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Abstract
The pathophysiology and treatment of post-stroke cognitive impairment (PSCI) are not clear. Stroke triggers an inflammatory 
response, which might affect synapse function and cognitive status. We performed a systematic review and meta-analysis 
to assess whether patients with PSCI have increased levels of inflammatory markers and whether anti-inflammatory 
interventions in animals decrease PSCI. We systematically searched PubMed, EMBASE, and PsychInfo for studies on 
stroke. For human studies, we determined the standardized mean difference (SMD) on the association between PSCI and 
markers of inflammation. For animal studies, we determined the SMD of post-stroke cognitive outcome after an anti-
inflammatory intervention. Interventions were grouped based on proposed mechanism of action. In patients, the SMD of 
inflammatory markers for those with versus those without PSCI was 0.46 (95% CI 0.18; 0.76; I2 = 92%), and the correlation 
coefficient between level of inflammation and cognitive scores was − 0.25 (95% CI − 0.34; − 0.16; I2 = 75%). In animals, 
the SMD of cognition for those treated with versus those without anti-inflammatory interventions was 1.43 (95% CI 1.12; 
1.74; I2 = 83%). The largest effect sizes in treated animals were for complement inhibition (SMD = 1.94 (95% CI 1.50; 2.37), 
I2 = 51%) and fingolimod (SMD = 2.1 (95% CI 0.75; 3.47), I2 = 81%). Inflammation is increased in stroke survivors with 
cognitive impairment and is negatively correlated with cognitive functioning. Anti-inflammatory interventions seem to 
improve cognitive functioning in animals. Complement inhibition and fingolimod are promising therapies on reducing PSCI.
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Introduction

Fifty percent of stroke survivors have cognitive impairment 
[1]. While several risk factors for the development of 
post-stroke cognitive impairment (PSCI) have been 
identified, the underlying mechanisms remain unclear 
[2]. Inflammation following stroke has been proposed as a 
contributor to the pathogenesis of PSCI [3].

After both ischemic and hemorrhagic stroke, a vast 
array of cellular (infiltration of immune cells, activation 
of microglia) and molecular (increased expression of 
chemokines or interleukins) inflammatory changes occur 
[4–6]. Under the influence of inflammatory changes, reactive 
microglia, and subsequently reactive astrocytes can impact 
synapse function by increased synaptic pruning or decreased 
synaptic plasticity, which in turn may lead to cognitive 
impairment [7]. Clinical studies on the relationship between 
inflammation and cognition after stroke show conflicting 
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results, which can be explained by small sample sizes and 
different outcome measures [8–11]. Although some animal 
studies using anti-inflammatory drugs showed promising 
results in preventing PSCI, it remains unclear whether in 
animals a relation exists between inflammatory changes and 
PSCI, and if so, which inflammatory cells or mediators are 
involved in PSCI pathogenesis [12]. Likewise, it remains 
unclear whether anti-inflammatory interventions decrease 
PSCI, and if so which interventions do so. Therefore, we 
performed a translational systematic review and meta-
analysis to determine whether stroke survivors with PSCI 
have higher levels of inflammatory markers than those 
without PSCI, and whether anti-inflammatory interventions 
in animals decrease PSCI.

Methods

Design, Registration, and Reporting

This systematic review was designed following the Joanna 
Briggs Institute guidelines on association studies [13]. An 
exploratory search of the literature showed that human studies 
are mainly observational linking inflammatory read-outs to 
cognitive scores and animal studies are focused on testing the 
effect of specific anti-inflammatory interventions on brain 
damage and behavior. To address this and to allow for a single 
search strategy, we used inflammation as a dependent variable 
in analyzing human study results and as an independent variable 
in analyzing animal study results. We used human studies to 
assess whether inflammatory markers are higher in stroke 
patients with cognitive impairment than in those without, and 
animal studies to assess whether anti-inflammatory interventions 
decrease cognitive impairments after stroke. Human and 
animal data systematic review designs were registered 
separately in PROSPERO (identifiers CRD42021176786 and 
CRD42021210875) [14] using the preferred reporting items 
for systematic reviews and meta-analyses for protocols 2015 
(PRISMA-P) [15].

Search Strategy

This review was conducted in accordance with the 
preferred reporting items for systematic reviews and meta-
analyses (PRISMA) statement [16]. We systematically 
searched the PubMed, Embase, and PsychInfo databases 
using broad, predefined synonyms for stroke, cognition, 
and inflammation. The search syntax can be found in 
“Supplementary materials”. The search was performed on 
April 3, 2020, and updated on April 5, 2021, and on August 
31, 2023. A broad definition of inflammation was initially 
included in the search strategy and, after discussion with 
the co-authors, subsequently narrowed down to include only 

markers or interventions with an effect through a known 
inflammatory pathway. Any uncertainties were resolved in 
consensus meetings between the authors.

In‑ and Exclusion Criteria

For human studies we used the following inclusion criteria: 
(1) cohort or case–control studies written in English; (2) 
studies including patients with ischemic and/or hemorrhagic 
stroke; (3) studies that compared concentrations of 
inflammatory markers in serum or cerebrospinal fluid (CSF) 
between patients with and without PSCI, or correlations 
between cognitive scores and concentrations of inflammatory 
markers; and (4) studies that evaluated cognition with a 
known cognitive screening tool or neuropsychological 
evaluation, regardless of cut-off value. If studies used 
vascular dementia (VaD) as an outcome measure for post-
stroke cognitive impairment, the study was only included if 
the stroke had occurred before the onset of dementia. If PSCI 
and VaD were included as separate groups, outcomes were 
combined into a single group. Exclusion criteria were (1) 
studies including patients with a transient ischemic attack, 
(2) studies reporting on cognitive decline over time rather 
than cognitive impairment at a single time point, and (3) 
studies where > 10% of patients had cognitive impairment 
prior to stroke.

For animal studies the inclusion criteria were (1) 
studies written in English; (2) studies using a previously 
validated model of focal ischemic or hemorrhagic stroke; 
(3) studies investigating the effect of interventions (either 
administration of drugs or use of genetically modified 
animals) on inflammation through a known inflammatory 
pathway; (4) studies that used one of the following tests 
to assess cognitive functioning: Morris water maze, 
Barnes maze, Y-maze, T-maze,  radial arm water maze, 
fear conditioning, avoidance test, novel object recognition, 
and object location task; and (5) studies that made a direct 
comparison of cognitive outcomes between stroke animals 
with and without pro/anti-inflammatory interventions. 
We excluded outcomes where cognitive deficits could be 
attributed to motor function impairment, such as swim 
speed differences in Morris water maze. We excluded all 
global ischemia models of ischemic stroke, such as 2-vessel 
occlusion and 4-vessel occlusion models, as we feel these 
are not representative of our population of interest.

Qualitative Assessment

For human studies, we used a modified version of the 
Newcastle–Ottawa scale (NOS) for both quality assessment 
and risk of bias assessment [17]. For animal studies, we 
used SYRCLE’s risk of bias tool [18, 19]. The qualitative 
assessment was performed by two individual reviewers 
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independently from each other (CA, DN). Quality 
assessment beyond 2021 was performed by DN and RWPT. 
Any discrepancies were resolved in consultation with the 
neurologists GJER and MDIV for the human studies and the 
neuroscientists MP and EMH for the animal studies.

Data Extraction

For the human studies, we extracted the following variables: 
author and year of publication, type of stroke, inflammatory 
parameter, cognitive test and cut-off point, days between 
stroke and measure of inflammation, and days between 
stroke and cognitive testing.

For the animal studies, we extracted the following 
variables: author and year of publication, stroke model, 
animal species and strain, age and sex, inflammatory 
intervention, cognitive test, time between stroke and 
intervention or intervention and stroke (in case of 
intervention prior to stroke induction), time between stroke 
and cognitive testing, sample size, and outcome. If different 
dosages of an intervention were described, only the dosage 
with the largest effect size was included. Interventions 
administered at different time points were included as 
separate interventions. If a study included multiple biomarker 
measurements at different timepoints, we only included the 
initial measurement. To evaluate learning and retention in 
learning tasks, we only included data from the 3rd day after 
stroke (learning) and the final day of testing (retention).

Outcomes were extracted from the text if possible. If raw 
outcomes were not available or insufficient from the text or 
supplementary materials, the outcomes were extracted from 
the figures using WebPlotDigitizer version 4.5 (https:// autom 
eris. io/ WebPl otDig itizer/). Using this tool, outcomes were 
extracted by two independent reviewers (RWPT and CA) 
and averaged before analysis. Beyond 2021, outcomes were 
extracted by a single reviewer (RWPT).

Data Synthesis

Data synthesis was performed using R version 4.0.4 and 
package “esc”. For human studies, we determined the 
standardized mean difference (SMD) of post-stroke cognitive 
impairment on the level of inflammation measured. For 
animal studies, we determined the effect size of either a pro- 
or anti-inflammatory intervention on post-stroke cognitive 
outcome. The SMD (Hedges’ g) was used as effect size to 
control for potential bias due to the small study size and is 
reported in conjunction with the upper/lower limit of the 
95% confidence interval (CI). In both the human and animal 
studies, SMD was considered small at 0.2, medium at 0.5, 
and large at 0.8 [20]. Effect sizes and standard errors were 
first calculated from the raw outcome variables. Outcomes 
were initially converted into effect sizes as described earlier 

[21]. If only median and interquartile range (IQR) or overall 
range were reported, mean and standard deviation (SD) were 
estimated as previously described before calculating effect 
size [22]. The direction of the effect size was reversed in 
animal cognitive tests where a higher score represented 
worse cognitive functioning, such as escape latency in 
Morris water maze. The direction of the effect size was 
reversed in pro-inflammatory models.

Meta‑analysis

The meta-analysis was performed using the R packages 
“dmetar”, “devtools”, and “meta” [21]. Given the expected 
heterogeneity, a random-effects model was chosen for 
all comparisons. Heterogeneity was calculated using 
Cochran’s Q-test and I2. We considered I2 to represent a low 
heterogeneity at 25%, moderate at 50%, and high at 75% 
[23]. Publication bias was assessed by visual examination 
of funnel plots and by Egger’s test, which we considered 
statistically significant if p < 0.1.

Primary analyses were performed by pooling study results 
to assess the association between PSCI and markers of 
inflammation. A three-level meta-analysis was performed to 
evaluate the distribution of variance across levels. If > 25% 
of heterogeneity was attributable to the within-study 
heterogeneity, we compared the three-level meta-analysis to a 
two-level analysis using analysis of variance (ANOVA). If the 
three-level model showed a better fit (p < 0.05), this model was 
used for the primary analysis. In the three-level meta-analysis, 
the R package “MAd” was used to aggregate different within-
study outcomes, which implements previously described 
methods for data aggregation [24, 25]. We performed a meta-
regression to identify the role of potential confounders (mean 
timing of cognitive assessment, mean timing of intervention, 
mean timing of inflammatory measure, cognitive test used, 
animal species). Bonferroni-correction was used to adjust 
for multiple testing. Subgroup analyses of independent 
inflammation markers or interventions were performed if 
these were represented in at least three independent studies. 
In animal studies, interventions were grouped based on the 
inflammatory pathway. All meta-regression and subgroup 
analyses were performed using two-level meta-analysis to 
prevent loss of information.

Results

After title and abstract screening of 10,518 studies, 377 
studies were selected for full-text examination, of which 
78 were included (Fig. 1). Results of the search strategy, 
labeling, and reasons for exclusion are openly accessible 
(https:// rayyan. ai/ revie ws/ 127225, https:// rayyan. ai/ revie 
ws/ 264074 and https:// rayyan. ai/ revie ws/ 765172). Of the 

https://automeris.io/WebPlotDigitizer/
https://automeris.io/WebPlotDigitizer/
https://rayyan.ai/reviews/127225
https://rayyan.ai/reviews/264074
https://rayyan.ai/reviews/264074
https://rayyan.ai/reviews/765172
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78 included studies, 28 were on ischemic stroke patients 
with a total of 70 outcome variables, and 50 were animal 
studies and included 64 unique interventions and 175 
outcome variables.

Characteristics of Included Studies

Characteristics of included studies are shown in 
Supplementary Tables 1–3. All human studies evaluated the 

Fig. 1  Flowchart of included 
studies
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association between inflammation and cognition in ischemic 
stroke. Of these studies, 13 used cut-offs of the mini-mental 
state examination (MMSE) or Montreal cognitive assessment 
(MoCA) tests to define PSCI, while the remaining 4 used 
a neuropsychological examination, six-item screener, or a 
VaD assessment scale. In one human study inflammatory 
markers (IL-1b and IL-10) were measured in CSF [26], in all 
other human studies inflammatory markers were measured in 
serum. Animal studies evaluated the effect of interventions 
targeting inflammation on cognition in ischemic stroke 
(n = 34), subarachnoid hemorrhage (n = 7), or intracerebral 
hemorrhage (n = 9). Interventions were diverse, targeting 
multiple aspects of the inflammatory cascade. Cognitive 
functioning was evaluated through Morris water maze 
(n = 112), Barnes maze (n = 14), radial arm water maze 
(n = 13), novel object recognition (n = 8), contextual fear 
memory (n = 3), cued fear memory (n = 1), T-maze (n = 1), 
Y-maze (n = 4), passive avoidance test (n = 1), and active 
avoidance test (n = 1).

Quality Assessment

Supplementary Tables 4 and 5 show the risk of bias and 
quality assessment of the included studies. In human studies, 
the risk of bias was low (score 7–9) in 11 studies and high 
(score 4–6) in 17 studies. In the included animal studies, the 
overall risk of bias was low to moderate. Potential sources 
of bias were the baseline characteristics, housing, random 

outcome assessment, reporting of drop-outs, and selective 
outcome reporting.

Inflammatory Parameters in Stroke Patients 
with and Without Cognitive Impairment

In total, 22 studies with 50 outcomes were included in this 
analysis. The meta-analysis using unnested data showed a 
shift towards a pro-inflammatory state (SMD = 0.34 (95% 
CI 0.18; 0.50)), with a large heterogeneity (89%). The three-
level meta-analysis showed a considerable heterogeneity 
attributable to within-study heterogeneity. This was 
confirmed by an ANOVA comparing both models (χ2 = 16.7, 
p < 0.0001). For this reason, we aggregated multiple within-
study outcomes for the primary analysis. Figure 2 shows the 
results of the three-level meta-analysis (SMD = 0.46 (95% 
CI 0.18; 0.75), I2 = 92%). A sensitivity analysis excluding 
studies with small sample sizes (n < 100) was carried out 
(SMD = 0.47 (95% CI 0.13; 0.81), I2 = 99%). Inspection 
of the funnel plot (Supplementary Fig.  1) and Egger’s 
test showed evidence of publication bias (p = 0.03). Meta-
regression to check for confounders showed that only the 
use of MoCA as a screening tool for cognitive impairment 
influenced the results, leading to an increased observed 
effect size (adjusted p-value = 0.03). Subgroup analysis was 
performed on inflammatory markers present in at least 3 
individual studies (Supplementary Figs. 3–8). Table 1 shows 
the diffence in individual biomarker concentrations. No 
significant differences between patients with and without 

Fig. 2  Meta-analysis of human studies: inflammatory parameters in 
stroke survivors with cognitive impairment compared to those with-
out cognitive impairment. CRP, C-reactive protein; hs-CRP, high sen-
sitive CRP; MMP9, matrix metallo proteinase 9; NLR, neutrophil–

lymphocyte ratio; MMSE, mini-mental state examination; MoCA, 
Montreal cognitive assessment; NPA, neuropsychological assess-
ment; SIS, six-item-screener; PSCI, post-stroke cognitive impair-
ment; PSNCI, post-stroke non cognitive impairment
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post-stroke cognitive impairment were observed for any of 
the serum biomarkers.

Correlations Between Level of Inflammation 
and Cognitive Functioning in Stroke Survivors

Figure  3 shows the results of the meta-analysis on the 
correlation between inflammation and cognition after stroke. 
In total, 11 studies with 20 outcomes were included in the 
analysis. The meta-analysis using unnested data showed a 
small negative correlation between level of inflammation and 
cognitive functioning (r =  − 0.25 (95% CI − 0.34; − 0.16)) 
with large heterogeneity (75%). A sensitivity analysis 

excluding studies with small sample sizes (n < 100) was 
carried out (r =  − 0.20 (95% CI − 0.31; − 0.09), I2 = 79%). 
Inspection of the funnel plot (Supplementary Fig. 9) and 
Egger’s test showed no evidence of publication bias (p = 0.3). 
Multi-level meta-analysis did not show considerable within-
study heterogeneity. Meta-regression showed that only 
the timing of cognitive testing had a small effect on the 
results; the observed correlation weakened as time between 
stroke and cognitive testing increased (adjusted p = 0.03). 
Only IL-6 was investigated in at least 3 individual studies 
(Supplementary Fig. 10). A subgroup analysis did not show 
a correlation between IL-6 and cognition (r =  − 0.33 (95% 
CI − 0.66; 0.11), I2 = 79%).

Table 1  Subgroup analyses for 
differences in inflammatory 
biomarkers between patients 
with and without PSCI

CRP C-reactive protein, WBC white blood cells, IL interleukin, TNFa tumor necrosis factor alpha

Subgroup Number of 
studies

N (PSCI) N (PSNCI) I2 SMD (95% CI)

CRP 12 1311 1905 95% 0.50 (− 0.01; 1.02)
WBC 4 289 274 73% 0.21 (− 0.28; 0.70)
Lymphocytes 4 817 567 84%  − 0.04 (− 0.47; 0.38)
IL-1b 4 281 205 70% 0.20 (− 0.33; 0.74)
IL-6 5 386 287 90% 0.57 (− 0.37; 0.74)
IL-10 3 221 154 63% 0.16 (− 0.55; 0.88)
TNFa 3 220 180 87% 0.26 (− 0.89; 1.41)

Fig. 3  Meta-analysis of human studies: correlations between inflam-
mation and cognition. NC, neutrophil count; IL, interleukin; CRP, 
C-reactive protein; WBC, white blood cells; IFN-g, interferon-
gamma; MMP9, matrix metallo proteinase 9; TNFa, tumor necrosis 

factor alpha; VDAS, vascular dementia assessment scale; MMSE, 
mini-mental state examination; MoCA, Montreal cognitive assess-
ment; NPA, neuropsychological assessment
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The Effect of Anti‑inflammatory Interventions 
on Cognitive Functioning in Animal Studies

We included 50 animal studies, which assessed 175 outcome 
variables. The analysis using unnested data showed that 
an intervention targeting inflammation resulted in an 
improvement in cognition (SMD = 1.37 (95% CI 1.15; 
1.60)) with large heterogeneity (82%). The multi-level meta-
analysis showed considerable heterogeneity attributable 
to within-study heterogeneity. This was confirmed by an 
ANOVA comparing both models (χ2 = 38.4, p < 0.0001). For 
this reason, we aggregated multiple within-study outcomes 
for the primary analysis. Figure 4 shows the results of a 
3-level meta-analysis (SMD = 1.43 (95% CI 1.12; 1.74), 
I2 = 83%). Inspection of the funnel plot (Supplementary 
Fig. 11) and Egger’s test showed evidence for publication 
bias (p < 0.01). Meta-regression of unnested data showed 
that only timing of intervention (adjusted p < 0.01) affects 
the results, indicating that the effect of the interventions 
decreases as time between stroke and intervention increases. 
Interventions targeting inflammation resulted in a larger 
improvement in cognition in mice than in rats, but not after 
Bonferroni correction (adjusted p = 0.06). A subgroup 
analysis was performed for stroke subtypes: hemorrhagic 
stroke (SMD = 1.51 (95% CI 1.02; 1.99), I2 = 73%) and 
ischemic stroke (SMD = 1.35 (95% CI 0.95; 1.77), I2 = 86%). 
In both subgroups, timing of intervention was a significant 
moderator (p < 0.01 in both subgroups).

Subgroup Analyses of Anti‑inflammatory 
Interventions in Animal Studies

We identified nine subgroups of interventions targeting 
inflammation based on similar inflammatory pathways. Of 
these, eight were represented in at least three individual 
studies. We performed a random-effects meta-analysis on these 
eight subgroups (Supplementary Figs. 12–19) using unnested 
data. Table 2 shows the summary results of the subgroup 
analyses. Five out of eight subgroups of interventions showed 
a positive effect on cognitive functioning. Largest effect 
sizes were found with the immune suppressor fingolimod 
(SMD = 2.11 (95% CI 0.75; 3.47), I2 = 81%) and with 
complement inhibition (SMD = 1.94 (95% CI 1.50; 2.37), 
I2 = 51%). Interventions applying IL-4 showed a large effect 
size with low heterogeneity (SMD = 1.04 (95% CI 0.85; 1.23), 
I2 = 0%), while interventions targeting microglia phenotype 
(SMD = 1.18 (95% CI 0.76; 1.59), I2 = 61%) showed a large 
effect size with moderate heterogeneity. Interventions using 
general anti-inflammatory interventions showed a large effect 
size with high heterogeneity (SMD = 1.51 (95% CI 0.89; 
2.13), I2 = 84%), while interventions using B cell depletion 
(SMD = 0.95 (95% CI − 0.15; 2.06), I2 = 85%), microglia 
depletion (SMD = -0.03 (95% CI -0.90; 0.84, I2 = 81%) and 

minocycline (SMD = 1.37 (95% CI − 0.51; 3.26), I2 = 85%) 
showed no effect on cognition.

Discussion

Patients with PSCI have higher serum or CSF levels of 
inflammatory markers compared to patients without PSCI. 
In addition, we found a negative correlation between the 
level of inflammatory markers and level of cognitive (dis)
functioning. In animal stroke models, cognitive functioning 
was better in animals treated with anti-inflammatory 
interventions compared to controls. In subgroup analyses, 
five out of eight intervention subgroups showed a positive 
effect on cognitive functioning.

While most of the subgroups of anti-inflammatory 
interventions showed a statistically significant effect on 
animal cognitive performance, none of the individual 
inflammatory markers were increased in patients with PSCI, 
suggesting that individual inflammatory markers might not 
be a good reflection of PSCI. Furthermore, interventions in 
animals administered < 24 h of stroke showed the largest 
effect sizes, while the timing of measuring inflammatory 
markers did not significantly moderate the effect size. This 
might be caused by the different temporal profiles of the 
individual inflammatory markers [27].

In a recent large meta-analysis on the relation between 
inflammation and Alzheimer’s disease (AD), multiple mark-
ers of inflammation were increased in AD patients compared 
to controls, both in peripheral blood and CSF [28]. It is 
known that increased inflammation can precede the onset 
of AD and VaD [29]. These data, combined with our finding 
of a relation between increased inflammatory markers and 
impaired cognition, suggest that similar processes down-
stream of inflammatory changes might underlie cognitive 
impairment in AD, VaD, and PSCI. These include inflam-
mation-mediated blood–brain-barrier dysfunction, synaptic 
pruning or dysfunction, or neuronal degeneration [30, 31].

In many of our analyses, we observed a high level of 
heterogeneity, which can have various causes. In human 
studies, the meta-regression analysis showed that timing 
and mode of cognitive assessment affected the results; the 
effect size was highest when using MoCA as a screening 
tool, while the correlation between inflammation and 
cognition diminished as time between stroke and cognitive 
screening increased. Further heterogeneity may be caused 
by the demographic (age, sex), clinical (history of stroke, 
stroke severity, comorbidities), or genetic heterogeneity of 
the population, by differences in study design or laboratory 
equipment used for testing, or by differences between 
individual inflammatory markers. Furthermore, the majority 
of inflammatory markers were measured in serum, while 
evidence shows that some inflammatory factors are strongly 
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localized in the central nervous system (CNS) [32]. We were 
not able to compare serum and CSF biomarkers, as only 2 
measurements in the same study were performed in CSF. 
In animal studies, we also observed heterogeneity between 
studies, but to a lesser degree in studies investigating the 
effect of interventions modulating microglia phenotype and 
in studies applying IL-4. The IL-4 studies were homogenous 
in terms of timing of the administration, the timing of 
cognitive assessment, and tests used for assessment.

We found large effect sizes in interventions modulating 
the phenotype of reactive microglia, interventions using 
complement inhibitors, and in studies in which IL-4 was 
administered. This finding might be caused by their common 
effect on microglia. Microglia, the resident immune cells of 
the central nervous system, are thought to play an important 
role in the development of cognitive impairment. Under 
normal physiological conditions, microglia are critical for 
the maintenance of neural tissue hemostasis and normal 
neuronal functioning. In response to changes in the CNS 
milieu, due to, e.g., neural tissue injury, infections, and 
tumors, microglia become reactive. The phenotypes of 
reactive microglia are highly context-dependent and range 
from a pro-inflammatory (called also M1) to an anti-
inflammatory or regenerative state (called also M2) [33, 
34]. Notably, in recognition of their multiple and context-
dependent phenotypes, the field is moving from this and other 
types of simplified dichotomization of reactive microglia 
[35]. Indeed, the specific phenotype of reactive microglia 
depends both on time after the stroke event and on the type 
of stroke; in ischemic stroke, microglia seem to shift from a 

more anti-inflammatory and neuroprotective phenotype in the 
early phase to a more pro-inflammatory phenotype in a later 
phase, while opposite responses are induced by hemorrhagic 
stroke [36, 37]. It is generally assumed that microglia with 
a pro-inflammatory phenotype inhibit repair and recovery, 
while the anti-inflammatory microglia promote resolution 
of inflammation and enhance regeneration [38]. A shift in 
microglia phenotype can be achieved through deletion or 
inhibition of mitogen-associated protein kinase (MAP3K) 
and transforming growth factor (TGF)-β-activated kinase 1 
(TAK1) [39], either through deletion or inhibition, through 
triggering receptor expressed on myeloid cells (TREM)-1 
[40], or through injection of M2-like monocyte-derived 
macrophages (MDM) [41]. Furthermore, IL-4 can shift 
microglia towards M2 phenotype through the JAK1/STAT6 
pathway [42], while inhibition of complement activation 
prevents complement opsonins from tagging neurons for 
phagocytosis by microglia [43]. Inhibition of signaling 
through complement receptors C5aR and C3aR reduces 
inflammatory cell infiltration [44].

We did not find an effect of interventions using 
minocycline, which is similar to the conflicting results of 
previous research on the effect of minocycline on microglia 
function. Some studies found that minocycline promotes 
M2 polarization and inhibits M1 polarization [45], while 
other studies found no effect of minocycline on microglia 
as assessed by their morphology [46].

Finally, a large effect was found in interventions 
administering fingolimod. Fingolimod acts on sphingosine-
1-phosphate receptors (S1PRs) and through this pathway 
affects microglia, lymphocytes, natural killer cells, dendritic 
cells, macrophages and neutrophils, and other immune cells 
[47]. It has anti-inflammatory effects through different 
modes of action and even exerts memory-preservation 
properties outside of its effect on inflammation [48].

Our meta-analysis shows that anti-inf lammatory 
interventions may be beneficial in decreasing PSCI. So 
far, trials in stroke patients investigating the effect of 
anti-inflammatory interventions mostly focused on IL-1, 
endothelial selectins, and leukocyte infiltration, but did not 
have cognition as an outcome measure. Minocycline has 
shown a good safety profile in a small dose-escalation trial 
[49], while interventions using fingolimod showed a good 
safety profile and an improvement in modified Rankin scale 
(mRS), National Institutes of Health Stroke Scale (NIHSS), 
and infarct growth in initial trials [50]. Currently, a phase 
II trial on the effect of fingolimod in ischemic stroke and a 
phase II trial assessing the efficacy of complement inhibition 
after hemorrhagic stroke are ongoing [51, 52].

The results of our meta-analysis of animal studies 
indicate that the timing of anti- inflammatory interventions 
is important with the largest effect being observed when 
treatment is initiated in the first 24 h after stroke induction. 

Fig. 4  Meta-analysis of animal studies: the effect of anti-inflamma-
tory interventions on cognitive functioning. B4Crry, anti-annexin 
scFV linked to complement receptor 1–related gene/protein y; 
CD36, cluster of differentiation 36; P2Y1, P2Y purinoceptor 1; 
M3RKOmi, microglial muscarinic acetylcholine receptor 3 knock-
out; MuMT, peripheral B-cell deficient; CD20, cluster of differen-
tiation 20; VX-765, Caspase-1 inhibitor; MKP-1, mitogen-activated 
protein kinase-1; C5aRA, C5a receptor antagonist; C3aRA, C3a 
receptor antagonist; MDM, monocyte-derived macrophages; LXA4, 
lipoxin A4; LPS, lipopolysacaharide; MPL, monophosphoryl lipid A; 
rAAV-taCasp3, partial depletion of CD11c + microglia; LV-DUSP, 
lentiviral dual-specificity phosphatase; AIM2, absent in melanoma 
2; eNOSKO, endothelial nitric oxide synthase knockout; MCC950, 
inhibitor of NOD-like receptor protein-3 (NLRP3); DBZ, tanshinol 
borneol ester; IL-4, interleukin-4; IL-13, interleukin-13; anti-B7-1, 
monoclonal anti-B7 antibody; TNF-a OE, tumor necrosis factor α 
overexpression; FTY720, fingolimod; PLX3397, inhibitor of colony 
stimulating factor 1 receptor (CSF1R); L-NAME, L-N.G-Nitro argi-
nine ester; SIN-1, peroxynitrite donor; TAK1 mKO, microglia/mac-
rophage-specific knockout of transforming growth factor-β-activated 
kinase 1 (TAK1); MR16, anti-interleukin-6 receptor antibody; 
rGAS6, recombinant growth arrest-specific 6; ST2 KO, interleukin 
1 receptor-like 1 knockout; TAK242, selective toll-like receptor 4 
inhibitor; BMS-470539, melanocortin MC1 receptor agonist; STAT6 
KO, signal transducer and activator of transcription 6 knockout; 
LP17, inhibitor of triggering receptor expressed on myeloid cells 1 
(TREM-1)
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Reduced recruitment of inflammatory cells from the 
systemic circulation is conceivably one of the underlying 
mechanisms. Neutrophil infiltration in the brain parenchyma 
occurs in the acute phase after human stroke [53]. In animal 
models of stroke, the levels of neutrophils in the peripheral 
blood rise within 12 h, peaking at 24-h post stroke, and drop 
to control levels by 48 h [54]. Multiple cytokines and other 
inflammatory signals are involved in neutrophil activation 
and recruitment to the brain parenchyma after stroke and 
have been evaluated as stroke treatments [55].

Some limitations need to be acknowledged when 
interpreting the results of our meta-analysis. First, we 
observed a high level of heterogeneity in many of our analyses, 
especially in human studies, which we were unable to fully 
explain. Second, in an ideal situation, multiple regressions 
need to be used to identify how different populations, 
outcomes, or study-related factors can influence our results. 
However, given the limited sample sizes and information 
reported in the included studies, this was not feasible. Third, 
we found evidence of publication bias, which may have led 
to an overestimation of the effect sizes. Finally, the majority 
of human studies investigated peripheral inflammation only 
at a single time point. Collecting inflammatory markers 
longitudinally from CSF would resolve temporal and spatial 
variability in inflammatory responses [56]. Unfortunately, 
this implies practical difficulties and invasive measurements. 
The strengths of our study are the extensive overview of the 
literature and inclusion of animal studies.

Our study has implications for future studies. First, 
definitions and outcome reporting should be homogenized. 
In the identified studies, the MoCA was the preferred 
tool for defining PSCI. Second, as temporal differences 
in inflammatory markers are common, it is important to 
report on time delay between stroke and sample collection. 
Preferably, longitudinal studies with multiple sample 
collections should be used to investigate the inflammatory 
response over time in patients with PSCI. Last, future 
studies on anti-inflammatory interventions preventing 
PSCI should focus on complement inhibition, fingolimod 
or IL-4 while attempting to minimize time delay between 

stroke onset and administration. Safety of IL-4, fingolimod 
and complement inhibition should first be assessed by 
phase I or II trials, which are currently on their way.
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Table 2  Subgroup analyses for 
the type of anti-inflammatory 
intervention in animals: effect 
on cognition

Subgroup Number of 
studies

Number of vari-
ables

I2 SMD (95% CI)

General anti-inflammatory 15 43 83% 1.66 (1.14; 2.18)
B cell depletion 3 10 85% 0.95 (− 0.15; 2.06)
Microglia depletion 4 10 81%  − 0.03 (− 0.90; 0.84)
Microglia phenotype 5 14 61% 1.18 (0.76; 1.59)
Complement inhibition 8 19 51% 1.94 (1.50; 2.37)
Fingolimod 5 11 81% 2.11 (0.75; 3.47)
Minocycline 4 5 85% 1.37 (− 0.51; 3.26)
IL-4 4 12 0% 1.04 (0.85; 1.23)

https://doi.org/10.1007/s12975-023-01218-5
http://creativecommons.org/licenses/by/4.0/


Translational Stroke Research 

1 3

References

 1. Barbay M, Diouf M, Roussel M, Godefroy O, GRECOGVASC 
study group. Systematic review and meta-analysis of prevalence 
in post-stroke neurocognitive disorders in hospital-based studies. 
Dement Geriatr Cogn Disord. 2018;46:322–34.

 2. Sun J-H, Tan L, Yu J-T. Post-stroke cognitive impairment: epi-
demiology, mechanisms and management. Ann Transl Med. 
2014;2:80.

 3. Kliper E, Bashat DB, Bornstein NM, Shenhar-Tsarfaty S, Hallevi 
H, Auriel E, et al. Cognitive decline after stroke: relation to 
inflammatory biomarkers and hippocampal volume. Stroke. 
2013;44:1433–5.

 4. Ahmad M, Graham SH. Inflammation after stroke: mechanisms 
and therapeutic approaches. Transl Stroke Res. 2010;1:74–84.

 5. Schneider UC, Xu R, Vajkoczy P. Inflammatory events following 
subarachnoid hemorrhage (SAH). CN. 2018;16:1385–95.

 6. Shao Z. Pathophysiological mechanisms and potential therapeutic targets 
in intracerebral hemorrhage. Front Pharmacol. 2019;10:1079.

 7. Cornell J, Salinas S, Huang H-Y, Zhou M. Microglia regulation of 
synaptic plasticity and learning and memory. Neural Regen Res. 
2022;17:705.

 8. Mao L, Chen X-H, Zhuang J-H, Li P, Xu Y-X, Zhao Y-C, et al. 
Relationship between β-amyloid protein 1–42, thyroid hormone 
levels and the risk of cognitive impairment after ischemic stroke. 
World J Clin Cases. 2020;8:76–87.

 9. Tarkowski E, Rosengren L, Blomstrand C, Wikkelsö C, Jensen 
C, Ekholm S, Tarkowski A. Early intrathecal production of 
interleukin-6 predicts the size of brain lesion in stroke. Stroke. 
1995;26:1393–8.

 10. Yang G, Li C, Wang W, Wang C, Dong A, Wang F, et al. Risk fac-
tors for cognitive impairment in patients with first-time ischemic 
stroke. Am J Transl Res. 2021;13:1884–9.

 11 Winovich DT, Longstreth WT, Arnold AM, Varadhan R, Zeki 
Al Hazzouri A, Cushman M, et  al. Factors associated with 
ischemic stroke survival and recovery in older adults. Stroke. 
2017;48:1818–26.

 12 Drieu A, Levard D, Vivien D, Rubio M. Anti-inflammatory treat-
ments for stroke: from bench to bedside. Ther Adv Neurol Disord. 
2018;11:1756286418789854.

 13. Moola S, Munn Z, Sears K, Sfetcu R, Currie M, Lisy K, et al. Con-
ducting systematic reviews of association (etiology): The Joanna 
Briggs Institute’s approach. Int J Evid Based Healthc. 2015;13:163–9.

 14. Page MJ, Shamseer L, Tricco AC. Registration of systematic 
reviews in PROSPERO: 30,000 records and counting. Syst Rev. 
2018;7:32.

 15. PRISMA-P Group, Moher D, Shamseer L, Clarke M, Ghersi D, 
Liberati A, et al. Preferred reporting items for systematic review 
and meta-analysis protocols (PRISMA-P) 2015 statement. Syst 
Rev. 2015;4:1.

 16 Moher D, Liberati A, Tetzlaff J, Altman DG, The PRISMA 
Group. Preferred reporting items for systematic reviews and meta-
analyses: the PRISMA statement. PLOS Med. 2009;6:e1000097.

 17. Wells G, Shea B, O’Connell D, Peterson J, Welch V, Losos M, 
Tugwell P. The Newcastle-Ottowa Scale (NOS) for assessing the 
quality of nonrandomised studies in meta-analyses. 2000; Avail-
able from: Available from: URL: http:// www. ohri. ca/ progr ams/ 
clini cal_ epide miolo gy/ oxford. htm.

 18. Hooijmans CR, Rovers MM, de Vries RB, Leenaars M, Ritskes-
Hoitinga M, Langendam MW. SYRCLE’s risk of bias tool for 
animal studies. BMC Med Res Methodol. 2014;14:43.

 19. Macleod MR, O’Collins T, Howells DW, Donnan GA. Pooling of 
animal experimental data reveals influence of study design and 
publication bias. Stroke. 2004;35:1203–8.

 20 Cohen J. Statistical power analysis for the behavioral sciences. 
2nd ed. Hillsdale: L. Erlbaum Associates; 1988.

 21 Harrer M, Cuijpers P, Furukawa TA, Ebert DD. Doing meta-anal-
ysis in R: a hands-on guide. Boca Raton and London: Chapman 
& Hall/CRC Press; 2021.

 22. Wan X, Wang W, Liu J, Tong T. Estimating the sample mean and 
standard deviation from the sample size, median, range and/or 
interquartile range. BMC Med Res Methodol. 2014;14:135.

 23. Higgins JPT. Measuring inconsistency in meta-analyses. BMJ. 
2003;327:557–60.

 24. Gleser, Olkin. Stochastically dependent effect sizes. In Cooper H, 
Hedges LV, J C, editors. The handbook of research synthesis. New 
York: Russell Sage Foundation; 1994. pp. 339–356.

 25. Borenstein. Effect sizes for continuous data. In: Cooper H, 
Hedges LV, Valentine JC, editors. The handbook of research 
synthesis and meta analysis. New York: Russell Sage Founda-
tion; 2009. p. 279–93.

 26. Kulesh A, Drobakha V, Kuklina E, Nekrasova I, Shestakov V. 
Cytokine response, tract-specific fractional anisotropy, and 
brain morphometry in post-stroke cognitive impairment. J 
Stroke Cerebrovasc Dis. 2018;27:1752–9.

 27. Tröscher AR, Gruber J, Wagner JN, Böhm V, Wahl A-S, Von 
Oertzen TJ. Inflammation mediated epileptogenesis as possi-
ble mechanism underlying ischemic post-stroke epilepsy. Front 
Aging Neurosci. 2021;13: 781174.

 28. Shen X-N, Niu L-D, Wang Y-J, Cao X-P, Liu Q, Tan L, et al. 
Inflammatory markers in Alzheimer’s disease and mild cogni-
tive impairment: a meta-analysis and systematic review of 170 
studies. J Neurol Neurosurg Psychiatry. 2019;90:590–8.

 29. Engelhart MJ, Geerlings MI, Meijer J, Kiliaan A, Ruitenberg 
A, van Swieten JC, et  al. Inflammatory proteins in plasma 
and the risk of dementia: the Rotterdam study. Arch Neurol. 
2004;61:668.

 30. Lalancette-Hebert M, Swarup V, Beaulieu JM, Bohacek I, Abdelh-
amid E, Weng YC, et al. Galectin-3 is required for resident micro-
glia activation and proliferation in response to ischemic injury. J 
Neurosci. 2012;32:10383–95.

 31. Ott BR, Jones RN, Daiello LA, de la Monte SM, Stopa EG, Johan-
son CE, et al. Blood-cerebrospinal fluid barrier gradients in mild 
cognitive impairment and Alzheimer’s disease: relationship to 
inflammatory cytokines and chemokines. Front Aging Neurosci. 
2018;10:245.

 32. Fassbender K. Inflammatory cytokines in subarachnoid haemor-
rhage: association with abnormal blood flow velocities in basal 
cerebral arteries. J Neurol Neurosurg Psychiatry. 2001;70:534–7.

 33. Walker FR, Beynon SB, Jones KA, Zhao Z, Kongsui R, Cairns M, 
et al. Dynamic structural remodelling of microglia in health and 
disease: a review of the models, the signals and the mechanisms. 
Brain Behav Immun. 2014;37:1–14.

 34. Jurga AM, Paleczna M, Kuter KZ. Overview of general and dis-
criminating markers of differential microglia phenotypes. Front 
Cell Neurosci. 2020;14:198.

 35. Paolicelli RC, Sierra A, Stevens B, Tremblay M-E, Aguzzi A, 
Ajami B, et al. Microglia states and nomenclature: a field at its 
crossroads. Neuron. 2022;110:3458–83.

 36. Zheng ZV, Lyu H, Lam SYE, Lam PK, Poon WS, Wong GKC. 
The dynamics of microglial polarization reveal the resident neu-
roinflammatory responses after subarachnoid hemorrhage. Transl 
Stroke Res. 2020;11:433–49.

 37. Hu X, Li P, Guo Y, Wang H, Leak RK, Chen S, et al. Microglia/
macrophage polarization dynamics reveal novel mechanism of injury 
expansion after focal cerebral ischemia. Stroke. 2012;43:3063–70.

 38. Hu X, Leak RK, Shi Y, Suenaga J, Gao Y, Zheng P, et al. Micro-
glial and macrophage polarization—new prospects for brain 
repair. Nat Rev Neurol. 2015;11:56–64.

http://www.ohri.ca/programs/clinical_epidemiology/oxford.htm
http://www.ohri.ca/programs/clinical_epidemiology/oxford.htm


 Translational Stroke Research

1 3

 39. Wang R, Pu H, Ye Q, Jiang M, Chen J, Zhao J, et al. Transform-
ing growth factor beta-activated kinase 1–dependent microglial 
and macrophage responses aggravate long-term outcomes after 
ischemic stroke. Stroke. 2020;51:975–85.

 40. Xu P, Hong Y, Xie Y, Yuan K, Li J, Sun R, et al. TREM-1 Exac-
erbates Neuroinflammatory injury via NLRP3 inflammasome-
mediated pyroptosis in experimental subarachnoid hemorrhage. 
Transl Stroke Res. 2021;12:643–59.

 41. Ge R, Tornero D, Hirota M, Monni E, Laterza C, Lindvall O, et al. 
Choroid plexus-cerebrospinal fluid route for monocyte-derived 
macrophages after stroke. J Neuroinflammation. 2017;14:153.

 42. He Y, Gao Y, Zhang Q, Zhou G, Cao F, Yao S. IL-4 switches 
microglia/macrophage M1/M2 polarization and alleviates neuro-
logical damage by modulating the JAK1/STAT6 pathway follow-
ing ICH. Neuroscience. 2020;437:161–71.

 43. Alawieh A, Langley EF, Tomlinson S. Targeted complement inhi-
bition salvages stressed neurons and inhibits neuroinflammation 
after stroke in mice. Sci Transl Med. 2018;10:441.

 44. Garrett MC, Otten ML, Starke RM, Komotar RJ, Magotti P, Lam-
bris JD, et al. Synergistic neuroprotective effects of C3a and C5a 
receptor blockade following intracerebral hemorrhage. Brain Res. 
2009;1298C:171–7.

 45. Lu Y, Zhou M, Li Y, Li Y, Hua Y, Fan Y. Minocycline promotes 
functional recovery in ischemic stroke by modulating microglia 
polarization through STAT1/STAT6 pathways. Biochem Pharma-
col. 2021;186: 114464.

 46. Yew WP, Djukic ND, Jayaseelan JSP, Walker FR, Roos KAA, 
Chataway TK, et al. Early treatment with minocycline follow-
ing stroke in rats improves functional recovery and differentially 
modifies responses of peri-infarct microglia and astrocytes. J Neu-
roinflammation. 2019;16:6.

 47. Pournajaf S, Dargahi L, Javan M, Pourgholami MH. Molecular 
pharmacology and novel potential therapeutic applications of fin-
golimod. Front Pharmacol. 2022;13: 807639.

 48. Hait NC, Wise LE, Allegood JC, O’Brien M, Avni D, Reeves TM, 
et al. Active, phosphorylated fingolimod inhibits histone deacetylases 
and facilitates fear extinction memory. Nat Neurosci. 2014;17:971–80.

 49 Fagan SC, Waller JL, Nichols FT, Edwards DJ, Pettigrew LC, 
Clark WM, et al. Minocycline to improve neurologic outcome in 
stroke (MINOS): a dose-finding study. Stroke. 2010;41:2283–7.

 50. Bai P, Zhu R, Wang P, Jiang F, Zhen J, Yao Y, et al. The efficacy and 
safety of fingolimod plus standardized treatment versus standardized 
treatment alone for acute ischemic stroke: a systematic review and 
meta‐analysis. Pharmacol Res Perspec. 2022 [cited 2022 Jun 22];10. 
Available from: https:// onlin elibr ary. wiley. com/ doi/ 10. 1002/ prp2. 972

 51. on behalf of the CLASH study group, Koopman I, Rinkel GJE, 
Vergouwen MDI. CompLement C5 Antibodies for decreas-
ing brain injury after aneurysmal subarachnoid haemorrhage 
(CLASH): study protocol for a randomised controlled phase II 
clinical trial. Trials. 2020;21:969.

 52. https:// Clini calTr ials. gov. Bethesda (MD): National Library 
of Medicine (US). 2000 Feb 29 - . Identifier NCT00287391, 
fingolimod in endovascular treatment of ischemic stroke; 2020 
Nov 16 [cited 2023 Jan 17]; Available from: https:// clini caltr ials. 
gov/ ct2/ show/ NCT04 629872.

 53. Lindsberg PJ, Carpen O, Paetau A, Karjalainen-Lindsberg 
ML, Kaste M. Endothelial ICAM-1 expression associated with 
inflammatory cell response in human ischemic stroke. Circulation. 
1996;94:939–45.

 54. Cai W, Liu S, Hu M, Huang F, Zhu Q, Qiu W, et al. Functional 
dynamics of neutrophils after ischemic stroke. Transl Stroke Res. 
2020;11:108–21.

 55. Jickling GC, Liu D, Ander BP, Stamova B, Zhan X, Sharp 
FR. Targeting neutrophils in ischemic stroke: translational 
insights from experimental studies. J Cereb Blood Flow Metab. 
2015;35:888–901.

 56. Worthmann H, Tryc AB, Goldbecker A, Ma YT, Tountopoulou A, 
Hahn A, et al. The temporal profile of inflammatory markers and 
mediators in blood after acute ischemic stroke differs depending 
on stroke outcome. Cerebrovasc Dis. 2010;30:85–92.

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://onlinelibrary.wiley.com/doi/10.1002/prp2.972
https://ClinicalTrials.gov
https://clinicaltrials.gov/ct2/show/NCT04629872
https://clinicaltrials.gov/ct2/show/NCT04629872

	Inflammation, Anti-inflammatory Interventions, and Post-stroke Cognitive Impairment: a Systematic Review and Meta-analysis of Human and Animal Studies
	Abstract
	Introduction
	Methods
	Design, Registration, and Reporting
	Search Strategy
	In- and Exclusion Criteria
	Qualitative Assessment
	Data Extraction
	Data Synthesis
	Meta-analysis

	Results
	Characteristics of Included Studies
	Quality Assessment
	Inflammatory Parameters in Stroke Patients with and Without Cognitive Impairment
	Correlations Between Level of Inflammation and Cognitive Functioning in Stroke Survivors
	The Effect of Anti-inflammatory Interventions on Cognitive Functioning in Animal Studies
	Subgroup Analyses of Anti-inflammatory Interventions in Animal Studies

	Discussion
	Anchor 20
	References


