes in Peripheral Blood

Although the proportion of CD4+ lymphocytes to total (CD3+) T lymphocytes was not
affected in patients without or with MCI (Figure 1A), the early activation marker CD69
showed increased expression in CD4+ T lymphocytes in both NMCI and MCI patients
compared with the control group (p < 0.0001), with higher activation in MCI than in NMCI
patients (p < 0.001) (Figure 1D).

The patients with MCI showed a significantly higher percentage of memory CD4+ T
lymphocytes (80 ± 4%) than the control subjects (68 ± 3%, p < 0.05) or the patients without
MCI (68 ± 2%, p < 0.05) (Figure 1B). The percentage of naïve CD4+ T lymphocytes tended
to be reduced in parallel in the MCI patients, indicating a shift from naïve to memory cells
(Figure 1B).

Both naïve and memory populations of CD4+ cells expressed higher levels of the CD69
activation marker in the NAFLD patients than in the controls (p < 0.0001). Furthermore, the
MCI patients showed greater activation than the NMCI patients, of both naïve (p < 0.01)
and memory cells (p < 0.01) (Figure 1E).

Most CD4+ lymphocytes are also CD28+ and require exposure to CD28 to be activated.
Some CD4+ lymphocytes lack CD28 (CD4+CD28−) and are considered autoreactive. The
proportion of CD4+CD28− lymphocytes was lower in both MCI (4 ± 1%) and NMCI
patients (7 ± 1%) compared with the controls (12 ± 1%; p < 0.01 and p < 0.05, respectively)
(Figure 1C). The percentage of non-autoreactive (CD4+CD28+) T lymphocytes increased in
parallel in patients without and with MCI compared to the controls (p < 0.01 and p < 0.001,
respectively). The MCI and NMCI patients, compared to the controls, exhibited a significant
rise in CD69 expression in autoreactive cells (p < 0.0001), but only the MCI patients showed
CD69 increase in non-autoreactive cells compared with the controls (p < 0.0001) (Figure 1F).
Moreover, both autoreactive and non-autoreactive cells were more activated in MCI than in
NMCI patients (p < 0.001) (Figure 1F).

In summary, our results indicated an activation of CD4+ T lymphocytes in the MCI
patients (Figure 1). To assess whether these changes were associated with liver injury
severity, we analyzed the data by the different liver damage degree (NAFL and NASH)
(Table S4), finding a significant general activation in all lymphocyte populations tested,
irrespective of liver damage.

Regarding the study of T-helper lymphocyte subsets, the patients with MCI showed
significantly heightened Thf differentiation and a lower percentage of Th1 cells compared
to the controls (p < 0.05 and p < 0.01, respectively) (Figure 2A). Although there were no
differences in Th17 cell percentages, CD69 expression was increased in Th17 cells of patients
with MCI compared with those of patients with NMCI and of the control groups (p < 0.05).
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Overall, the NAFLD patients showed a higher percentage of CD69 cells than the controls,
and we found significant differences in Th22, Thf, Th2, Tregs, and Th9 activation both in
patients with and without MCI (Figure 2B). It is noteworthy that the activation of Th17
increased selectively in patients with MCI, but not in those without MCI, suggesting an
association between the activation of Th17 lymphocytes and the appearance of MCI.
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Figure 1. MCI in NAFLD patients is associated with the induction of the early activation marker
CD69 in CD4+ T lymphocytes in peripheral blood. (A) Percentage of CD4+ T lymphocytes relative to
total lymphocytes. (B) Percentage of CD4+ T lymphocytes that were naïve or memory. (C) Percentage
of CD4+ T lymphocytes that were autoreactive (CD4+CD28−) or non-autoreactive (CD4+CD28+).
(D–F) Percentage of CD69 expression in total CD4+ T lymphocytes (D), naïve, and memory lympho-
cytes and (E) autoreactive and non-autoreactive lymphocytes (F). Values are mean ± SEM of the
following groups: controls, n = 29; patients without MCI (NMCI), n = 32; patients with MCI (MCI),
n = 14. Values significantly different from the controls are indicated by asterisks (*). Values signifi-
cantly different in patients with MCI compared to NMCI patients are indicated by (α): */α p < 0.05;
**/αα p < 0.01; ***/ααα p < 0.001; **** p < 0.0001. MCI, mild cognitive impairment.

2.4. Expression Analysis of Transcription Factors Characteristic of Different CD4+

T-Lymphocyte Subsets

CD4+ T lymphocytes may differentiate into different subsets, characterized by their
expression of specific transcription factors and by the production of certain cytokines. The
transcription factor AHR, specific for Th22 lymphocytes, showed a non-significant trend of
increased expression in MCI patients compared to the control and NMCI groups, (p = 0.112
and p = 0.150, respectively), while the transcription factor RORC, characteristic of Th17
cells, was significantly decreased compared to the controls (p < 0.05) (Figure 3A). TBX21
and GATA3, specific for Th1 and Th2 lymphocytes, respectively, showed a significantly
higher expression in NMCI patients than in the controls (p < 0.05), whereas the expression
of these transcription factors was significantly decreased (p < 0.05, p < 0.01 respectively) in
the MCI patients compared to patients without MCI. No differences were found for FOXP3
and BCL6, markers of Tregs and Tfh (Figure 3A).
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Figure 2. MCI in NAFLD patients is associated with the induction of the early activation marker CD69
in Th17 cells. (A) Percentages of subpopulations of T-helper CD4+ lymphocytes: Th22, Th17, Thf,
T-regs, Th1, Th2. (B) Percentages of cells within the subpopulations of T-helper CD4+ lymphocytes
that expressed CD69. Values are the mean ± SEM of the following groups: controls n = 14; patients
without MCI (NMCI) n = 26; patients with MCI (MCI) n = 12. Values significantly different from the
controls are indicated by asterisks (*). Values significantly different in patients with MCI compared to
NMCI patients are indicated by (α): */α p < 0.05; ** p < 0.01.

The expression of the chemokine receptor CCR2 was higher in PBMCs from the MCI
patients than in those from the NMCI patients (p < 0.05) or the controls (p < 0.01). No
significant differences were found for TLR4 receptors, whereas in MCI patients, TLR2 was
significantly increased compared to the controls (p < 0.05) (Figure 3B).
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Figure 3. Analysis of the mRNA expression of transcription factors characteristic of different subsets
of CD4+ T lymphocytes and receptors in peripheral blood mononuclear cells. (A) Expression analysis
of the transcription factors AHR, RORC, BCL6, FOXP3, TBX21, and GATA3, characteristic of Th22,
Th17, Thf, Treg, Th1, and Th2 lymphocytes, respectively. (B) Expression analysis of TLR2, TLR4,
and CCR2 receptors. Data represent the normalized target gene amount relative to controls, which
were considered as 1. Values are the mean ± SEM of the following groups: controls n = 17; patients
without MCI (NMCI) n = 16; patients with MCI (MCI) n = 17. Values significantly different from the
controls are indicated by asterisks (*). Values significantly different in patients with MCI compared to
NMCI patients are indicated by (α): */α p < 0.05; **/αα p < 0.01. MCI, mild cognitive impairment.

2.5. Plasma Levels of Different Cytokines and Chemokines

We analyzed a wide range of different pro-inflammatory and anti-inflammatory cy-
tokines and chemokines in the plasma from NAFLD patients and controls (Figure 4).
Increases in IL-13, IL-23, IL-18, IL-22, IL-6, IL-17A, IFN-γ, and IL-21 were significantly
greater in patients with MCI than in those without MCI or in the controls (Figure 4A).
BDNF was also increased in MCI compared to NMCI patients (Figure 4B). In addition,
the NAFLD patients with and without MCI showed significantly increased IL-8, IL-10,
TGFβ, IL-6, IL-21, CCL5, and CCL2 compared with the control group, whereas the plasma
concentrations of IL-1β and CCL20 were significantly heightened only in patients with
MCI. No between-group differences were found in the plasma levels of IL-4, IL-15, IL-12
p-70, TNF-α, or CX3CL1 (Figure 4A,B). The plasma concentration of each cytokine in the
controls, and in the NMCI and MCI patients are shown in Table S5.
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Figure 4. Plasma levels of different pro-inflammatory and anti-inflammatory cytokines and
chemokines in NAFLD patients and controls. (A,B) The plasma levels of cytokines are expressed as
percentage of the control levels to allow the easy identification of alterations in patients without MCI
(NMCI) and with MCI (MCI). Values are the mean ± SEM of the following groups: control, n = 30;
NMCI, n = 49; MCI, n = 22. Values significantly different from the controls are indicated by asterisks
(*). Values significantly different in patients with MCI compared to NMCI patients are indicated
by (α): */α p < 0.05; **/αα p < 0.01; ***/ααα p < 0.001; ****/αααα p < 0.0001. MCI, mild cognitive
impairment; BDNF, brain-derived neurotrophic factor.

To assess whether these changes were associated with liver injury severity, we grouped
the patients according to liver damage (NAFL and NASH) for data analysis (Table S6).
The NASH patients showed higher TNF-α levels than the NAFL patients (p < 0.01) or the
controls (p < 0.05) and lower BDNF plasma levels than the NAFL patients (p < 0.05). the
plasma levels of the cytokines IL-6, IL-10, TGF-β, IL-8, IL-21, and CCL2 were significantly
increased in both patient groups compared to the controls (Table S6).

2.6. Analysis of Cytokines Released by CD4+ T Cell Cultures

CD4+ T-lymphocyte subsets were best characterized by incubating isolated CD4+ T
lymphocytes in the absence or presence of added anti-CD28 and measuring the cytokines
released into the culture medium. Generally, no significant changes were observed in
the cytokines released from the NMCI patients compared to the controls, while a marked
increase of several cytokines was found for the patients with MCI (Figure 5). The TNFα,
IL-22, IL-17, and IL-13 release increased significantly after activation with anti-CD28 in
cultures of cells from the MCI patients compared to CD4+ cells from the controls or the



Int. J. Mol. Sci. 2023, 24, 10407 9 of 18

NMCI patients. It is noteworthy that, in the absence of added anti-CD28, the release of IL-17
was already strongly increased in CD4+ T cultures from the MCI patients but not in those
from the NMCI patients, suggesting an association between increased activation of Th17
lymphocytes and IL-17 production and appearance of MCI (Figure 5). TFG-β was increased
in the cultures from the MCI patients in the absence and presence of added anti-CD28,
but the increase compared to the concentration in patients without MCI only reached
significance after activation (Figure 5). No differences were found for IL-21 and IL-1β in
patients with MCI compared with the controls. However, the NMCI patients showed a
significant increase in IL-1β release in both basal and activation conditions compared to
the patients with MCI (p < 0.05) (Figure 5).
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Figure 5. Analysis of cytokines released by CD4+ T cell cultures of in the absence (−) or presence
(+) of added anti-CD28. Values are expressed as the fold increase of the cytokine levels over the
levels in the controls, which were considered as 1. Values are the mean ± SEM of the following
groups: control, n = 12; NMCI, n = 13; MCI, n = 12. Values differing significantly from controls are
indicated by asterisks (*). Values significantly different in patients with MCI compared to NMCI
patients are indicated by (α): α p < 0.05; **/αα p < 0.01; ***/ααα p < 0.001; **** p < 0.0001). MCI, mild
cognitive impairment.

2.7. Logistic Regression Analyses of Predictors of the Presence of MCI in NAFLD Patients

In this study, we identified several immunological and inflammatory parameters al-
tered in NAFLD patients with MCI. As shown in Table 2, there were significant correlations
between most of these parameters and the diagnostic score for mild cognitive impairment.

On univariate analysis, MCI in the NAFLD patients was significantly associated with
the plasma levels of IL-13 and the percentage of activated autoreactive cells (CD4+CD28−

CD69+) (Table 2). Multivariate logistic regression analysis, using the presence of MCI as
the dependent variable and the parameters that were significant in univariate analyses as
independent variables, showed that only IL-13 concentration was significantly associated
with MCI in the NAFLD patients (OR: 1.459; 95% confidence interval 1.111–1.916; p = 0.007)
(Table 2).
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Table 2. Correlations between immunological and inflammatory parameters and MCI score and
univariate and multivariate logistic regression analyses to predict MCI in NAFLD patients.

Correlations with MCI Score

Parameter Correlation Coefficient p Value

IL-10 −0.342 0.001
IL-6 −0.318 0.007
IL-13 −0.417 <0.0001

IL-17A −0.323 0.001
CCL2 −0.244 0.035
RORC 0.419 0.012
CCR2 −0.410 0.011

CD4+ (CD69+) −0.254 0.039
CD4+ naïve (CD69+) −0.246 0.046

CD4+CD28− (CD69+) −0.309 0.012
CD4+CD28+ (CD69+) −0.290 0.022

Univariate Logistic Regression Analyses

Independent Variables OR (95% CI) p

IL-6 1.06 (0.87–1.29) 0.560
IL-13 1.37 (1.12–1.67) 0.002

IL-17A 110.6 (0.65–18,952) 0.07
IL18 1.002 (0.999–1.005) 0.280
IL21 1.026 (0.993–1.060) 0.128
IL22 1.000 (1.000–1.001) 0.439
IL23 1.024 (1.000–1.048) 0.051
INFγ 3.95 (0.75–20.7) 0.105
BDNF 1.000 (1.000–1.001) 0.077

CD4+ memory 1.037 (0.986–1.090) 0.156
CD4+ (CD69+) 1.172 (0.997–1.377) 0.055

CD4+ naïve (CD69+) 1.116 (0.917–1.359) 0.272
CD4+ memory (CD69+) 1.118 (0.987–1.266) 0.080
CD4+CD28− (CD69+) 1.084 (1.002–1.173) 0.044
CD4+CD28+ (CD69+) 1.142 (0.987–1.322) 0.075

Th17 (CD69+) 0.960 (0.848–1.088) 0.525

Multivariate Logistic Regression Analyses

Predictor Variables OR (95% CI) p

IL-13 1.459 (1.111–1.916) 0.007
Correlation coefficient and p value for Spearman’s Rho correlations are shown. On both uni- and multivariate
analyses, the dependent variable was the presence of mild cognitive impairment (MCI). On multivariate analysis,
the independent variables were those parameters that were significant (p < 0.05) on univariate analysis (in bold).
BDNF, brain-derived neurotrophic factor; CI, confidence interval; IL, interleukin; OR, odds ratio.

The ROC curve analysis of IL-13 for the diagnosis of MCI in the NAFLD patients
showed an AUC value of 0.804 (95% confidence interval 0.680–0.928; p < 0.0001) (Figure S2).
At the cutoff of 6.98 pg/mL, the specificity was 83%, and the sensitivity was 68%.

3. Discussion

Our data demonstrate that the appearance of MCI in patients with NAFLD is asso-
ciated with specific changes in the immune system and inflammation, which differ from
those present in patients without MCI, as summarized in Figure 6.

The NAFLD patients with MCI showed an increase in CD69 in CD4+ T cells. Within
the CD4+ T cell subsets, the activation of Th17 cells stands out, which also shows sponta-
neous and selective activation in CD4+ T cell cultures obtained from patients with MCI,
as indicate the increased levels of IL-17. These results suggest an association between
increased activation of Th17 lymphocytes and IL-17 production and the appearance of MCI
in NAFLD patients.
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CD69 is an early activation marker of T lymphocyte due to its rapid appearance on the
surface of activated cells after the engagement of the T cell receptor (TCR) by an antigenic
peptide [30]. Multiple studies reported CD69 expression on infiltrating lymphocytes at
inflammatory sites in several chronic human inflammatory conditions [31–33]. CD69 also
regulates several specific T cell subset functions, specifically, Treg cell differentiation as well
as IFN-γ, IL-17, and IL-22 secretion [33]. Increased CD69 expression in lymphocytes from
MCI patients is therefore a marker of several signaling pathways, potentially regulating
their activated phenotype and differentiation, resulting in immune dysfunction and altered
expression of several cytokines.

1 
 

 
Figure 6. Scheme summarizing MCI- and NAFLD-associated changes in immunophenotype and
inflammation. The main alterations associated with MCI are: (1) increased activation of CD4+ T
lymphocytes, as indicated by increased CD69 expression; (2) increased activation of Th17 cells and
increased plasma levels of IL-17, which could cause an alteration of the blood–brain barrier (BBB)
favoring the infiltration into the CNS of peripheral immune cells, including Th17 cells. In the CNS,
IL-17 exerts a direct effect on neurons and oligodendrocytes, inducing damage, and also activates
astrocytes and microglia, promoting neuroinflammation; (3) increased IL-13, as a compensatory
anti-inflammatory response to the increased expression of pro-inflammatory cytokines; (4) increased
CCL2 and CCR2, which may promote monocytes infiltration into the CNS. Upward arrows: increase;
downward arrows: decrease.

The appearance of MCI in patients with NAFLD is associated with higher plasma
levels of several pro-inflammatory and anti-inflammatory cytokines and with an abnormal
differentiation of CD4+ T-helper subsets. In particular, Th17 lymphocytes are activated
by a distinct set of pro-inflammatory cytokines, among which IL-6, IL-21, and IL-23 are
essential for developing Th17, while IL-17 is produced by Th17 cells [34]. The key role
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of Th17 cells in the pathogenic mechanism of several inflammatory disorders and brain
diseases, including multiple sclerosis, ischemic brain injury, and Alzheimer’s disease, is
well documented [35–38]. However, the pathogenic effect exercised by Th17 cells and their
characteristic cytokine IL-17 on the CNS remains incompletely understood. The patients
with MCI showed high plasma levels of the cytokines IL-6, IL-22, IL-23 and, especially,
IL-17 compared with the patients without MCI. In addition, CD4+ T cells isolated from the
patients with MCI released a greater amount of IL-17 in vitro, and Th17 cells were more
activated in the patients with MCI than in the other study groups. An indirect role of IL-17
in promoting early and subclinical atherosclerosis in obese patients has been reported [39],
which could be a trigger of MCI in NAFLD patients. A recent study demonstrated the
mechanisms of action of Th17 cells and IL-17 in the CNS [35]. The IL-17 receptor (IL-17R)
is present in different cell types in the CNS, and circulating IL-17 causes the breakdown
of the blood–brain barrier (BBB) by altering the tight junctions and the expression of cell
adhesion molecules in endothelial cells, favoring the entry of Th17 cells, neutrophils, and
other peripheral immune cells into the CNS [38].

We showed an infiltration of peripheral T lymphocytes CD4+, CD4+CD28−, and Th17
and Tfh in the cerebellar meninges of patients with steatohepatitis associated with the
activation of microglia and astrocytes and the loss of Purkinje and granular neurons [27,28].
The high plasma level of IL-17 indicated Th17 activation in the circulation and could cause
the disruption of the BBB, allowing the infiltration of Th17 cells into the CNS and thus
contributing to cognitive and motor alterations.

The plasma levels of IL-13 increased only in the patients with MCI and were predictive
of MCI in the NAFLD patients. In addition, the IL-13 release in vitro was significantly
increased from CD4+ T cells isolated from the MCI patients compared to those from patients
without cognitive impairment. Studies have linked the IL-13 levels with the progression of
NAFLD to NASH, given the higher IL-13 levels in NASH patients than in NAFLD patients.
This increase is due to the direct induction of IL-13 via the expression of profibrotic genes
(such as collagens or connective tissue growth factor) in hepatic stellate cells [40]. IL-13 has
been reported to induce tissue fibrosis by stimulating and activating TGFβ [41]. IL-13 is a
Th2 cytokine in the immune system thought to play an important role in the development
of allergies, although it has also been ascribed anti-inflammatory roles, inhibiting different
pro-inflammatory mediators such as IL-1β and TNF-α [42]. It also antagonizes the actions
of IFN-γ, another pro-inflammatory cytokine [43]. Previous studies showed that IL-13
altered the activation state of microglia/macrophages towards the protective M2-like
phenotype polarized in neurodegenerative disorders [44,45]. Increased IL-13 appears
to be a compensatory anti-inflammatory response to the increased expression of several
pro-inflammatory cytokines in patients with MCI, such as IL17 [46].

MCI patients had elevated levels of CCL2, also referred to as monocyte chemoat-
tractant protein 1 (MCP-1), and its receptor, the chemokine receptor CC2 (CCR2), com-
pared to patients without MCI. CCR2 is expressed on monocytes and T lymphocytes
and is the most potent chemokine in regulating the migration and infiltration of mono-
cytes/macrophages [47]. The CCR2 receptor plays an important role in certain neurode-
generative diseases such as Alzheimer’s disease and multiple sclerosis, where it mediates
aberrant cell migration [48,49]. In Alzheimer’s disease, CCL2 is primarily expressed by
microglia and macrophages, which are involved in β-amyloid removal, myelin degradation,
and neuronal loss [50]. Patients with MCI and mild Alzheimer’s disease exhibited elevated
serum CCL2 and cerebrospinal fluid levels, which likely represents an early event in the
pathogenesis of Alzheimer’s disease, far preceding the clinical onset of the disease [51].

Likewise, in models of hepatic inflammation, it was found that microglia are activated
and generate CCL2, promoting the infiltration of monocytes into the CNS [52].

The elevated levels of CCL2 and its CCR2 receptor in NAFLD patients with MCI could
favor the infiltration of monocytes into the CNS. In addition, increased CCL20 levels in
MCI patients, although not statistically significant, may also contribute to T-lymphocyte
infiltration, as reported in previous studies [27,28]. This infiltration could be intensified in
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patients with MCI due to the alterations in their immune system affecting the integrity of
the BBB, caused especially by the action of IL-17 [38].

As summarized in Figure 6, the results of this study highlight changes in the im-
mune system of NAFLD patients with MCI and suggest possible mechanisms involved
in the development of this impairment. The main alterations associated with MCI were:
(1) increased activation of CD4+ T lymphocytes, as indicated by increased CD69 expression;
(2) enhanced activation of Th17 cells and increased plasma levels of IL-17, which may cause
a BBB rupture, favoring the entry of peripheral immune cells, including Th17 cells, into the
CNS. In the CNS, IL-17 has a direct effect on neurons and oligodendrocytes, inducing dam-
age, and activates astrocytes and microglia, promoting neuroinflammation; (3) increased
IL-13, as a compensatory anti-inflammatory response to the increased expression of pro-
inflammatory cytokines; (4) increased CCL2 and CCR2, which may promote the infiltration
of monocytes in the CNS.

Patients with cognitive impairment experience a significant impact on their quality
of life, despite the apparent absence of clinical signs or symptoms. Early detection could
improve and restore cognitive functions and health-related quality of life in NAFLD patients
who have MCI. In this regard, our findings from the analysis of MCI pathophysiology in
NAFLD patients could provide a springboard from which to design new treatments to
reverse MCI and its associated neurological alterations.

4. Materials and Methods
4.1. Patients and Controls

A total of 71 patients with NAFLD were consecutively recruited from the outpatient
clinics of the Clínico and Arnau de Vilanova hospitals in Valencia, Spain. NAFLD diagnosis
was evaluated from clinical, biochemical, and ultrasonographic data. Exclusion criteria
were psychiatric or neurological diseases; recent (<6 weeks) use of drugs that affect the
cognitive function; recent (<6 months) alcohol intake; recent (<6 weeks) antibiotic use
or gastrointestinal bleeding; other liver disease or hepatocellular carcinoma. A total of
61 healthy volunteers were included in the study once liver disease was ruled out by
clinical, analytical, and serological tests. The subjects included in the study did not have
fever or any clinical or biological signs of recent infection. Blood ammonia was measured
immediately after blood collection with the PocketChemBA System Ammonia II Test Kit
(Arkay, Inc., Kyoto, Japan) on the same day as the psychometric tests were performed. All
participants were included in the study after signing a written informed consent. The study
was conducted according to the guidelines of the Declaration of Helsinki and approved
by the Scientific and Research Ethics Committees of the Hospital Clínico Universitario
and Arnau de Vilanova Hospital of Valencia, Valencia, Spain (approval code: 2018/123;
approval date: 25 July 2019).

4.2. NAFLD Patient Classification into NAFL or NASH

Liver biopsies were available from 48 of the 71 NAFLD patients, who were classi-
fied as NAFL or NASH using the NAFLD activity score (NAS), as described by Kleiner
et al. [53]. Biopsy extraction was not clinically justified in the remaining 23 patients, who
were classified according to the FibroScan-AST (FAST) score [54].

4.3. MCI Diagnosis

The neurological functions of patients and controls were evaluated by psychometric
tests, such as Oral SDMT, d2, Stroop test, digit span, and visual–motor or bimanual
coordination [6]. MCI was diagnosed using a new sensitive score developed for patients
with NAFL [6] and was graded according to the Adams and Foley criteria [55]. The cut-off
between normal and pathological results in the test battery was set at −5 points.
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4.4. Characterization of Leukocyte Populations by Flow Cytometry

For the general study of leukocyte, naïve, memory, and autoreactive T-helper lympho-
cyte populations, venous blood samples were placed in BD Vacutainer® tubes with EDTA
(Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Then, 50 µL of whole blood
was incubated with a mixture of monoclonal antibodies specific for the different leukocyte
subpopulations (see below) and with 2 mL of BD FACS Lysing Solution (Becton, Dickinson
and Company, Franklin Lakes, NJ, USA). The samples were incubated in the dark for 10 min
at room temperature, after which, 50 µL of Flow Count (Beckman Coulter, Miami, FL, USA)
was added to quantify the number of cells per microliter. T-helper lymphocyte (CD4+)
subpopulations were studied in isolated peripheral blood mononuclear cells (PBMC). Dead
cells were excluded from analysis by adding 100 µL of Zombie Violet (Zombie Fixable
Viability Kit, Biolegend, San Diego, CA, USA) to the samples as a viability marker, followed
by incubation for 30 min in the dark at room temperature. PBMCs (300,000 cells) were
incubated with a mixture of monoclonal antibodies specific to the different CD4+ cell sub-
populations (see below) and with 2 mL of VersaLyse Lysing Solution (Beckman Coulter).
The samples were incubated in the dark for 10 min at room temperature. Next, 100 µL of
Flow Count (Beckman Coulter, Miami, FL, USA) was added to quantify the number of
cells per microliter. The analysis was performed with a Gallios flow cytometer (Beckman
Coulter, Miami, FL, USA), and the Kaluza software package was used to analyze the flow
cytometry data.

4.5. Monoclonal Antibodies

Different cell populations were labeled with antibodies against CD45 (total leuko-
cytes), CD14 and CD16 (monocytes), CD3 (T lymphocytes), CD4 (T helper lymphocytes),
CD69 (activated lymphocytes). Several populations of interest were identified among
T-helper lymphocytes (CD4+): autoreactive T helper lymphocytes (CD28−), naïve and
memory T lymphocytes (CD45RA and CD45RO), Thf (CXCR5), Th1 (CXCR5−/CXCR3+),
Th2 (CXCR3−/CCR4+/CCR10+/CCR6−), Th22 (CXCR3−/CCR4+/CCR10+), Th17
(CCR4+/CCR6+), and Tregs (CD25+/FoxP3+). The monoclonal antibodies used are shown
in Table S1.

4.6. Determination of Plasma Cytokine Levels

The blood samples were centrifuged for 10 min at 1500× g to obtain plasma samples
which were kept at −80 ◦C for subsequent cytokine analysis. The levels of IL-8, IL-18,
IL-23, IL-4, TGF-β, IL-22, IL-1β, IL-10, IL-15, CCL20, CCL2, CCL5, CX3CL1, and BDNF
were measured by DuoSet® ELISA Kits (R&D Systems, Minneapolis, MN, USA). The
IL-13 levels were measured by the Human IL-13 ELISA kit (Invitrogen, Thermo Fisher,
Waltham, MA, USA). High-sensitivity kits were required to evaluate IL-6 (Human IL-6
Quantikine HS ELISA Kit, R&D Systems, Minneapolis, MN, USA). The concentrations of
TNF-α, IL-12p70, IL-17A, and IFN-γ were measured with cytokine 6-plex Panel 1 (TNF-α,
IL-12p70, IL-17A, IL-10, IL-6, and IFN-γ) (IFN-γ, IL-6, IL-10, IL-12p70, IL-17A, TNF-a)
(Quanterix Corp., Billerica, MA, USA) using SIMOA SR-X equipment (Quanterix Corp., Bil-
lerica, MA, USA). Additional measurements for IL-17A were performed with the IL-17A 2.0
Advantage Assay using SIMOA™ HD-X equipment (Quanterix Corp., Billerica, MA, USA).

4.7. Analysis of Transcription Factors by Quantitative PCR

RNA was extracted from PBMC with an RNAspin mini-RNA isolation kit accord-
ing to the manufacturer’s instructions (GE Healthcare, Buckinghamshire, UK). The RNA
was retro-transcribed to cDNA with the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Foster City, CA, USA). For real-time PCR (40 cycles), Gene Expres-
sion Master Mix and the following Taqman® assays labeled with the FAM dye were
used: TBX21 (Hs00203436_m1), GATA3 (Hs00231122_m1), BCL6 (Hs00153368_m1), RORC
(Hs01076122_m1), FOXP3 (Hs01085834_m1) AHR (Hs00907314_m1), CCR2 (Hs00704702_s1),
TLR2 (Hs01872448_s1), and TLR4 (Hs00152939_m1). The ∆∆Ct method was used to deter-
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mine the expression of the targets, using HPRT1 (Hs02800695_m1) as a housekeeping gene.
All reagents were from Applied Biosystems (Foster City, CA, USA).

4.8. Analysis of Cytokines Released by CD4+ Lymphocyte Cultures

CD4+ T lymphocytes were isolated from frozen PBMC using the EasySep™ Human
CD4+ T Cell Isolation Kit (Stem Cell Technologies, Vancouver, BC, Canada). CD4+ cells
were resuspended at a concentration of 1 × 106 cells/mL in X-VIVO 20 serum-free medium
(Lonza Group Ltd., Basel, Switzerland) supplemented with 1% penicillin/streptomycin.
CD4+ cells (500,000 cells/well) were incubated in 48-well plates previously coated with an
anti-CD3 antibody (Becton Dickinson, Franklin Lakes, NJ, USA) with or without a CD28
antibody (Becton Dickinson, Franklin Lakes, NJ, USA), which induces cell activation. After
6 h of incubation at 37 ◦C with 5% CO2, the supernatant and cell pellets were collected for
further analysis. The cytokines IL-17, IL-22, TNF-α, TFG-β, and IL-1β were measured in
the culture supernatant by DuoSet® ELISA Kits (R&D Systems, Minneapolis, MN, USA).
For the IL-13 measurement, a human IL-13 ELISA kit was used (Invitrogen, Thermo Fisher,
USA). IL-21 interleukin was measured in the cell pellet by western blot.

4.9. Statistical Analysis

Continuous variables are reported as mean and standard error of the mean (SEM) and
comparisons performed using the Student’s t-test or one-way analysis of variance (ANOVA)
followed by post-hoc Tukey’s multiple comparison test. Categorical data were analyzed
by the Chi-squared test. Bivariate correlations were evaluated using the Spearman’s Rho
correlation test. Univariate and multivariate logistic regressions were performed using
MCI as the dependent variable. Potential explanatory variables used in univariate analysis
were those showing significant (p < 0.05) differences between NMCI patients and MCI
patients. Multivariate logistic regression analysis was performed including, as independent
variables, those parameters that were significant in univariate analysis. Receiver operating
characteristic (ROC) curves were obtained to determine the sensitivity and specificity of
the predictor variables found. The results were analyzed with GraphPad PRISM vs. 8 and
SPSS vs. 28.0 (SPSS Inc., Chicago, IL, USA). The probability level accepted for significance
was p < 0.05.

Supplementary Materials: The supporting information can be downloaded at: https://www.mdpi.
com/article/10.3390/ijms241210407/s1.
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