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A B S T R A C T   

Background: Systemic inflammation is a significant mechanism underpinning adverse cognitive changes. Sleep 
quality is a crucial factor associated with systemic inflammation and neurocognitive health. Elevated levels of 
pro-inflammatory cytokines in the periphery help mark inflammation. With this background, we examined the 
relationship between systemic inflammation, subjective sleep quality, and neurocognitive performance in adults. 
Method & Results: In 252 healthy adults, we measured the systemic inflammation reflected by serum levels of IL- 
6, IL-12, IL-18, TNF-α and IFN-γ, subjective sleep quality reflected by the global scores of the Pittsburgh Sleep 
Quality Index, and their neurocognitive performance measured by the Hong Kong Montreal Cognitive Assess-
ment. We observed that neurocognitive performance was negatively related to IL-18 (p = 0.046) and positively 
related to sleep quality (p = 0.006). We did not observe significant associations between other cytokines and 
neurocognitive performance. Furthermore, we found that sleep quality as a mediator explained the relationship 
between IL-18 and neurocognitive performance depending on the levels of IL-12 (index of moderated mediation: 
95% CI = [0.0047, 0.0664]). Better subjective sleep quality buffered the negative effect of IL-18 on neuro-
cognitive performance when IL-12 was low (bootstrapping 95% CI: [- 0.0824, - 0.0018]). On the contrary, poor 
subjective sleep quality mediated the association between higher IL-18 and poorer neurocognitive performance 
when IL-12 was elevated (bootstrapping 95% CI: [0.0004, 0.0608]). 
Conclusion & Implications: Our findings indicate that systemic inflammation was negatively associated with 
neurocognitive performance. Sleep quality regulated by IL-18/IL-12 axis activation could be a potential mech-
anism underpinning neurocognitive changes. Our results illustrate the intricate relationships between immune 
functioning, sleep quality and neurocognitive performance. These insights are essential to understand the po-
tential mechanisms underpinning neurocognitive changes, paving the way for the development of preventive 
interventions for the risk of cognitive impairment.   

1. Introduction 

Systemic inflammation is an essential mechanism underlying 
cognitive decline and neurocognitive disorders (Bradburn et al., 2019; 
Heppner et al., 2015; Marsland et al., 2015). It manifests as a low-grade, 
long-term elevation of multiple inflammatory markers in blood 

circulation, which is distinguished from the acute inflammatory 
response in local tissues (Holmes, 2013). Systemic inflammation induces 
neuroinflammation, together with blood-brain barrier breakdown and 
neuropathological protein aggregation provokes neurodegenerative 
changes (Galea, 2021; Hoogland et al., 2015; Kempuraj et al., 2016; 
Perry, 2010). Elevated peripheral inflammatory markers (i.e., 

* Corresponding author. Division of Neurology, Department of Medicine, School of Clinical Medicine, The University of Hong Kong, SAR, Hong Kong, China. 
** Corresponding author. Rm 656, The Jockey Club Tower, The University of Hong Kong, Pokfulam Road, Hong Kong, China. 

E-mail addresses: gkklau@hku.hk (K.K. Lau), tmclee@hku.hk (T.M.C. Lee).  

Contents lists available at ScienceDirect 

Brain, Behavior, & Immunity - Health 

journal homepage: www.editorialmanager.com/bbih/default.aspx 

https://doi.org/10.1016/j.bbih.2023.100634 
Received 27 April 2023; Accepted 30 April 2023   

mailto:gkklau@hku.hk
mailto:tmclee@hku.hk
www.sciencedirect.com/science/journal/26663546
https://www.editorialmanager.com/bbih/default.aspx
https://doi.org/10.1016/j.bbih.2023.100634
https://doi.org/10.1016/j.bbih.2023.100634
https://doi.org/10.1016/j.bbih.2023.100634
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbih.2023.100634&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Brain, Behavior, & Immunity - Health 30 (2023) 100634

2

interleukin [IL]-6, IL-18 and tumour necrosis factor [TNF]-α) and a 
higher level of neuroinflammation have been detected in people 
suffering from Alzheimer’s disease (AD) and mild cognitive impairment 
(MCI) (Bradburn et al., 2019; Cheng et al., 2022; Darweesh et al., 2018; 
Leonardo and Fregni, 2023; Shen et al., 2019). Particularly, the T helper 
(Th) 1 response plays a particularly important role in maintaining sys-
temic inflammation, which is further associated with neurocognitive 
deficits. In specific, IL-12 contributes to promoting pro-inflammatory 
responses by interacting with IL-18, stimulating Th1 development and 
producing pro-inflammatory cytokines (e.g., IFN- γ and TNF-α) (Daroff 
and Aminoff, 2014; Nakanishi, 2018). Such association is further sus-
tained by the evidence that IL12/IL18 axis activation boosts TNF-α and 
IL-1β production, and triggers IFN-γ-dependent neuroinflammatory 
response (Kannan et al., 2011). Research found that APP/PS1 mice 
treated with Th1 and Th17 T effector cells exhibit memory impairments 
and systemic inflammation, increased amyloid burden, and exacerbated 
microglia-mediated neuroinflammation (Machhi et al., 2021). 

Sleep is a vital process associated with both systemic inflammation 
and cognition. Multiple cytokines (i.e., IL1β, TNF- α, IL-18) regulate the 
sleep process and quality. Intracerebroventricular injection of IL-18 in-
creases non-rapid eye movement sleep in rabbits and rats (Kubota et al., 
2001). IL-18-associated inflammasome activation was observed in pa-
tients with severe obstructive sleep apnea (OSA) compared to controls 
(Díaz-García et al., 2022). Sleep was also found to be strongly associated 
with increased pre-mDCs that produce IL-12, a key inducer of Th1 re-
sponses (Dimitrov et al., 2007). Generally, based on current data, a 
conceptual model proposed by Besedovsky et al. (2019) elucidates that 
mild immune challenges will enhance or intensify NREM sleep, while 
more robust immune responses characterized by a significant increase in 
cytokine (like fever or severe infection) would cause sleep fragmenta-
tion, feelings of nonrestorative sleep, and daytime fatigue (Imeri and 
Opp, 2009; Irwin, 2019; Mullington et al., 2000). 

Sleep quality has substantial implications for cognitive health. De-
clines in subjective and objective sleep quality are associated with 
poorer cognitive performance and increased risk of neurocognitive dis-
orders, especially in older adults and individuals with medical condi-
tions (Potvin et al., 2012; Xu et al., 2020; Yaffe et al., 2014). Ma et al. 
(2019) reported a dose-response relationship between lower habitual 
sleep efficiency and a higher risk of memory impairment and poor 
cognitive function in older people. A meta-analysis concludes that poor 
objective sleep quality, characterised by lower restlessness at night and 
lower sleep onset latency, predicts better memory and executive func-
tioning in older adults (Qin et al., 2022). Cognitive impairment is also 
present in many sleep disorders (e.g., sleep restriction/deprivation, 
insomnia, chronic obstructive pulmonary disease; Olaithe et al., 2018), 
suggesting the fundamental role of sleep quality in maintaining neuro-
cognitive health. 

Despite the significant relationship between systemic inflammation, 
sleep quality, and neurocognitive functioning, research targeting the 
mechanism of the relationship between inflammation and cognition in 
humans has been scarce. Moreover, the interplays between these cyto-
kines in association with sleep and neurocognitive processes are still 
unclear. Therefore, we conducted this study to investigate the rela-
tionship between systemic inflammation and neurocognitive perfor-
mance. We further looked into how sleep quality explained this 
association. We first hypothesized that there would be a negative rela-
tionship between the serum level of cytokines (i.e., IL-6, IL-12, IL-18, 
IFN- γ and TNF-α) and neurocognitive performance. Considering the 
interaction of IL-12 and IL-18 in promoting Th1 response, we further 
speculated that systemic inflammation characterised as IL-12/IL-18 axis 
hyperactivation might regulate sleep quality. Finally, subjective sleep 
quality mediates the relationship between systemic inflammation and 
neurocognitive performance, which is modulated by the IL-12/IL18 axis. 

2. Materials and methods 

2.1. Participants 

We recruited 284 healthy Cantonese-speaking Chinese adult partic-
ipants aged between 39 and 65 (140 men) between July 2018 and June 
2020 through community recruitment by open advertisements. We 
excluded those with previously diagnosed symptomatic cardiovascular 
or cerebrovascular disease; underlying malignancy, neurodegenerative 
disease and autoimmune disorders; recent gastroenteritis, febrile illness 
and vaccination within four weeks; and those with prior antibiotic, anti- 
inflammatory drugs, systemic steroid and sleep-related, antidepressants 
and psychotropic medication use. All participants had normal or 
corrected-to-normal vision and hearing. The Institutional Review Board 
of the University of Hong Kong and Hospital Authority Hong Kong West 
Cluster approved this study (HKU/HA HKW IRB UW 18–498). The 
experimental procedure followed the Helsinki Declaration. All partici-
pants gave their informed consent to participate in the study. Three 
participants were excluded due to outliers (exceeding mean ± 4 * 
standard deviation) in variables of inflammatory markers (i.e., IL-12 and 
IL-18). Another three participants were further excluded due to missing 
values in Pittsburgh Sleep Quality Index and Hong Kong Montreal 
Cognitive Assessment. Finally, 252 subjects were included in the 
analyses. 

2.2. Assays and materials 

2.2.1. Biomedical assays 
All the blood samples were centrifuged to extract the serum part and 

stored in the − 80 ◦C refrigerator. The serum concentration of IL-12 and 
IL-18 was determined by LEGENDplex™ 13-plex pro-inflammatory 
cytokine panel (BioLegend Inc., USA) according to the protocol speci-
fied by the manufacturer. The concentrations were transformed into 
picograms per millilitre (pg/mL). 

2.2.2. Hong Kong montreal cognitive assessment (HK-MoCA) 
Hong Kong Montreal Cognitive Assessment is a screening tool for 

detecting cognitive impairment (Yeung et al., 2014). To yield a global 
score, it measures different cognitive domains, including short-term 
memory, executive functions, attention, and focus. The overall score is 
30, and a lower than 26 score suggests mild cognitive impairment and a 
lower than 22 score might indicate the possible onset of dementia. The 
Hong Kong version of MoCA has been validated by Wong et al. (2009). 

2.2.3. Pittsburgh Sleep Quality Index (PSQI) 
The Pittsburgh sleep quality index (PSQI) is a generic measure of the 

quality and disturbances of sleep over one month in clinical and research 
settings (Mollayeva et al., 2016). The questionnaire consists of 19 
self-assessed questions covering 7 components: 1) sleep quality, 2) sleep 
latency, 3) sleep duration, 4) sleep efficiency, 5) sleep disorders, 6) 
medication used to sleep, and 7) daytime sleepiness. Each component 
generates a score from 0 to 3. The sum of the scores of these 7 compo-
nents yields a global score from 0 to 21. It has a sensitivity of 89.6% and 
a specificity of 86.5% for identifying individuals with sleep disorders 
with a cut-off score of 5 (Buysse et al., 1989). The Chinese version of 
PSQI has been validated by Tsai et al. (2005). 

2.2.4. Covariates 
Demographic characteristics, healthy lifestyles, long-term medica-

tion intakes, and emotional states were considered covariates. In spe-
cific, demographic characteristics include age, sex and education level. 
Healthy lifestyles reflected by body mass index (BMI), smoking habits 
and drinking habits were controlled due to their impact on oxidative 
stress and inflammation (Batatinha et al., 2019; Niemann et al., 2017). 
Long-term medication intakes including anti-hypertensive agents, sta-
tins and Traditional Chinese Medication were controlled to exclude their 
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potential pharmacological effects on sleep and neurocognitive processes 
(Broncel et al., 2015; Gelber et al., 2013). We also controlled for the 
emotional state due to its interaction with sleep and cognition (Del 
Brutto et al., 2015; Zou et al., 2020). The emotional states of depression, 
anxiety and stress over the previous week were measured by Depression, 
Anxiety and Stress Scales (DASS-21) (Lovibond and Lovibond, 1995; 
Wang et al., 2016). Finally, the STOP-BANG score was controlled to rule 
out the effect of obstructive sleep apnea risk on sleep quality and in-
flammatory responses (Al-Mughales et al., 2022). 

2.3. Data collection procedures 

Upon arriving at the research centre, participants were instructed to 
complete a questionnaire that collected their basic demographic infor-
mation, as well as past health and medication history. Anthropometric 
measures were taken and the body mass index (BMI) was calculated. 
Then, participants completed the PSQI, DASS-21 and STOP-BANG 
questionnaires with proper instructions. One experimenter adminis-
tered the HK-MoCA with detailed instructions, and the overall scores 
were calculated and recorded. Finally, a registered nurse performed the 
whole blood drawing (5 mL per person). All participants received the 
blood draw in the morning at an approximately similar time. 

2.4. Statistical analysis 

Data analysis was conducted using the Statistical Packages for Social 
Sciences (SPSS) version 23.0 (IBM, 2015). We first applied log trans-
formation for each variable to remove the skewness of distributions. We 
used the formula LN (1 + variable) for IL-18, IL-12, DASS-21 and PSQI to 
correct the positive skewness and the formula LN (31 - HK-MoCA) for 
HK-MoCA to correct the negative skewness. Next, we did a partial cor-
relation analysis among IL-18, IL-12, subjective sleep quality, and neu-
rocognitive performance while controlling for covariates. Multiple 
regressions were conducted to examine the association between IL-18 
and HK-MoCA, as well as PSQI and HK-MoCA. Finally, the moderating 
effect of IL-12 on the association between IL-18 and PSQI and the con-
ditional indirect effect of PSQI on the relationship between IL-18 and 
HK-MoCA was tested by the Bootstrapping technique (Shrout and 
Bolger, 2002) in PROCESS macro 4.0 (Hayes, 2017) with model 1 and 
model 7. The total bootstrapping sample was set at 10,000 to get the 
bias-corrected and accelerated (Bca) 95% confidence intervals (CI). The 
moderating effect was supported when the interaction term was signif-
icant at p < 0.05 (two-tailed) and the Bca 95% CI did not include zero. 
The conditional indirect effect was supported when the Bca 95% CI of 
the index of moderated mediation did not include zero. A set of cova-
riates including age, sex, BMI, education level, smoking and drinking 
habits, medication intake including anti-hypertensive agents, statins 
and Traditional Chinese Medicine, STOP-BANG score, and total score of 
DASS-21 was controlled in the correlation, regression, moderation and 
moderated mediation analyses. 

3. Results 

3.1. Characteristics of the participants 

The descriptive statistics of demographics, covariates, inflammatory 
markers, neurocognitive performance, and subjective sleep quality of 
the participants included in the statistical analysis are listed in Table 1 
below. The average age of participants was 54.66 and 51.39% were 
male. 

3.2. Differences in the levels of significant inflammatory markers and 
subjective sleep quality between individuals with good and poor 
neurocognitive performance 

We half-split the sample (HK-MoCA score >28 or ≤ 28) and 

conducted an independent sample t-test to compare inflammatory 
markers and sleep quality between individuals with good and poor 
neurocognitive performance. Table 2 shows the average levels of IL-6, 
IL-12, IL-18, TNF-α, IFN-γ and PSQI scores in each group. 

Table 1 
Demographics, covariates, inflammatory markers, neurocognitive performance, 
and subjective sleep quality of the participants.   

N M (SD) or % Minimum Maximum 

Demographics and covariates 
Age 252 54.66 (6.35) 39 65 
Sex 

Male 131 52% 
Female 121 48% 

Body Mass Index 252 23.69 (3.50) 15.2 36.7 
Education level (years) 

0–3 2 0.8%   
4–6 16 6.3%   
7–9 21 8.3%   
10–12 88 34.9%   
>12 124 49.2%   

Smoking habits 
Never smoker 198 78.6% 
Former smoker 41 15.9% 
Current smoker 14 5.6% 

Drink habits (units/per week) 
0 118 46.8%   
0–14 124 49.2%   
>14 10 4.0%   

Medication intakes 
Antihypertensive agents 39 15.5% 
Statins 17 6.7% 
Traditional Chinese 
Medication 

23 9.1% 

Depression, Anxiety and Stress 
Scale 

252 4.23 (5.34) 0 30 

STOP-BANG score 251 2.25 (1.36) 0 7  

Inflammatory markers (pg/mL) 
IL-6 252 11.93 

(23.00) 
0 261.97 

IL-12 252 4.45 (6.63) 0 49.14 
IL-18 252 324.90 

(202.24) 
5.56 1084.26 

TNF-α 252 19.97 
(50.55) 

0 539.87 

IFN-γ 252 9.45 (17.15) 0 153.36  

Neurocognitive performance 
Hong Kong Montreal Cognitive 

Assessment 
252 28.06 (2.00) 18 30  

Subjective sleep quality 
Pittsburgh Sleep Quality Index 252 5.04 (2.92) 0 16  

Table 2 
Differences between individuals with good and poor neurocognitive perfor-
mances on levels of major inflammatory markers and subjective sleep quality.   

Good Performance (N 
= 131) 

Poor Performance (N =
121) 

p p-criticala 

M SD M SD 

IL-6 11.68 25.16 12.20 20.51 0.86 0.12 
IL-12 4.11 4.75 4.81 8.19 0.40 0.08 
IL-18 297.09 185.98 355.01 215.23 0.02 * 0.04 
TNF-α 20.06 41.34 19.87 59.10 0.98 0.16 
IFN-γ 8.61 11.69 10.36 21.58 0.98 0.2 
PSQI 4.71 2.67 5.39 3.13 0.07 – 

a. Critical p-values corrected for multiple comparisons using the Benjamini- 
Hochberg method with a 20% false discovery rate. 
*The result is significant after corrections. 
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3.3. Relationships between inflammatory markers, subjective sleep 
quality, and neurocognitive performance 

After natural log transformation, we conducted a partial correlation 
analysis among inflammatory markers, subjective sleep quality, and 
neurocognitive performance while controlling for covariates. Table 3 
presents the Pearson’s r between each pair of variables. IL-18 was 
positively associated with reversed HK-MoCA scores (r = 0.13, p =
0.45), suggesting a negative link between IL-18 and neurocognitive 
performance. IL-18 was not associated with PSQI (r = 0.02, p = 0.72). IL- 
12 was negatively correlated with PSQI (r = - 0.16, p = 0.02), indicating 
that IL-12 was positively associated with better subjective sleep quality. 
IL-12 was not associated with HK-MoCA scores (r = - 0.04, p = 0.54). 
PSQI was positively associated with reversed HK-MoCA scores (r = 0.17, 
p = 0.01), suggesting that subjective sleep quality and neurocognitive 
performance are positively associated. All inflammatory markers are 
significantly correlated, except for IL-12 and IL-18. 

Multiple regression was applied to test the association between 
reversed HK-MoCA score and IL-18 while controlling for age, sex, BMI, 
smoking and drinking habit, medication intake including anti- 
hypertensive agents, statins and Traditional Chinese Medicine, STOP- 
BANG score, and total score of DASS-21. Higher IL-18 was associated 
with a higher reversed HK-MoCA score after 10,000 times of boot-
strapping,B = 0.097, beta = 0.12, p = 0.046, 95% BCa = [0.002, 0192]. 
It suggests that higher levels of IL-18 are associated with poorer neu-
rocognitive performance. After controlling for the same set of covariates, 
PSQI was positively associated with reversed HK-MoCA after 10,000 
times of bootstrapping, B = 0.22, beta = 0.162, p = 0.006, 95% BCa =
[0.057, 0.377]. It indicates that worse subjective sleep quality is 
correlated with poorer neurocognitive performance. 

3.4. Moderating effect of IL-12 on the association between IL-18 and 
subjective sleep quality 

We further conducted a moderation analysis to test the regulatory 
role of IL-12 on the IL-18 and PSQI relationship based on the hypothesis 
that systemic inflammation, characterized by IL-12/IL-18 axis hyper-
activation, might affect sleep quality. The overall model was statistically 
significant, R-Squared = 0.30, F(14, 237) = 1.72, p = 0.05. The results 
showed that IL-12 significantly moderates the relationship between IL- 
18 and PSQI while controlling for the same set of covariates as above 
(R-squared change = 0.033, F (1, 237) = 8.49, beta = 0.15, p = 0.004). 

The interaction is depicted in Fig. 1. The interaction was probed by 
testing the conditional effects of IL-18 at three levels of IL-12, one 
standard deviation below the mean (Low IL-12 group), at the mean 
(Average IL-12 group), and one standard deviation above the mean 
(High IL-12 group). Specifically, IL-18 is negatively associated with PSQI 
(beta = - 0.17, p = 0.02, 95% CI = [- 0.3122, - 0.0248]) when IL-12 is at 
a relatively low level. When IL-12 is at its average level, no association 

between IL-18 and PSQI was observed (beta = - 0.02, p = 0.58, 95% CI 
= [- 0.1007, 0.0566]). Nevertheless, IL-18 is positively associated with 
PSQI (beta = 0.12, p = 0.02, 95% CI = [0.0179, 0.2309]) when the level 
of IL-12 is high. In sum, it suggests that higher IL-18 is associated with 
good subjective sleep quality when IL-12 is low, but would be associated 
with poor subjective sleep quality under the elevation of IL-12. 

3.5. Conditional indirect effects of IL-18 on neurocognitive performance 
through subjective sleep quality 

To examine whether subjective sleep quality mediates the associa-
tion between systemic inflammation and neurocognitive performance, 
we conducted the moderated mediation analysis to test the indirect ef-
fect of IL-18 on HK-MoCA score via PSQI. The result of the moderated 
mediation analysis (N = 252) confirms the mediating role of subjective 
sleep quality in the relation between IL-18 and neurocognitive perfor-
mance, which varied depending on the level of IL-12. Specifically, the 
mediating role of PSQI was significant and positive (β = 0.026, boot-
strapping 95% CI: [0.0004, 0.0608]) when IL-12 was high, whereas the 
mediating role of PSQI was negative (β = - 0.036, bootstrapping 95% CI: 
[- 0.0824, - 0.0018]) when IL-12 was low when controlling for the same 
set of covariates as above. No indirect effect was detected when IL-12 
was at its average level (β = - 0.005, bootstrapping 95% CI: [- 0.0269, 
0.0130]). There was no direct effect of IL-18 on HK-MoCA score (β =
0.08, bootstrapping 95% CI: [- 0.0096, 0.1777]). In sum, a higher level 
of IL-18 was associated with a higher PSQI score when IL-12 was 
elevated, and a higher PSQI score was associated with a lower HK-MoCA 
score. However, elevated IL-18 level was associated with a lower PSQI 
score and a higher HK-MoCA score when IL-12 was low. In other words, 
subjective sleep quality explains the association between IL-18 and 
neurocognitive performance. For individuals with lower circulating 
levels of IL-12, IL-18 concentration is associated with better subjective 
sleep quality and better neurocognitive performance. Only those with 
concurrently elevated levels of IL-18 and IL-12 would experience sleep 
disturbance which is further associated with deficits in neurocognitive 
performance (Fig. 2). 

4. Discussion 

The findings of this study revealed that neurocognitive performance 
was negatively related to systemic inflammation which is marked by IL- 
18 and positively related to sleep quality. Furthermore, sleep quality 
mediated the neurocognitive performance and IL-18 relationship, 

Table 3 
Partial correlations between inflammatory markers, PSQI, and reversed HK- 
MoCA (N = 252).   

IL-18 IL-6 TNF-α IFN-γ PSQI HK-MoCA (reversed) 

IL-12 .02 .53 *** .48 *** .41 *** - .16 * - .04 
IL-18  .20 ** .20 ** .24 ** .02 .13 * 
IL-6   .60 *** .65 *** - .01 .001 
TNF-α    .71 *** - .03 - .04 
IFN-γ     - .06 - .07 
PSQI      .17 * 

*. Correlation is significant at the 0.05 level (2-tailed). 
**. Correlation is significant at the 0.01 level (2-tailed). 
***. Correlation is significant at the 0.001 level (2-tailed). 
Notes: IL-12: interleukin 12; IL-18: interleukin 18; TNF-α: tumor necrosis factor 
alpha; IFN-γ: interferon gamma; PSQI: Pittsburgh Sleep Quality Index; HK- 
MoCA: Hong Kong Montreal Cognitive Assessment. 

Fig. 1. IL-12 as a moderator between IL-18 and PSQI. 
Notes: IL-12: interleukin 12; IL-18: interleukin 18; PSQI: Pittsburgh Sleep 
Quality Index. 
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depending on the circulating levels of IL-12. Specifically, we observed 
that IL-18 was inversely associated with subjective sleep quality only 
when IL-12 was relatively high but positively related to reported sleep 
quality when IL-12 was relatively low. Sleep quality is an intermediate 
factor bridging the link between IL-18/IL-12 axis-associated systemic 
inflammation and changes in neurocognitive performance. 

Our findings were in line with existing evidence on the positive as-
sociation between peripheral levels of IL-18 and neurocognitive deficits 
in older adults with MCI (Cheng et al., 2022) and patients with AD 
(Bossù et al., 2008; Chen et al., 2014; Swardfager et al., 2010) and 
further extended it in healthy individuals. IL-18 participates in regu-
lating several immune pathways including inflammasome activation 
and the development of Th1, Th2 and Th17 responses (Harel et al., 2022; 
Sharma and Kanneganti, 2021). In CNS, it shows various effects in the 
modulation of long-term potentiation, regulating 
hypothalamic-pituitary axis activity, and interacting with neuropatho-
logical protein accumulation (Alboni et al., 2010; Curran and O’Connor, 
2001; Tzeng et al., 2018). Research also discovered that IL-18 is a central 
marker among a network of inflammatory molecules associated with 
significant white matter injury related to cerebrovascular disease, which 
is widely reported to be associated with neurocognitive deficits (Alten-
dahl et al., 2020; Lampe et al., 2019). 

However, we did not find significant associations between neuro-
cognitive dysfunctions and other major inflammatory markers including 
TNF-α, IL-6 and IFN-γ, which have been widely reported to be related to 
neurocognitive impairment (Monteiro et al., 2016; Shen et al., 2019). 
Generally, the discrepancies might be due to methodological variations 
in the measurement of cytokines across different studies, or the effects 
may have been masked by other protective factors, or the ceiling effect 
that most participants have normal to intact neurocognitive perfor-
mance. Specifically, different markers may exert their effects via distinct 
signalling pathways and play different roles in regulating neuro-
cognitive functioning (Alboni et al., 2010; Čokić et al., 2015; Erta et al., 
2012). Thus, future research may closely examine whether the rela-
tionship between systemic inflammation and neurocognitive deficits is 
general or specific to certain molecules or pathways. 

Significantly, we testified the interaction between IL-18 and IL-12 in 
relation to the quality of sleep. It is consistent with previous findings of 
the sleep-promoting effect of IL-18 in animals (Kubota et al., 2001), and 
the dual effect of inflammation on sleep based on the framework pro-
posed by Besedovsky et al. (2019). We speculate that IL-18/IL-12 axis is 

involved in sleep regulation by their synergistic effects in maintaining 
the balance of Th1/Th2 responses (Dimitrov et al., 2004; Said et al., 
2019). The co-existence of IL-18 and IL-12 promotes a shift toward Th1 
differentiation (Dinarello, 1999), which triggers the subsequent profiles 
changes in immune cells (e.g., Th1 and natural killer cells) and cytokines 
(e.g., IFN- γ and TNF-α), interacting with hormone, neurotransmitters 
and brain regions controlling sleep-wake processes. Such an explanation 
is further supported by the findings on the sleep regulatory effect of IFN- 
γ and TNF-α (Besedovsky et al., 2019). Although we did not find sig-
nificant associations between IFN- γ, and TNF-α with MoCA and PSQI, 
we speculate that other lifestyle and physiological factors are also 
involved in the interaction among this network of inflammatory mole-
cules that might buffer or mask the effects. Future research in animals 
and humans could further address how altered activations in different 
immunological axis and pathways are associated with changes in sleep 
quality (Besedovsky et al., 2019). 

We also replicated the existing findings of the negative association 
between the global PSQI score and MoCA score (Fu et al., 2021; Liao 
et al., 2022) in older adults without dementia, and verified that the in-
direct effect of IL-18 on HK-MoCA via the mediator PSQI differs 
depending on the levels of IL-12. We found that better nocturnal sleep 
quality protected the body against unfavourable neurocognitive changes 
under mild inflammation. Nevertheless, more disturbed sleep was 
related to deficient neurocognitive performance when the IL-18/IL-12 
axis was activated. Previous studies have identified the mediating ef-
fect of white blood cells in explaining nighttime sleep and napping on 
cognition (Hu et al., 2021) and the moderating effect of systemic 
inflammation in the longitudinal association between nighttime wake-
fulness and incidence of all-cause and AD dementia (Baril et al., 2021). 
Previous studies also identified the role of inflammation in the patho-
physiology of cognitive declines in obstructive sleep apnea (OSA). 
Inflammation indicated by high-sensitive C-reactive protein moderates 
the association between OSA and executive function in adults aged older 
than 70 years (Thompson et al., 2022). In sum, the reciprocal association 
between sleep disturbance, impaired synaptic plasticity, neuro-
inflammation, disrupted neurogenesis, and altered neurotransmitter 
levels contribute to neurocognitive declines (Yaffe et al., 2014). In 
accordance, our research underlines that sleep as a critical process 
correlated with the well-functioning of innate and adaptive immunity 
mediates the adverse effect of systemic inflammation on human neu-
rocognitive performance particularly depending on IL-12/IL18 axis 

Fig. 2. Conditional indirect effect of IL-18 on neurocognitive performance through subjective sleep quality at different levels of IL-12. Notes: interleukin (IL)-18 is 
the independent variable, reversed Hong Kong Montreal Cognitive Assessment (HK-MoCA) is the dependent variable, Pittsburgh Sleep Quality Index (PSQI) is the 
mediator, and IL-12 is the moderator. Alongside each arrow is each effect’s bootstrapping confidence interval (CI). Solid lines and * indicate significant relationships 
(p < 0.05) while the dashed line indicates nonsignificant relationships. M and SD are the mean and standard deviation values of IL-12. 
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activation, refining our current understanding of immune dysfunctions 
and human cognition. 

The present study has both theoretical and translational implica-
tions. First, it reveals the unfavourable effect of systemic inflammation 
on human neurocognitive performance and highlights sleep quality as a 
mediating factor in the link between systemic inflammation and changes 
in neurocognitive performance, modulated by IL-18/IL-12 axis activa-
tion. This study provides empirical support for future research exploring 
the intricate interactions between immune systems, sleep health, and 
neurocognitive health. Likewise, other neurobiological and psychosocial 
factors that underpin or moderate the relationships between inflam-
mation and human cognition are worth exploring. These include struc-
tural (i.e., Besga et al., 2017; Boots et al., 2020), functional (i.e., Swartz 
et al., 2021), and network-level (Marsland et al., 2017) brain changes 
that mediate the immune dysfunctions and neurocognitive changes as 
well as the moderating factors, i.e., hair cortisol levels (van den Heuvel 
et al., 2022), depression (Krogh et al., 2014), and lipoproteins (van den 
Kommer et al., 2012). The current study also provides insights into 
designing pharmacological and behavioural interventions and/or pre-
ventions to buffer neurocognitive declines by controlling systemic 
inflammation and optimising sleep quality. It suggests that subjective 
sleep quality is a modifiable factor that could be improved by in-
terventions like neurocognitive behavioural therapy for insomnia to 
buffer the effect of inflammation on neurocognitive performance. 
Meanwhile, lifestyle management approaches, for example, regular and 
moderate exercise (Nascimento et al., 2014; Qi et al., 2021), and 
nutrition management (Miquel et al., 2018) might also be beneficial in 
controlling systemic inflammation, managing sleep disturbances, and 
promoting neurocognitive functioning (Custodero et al., 2018). 

Several limitations are worth noting. First, we should interpret the 
causal relationship between systemic inflammation, subjective sleep 
quality, and deficits in neurocognitive performance cautiously, consid-
ering the cross-sectional design of the current study. Future studies with 
longitudinal and prospective designs will help clarify the immunophy-
siological mechanism underpinning human neurocognitive declines. 
Second, we only recruited Cantonese-speaking Chinese adults, which 
lacked racial/ethnic diversity. Future research recruiting individuals 
from multiple ethnicities will help examine whether the current results 
could be generalised to a larger population. Third, we only measured a 
key group of inflammatory markers related to Th1 response, which 
might represent the full picture of the immune-cognition relationship. 
Future research may consider measuring a more extensive network of 
cytokines to compare the effects of different markers and the roles of 
different types of Th responses. Fourth, we measured only subjective 
sleep quality, which might differ from objective sleep quality measured 
by actigraphy or polysomnography (PSG). Future research may continue 
to investigate the effect of cytokines on objective and subjective sleep 
qualities in humans and scrutinize the underpinning immunological 
pathways using animal studies. Finally, due to time constraints, we 
employed the scores on the HK-MoCA as a proxy of the neurocognitive 
performance. Future studies would consider using comprehensive neu-
ropsychological measures to identify whether systemic inflammation 
has general or specific neurocognitive effects, for example, to compare 
the general and domain-specific changes. 

5. Conclusions 

The present study demonstrates the detrimental effects of systemic 
inflammation on neurocognitive performance in healthy middle-aged to 
elderly individuals. The association between IL-18 and human neuro-
cognitive performance is further explained by a sleep-dependent 
mechanism moderated by the IL-18/IL-12 axis activation. These find-
ings inspire further explorations of the effect of systemic inflammation 
and neuroinflammatory response on human cognition and provide in-
sights for developing interventions and prevention strategies aiming at 
promoting immune functioning and sleep health to delay or alter 

neurocognitive declines and impairments. 
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Dang-Vu, T.T., Gervais, N., Einstein, G., Hanly, P., Ayas, N., Lorrain, D., 
Kaminska, M., Gagnon, J.F., Lim, A., Carrier, J., Gosselin, N., 2022. Association 
between risk of obstructive sleep apnea, inflammation and cognition after 45 years 
old in the Canadian Longitudinal Study on Aging. Sleep Med. 91, 21–30. https://doi. 
org/10.1016/j.sleep.2022.02.006. 

Tsai, P.S., Wang, S.Y., Wang, M.Y., Su, C.T., Yang, T.T., Huang, C.J., Fang, S.C., 2005. 
Psychometric evaluation of the Chinese version of the Pittsburgh Sleep Quality Index 
(CPSQI) in primary insomnia and control subjects. Qual. Life Res. 14 (8), 
1943–1952. 

Tzeng, T.C., Hasegawa, Y., Iguchi, R., Cheung, A., Caffrey, D.R., Thatcher, E.J., Mao, W., 
Germain, G., Tamburro, N.D., Okabe, S., Heneka, M.T., Latz, E., Futai, K., 
Golenbock, D.T., 2018. Inflammasome-derived cytokine IL18 suppresses amyloid- 
induced seizures in Alzheimer-prone mice. Proc. Natl. Acad. Sci. U. S. A 115 (36), 
9002–9007. https://doi.org/10.1073/pnas.1801802115. 
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