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A B S T R A C T

Targeting of IL-1, IL-6 and IL-18 signaling is a main focus of anti-inflammatory therapy development against 
atherosclerosis. In preclinical atherosclerosis studies, animal sex may however affect therapeutic efficacy. Evi
dence for this hypothesis is lacking. We therefore aimed to study sex used and influence of animal sex on 
therapeutic efficacy of IL-1, IL-6 and IL-18 pathway interventions in atherosclerosis animal models. Medline 
(PubMed) and EMBASE (OVID) were comprehensively searched and screened to identify studies investigating the 
effects of targeting IL-1, IL-6 and IL-18 signaling in atherosclerosis animal models. Study characteristics and 
plaque size data were extracted. Individual effect sizes were calculated and pooled using the random effects 
model. Predefined subgroup analyses for sex were conducted. From 1744 retrieved studies, 62 papers were 
included in this systematic review, of which 47 papers in the meta-analyses. All 47 studies used mice, of which 41 
investigated inhibitory interventions and 8 stimulatory. Meta-analyses showed a significantly smaller plaque size 
upon inhibition of cytokine signaling (SMD: -1.5 [-1.8 to -1.2], n = 39) and a significantly larger plaque upon 
stimulation (SMD: 1.2 [0.3 to 2.1], n = 8). The majority of the studies included male mice. Due to the limited 
number of studies with females, subgroup analysis for sex could only be performed for males and revealed no 
differences compared to the overall analyses, suggesting that male mice are suitable for such studies. More 
studies with female mice are required to truly assess whether animal sex is a variable in treatment efficacy of IL- 
1, IL-6 and IL-18 pathway interventions in atherosclerosis.

1. Introduction

Annually, around 17.9 million people die as a result of cardiovas
cular diseases (CVDs), with ischemic heart disease and stroke as the most 
common causes (World Health Organization). The most prevalent pa
thology underlying many CVDs is atherosclerosis, which is caused by the 
buildup of lipoproteins and inflammatory cells in the vascular wall of the 
large arteries. Upon rupture or erosion of an atherosclerotic plaque, a 
vessel-occluding thrombus can be formed, causing acute cardiovascular 
events (ACE) (Bjorkegren and Lusis, 2022; Libby, 2021). Current treat
ment to reduce atherosclerosis burden is mainly aimed at lowering 
plasma cholesterol levels using statins or, more recently, PCSK9 

inhibitors. While this has reduced the incidence of acute cardiovascular 
events significantly (Baigent et al., 2010; Sabatine et al., 2017), a re
sidual inflammatory risk remains (Ridker, 2017), rendering novel in
sights in disease pathology and underlying mechanisms still mandatory.

To target the residual inflammatory risk, recent clinical trials focused 
on anti-inflammatory therapeutic strategies in high risk CVD patients. In 
the CANTOS trial, the therapeutic monoclonal antibody against inter
leukin-1β (IL-1β), canakinumab, significantly reduced the incidence of 
secondary cardiovascular events (Ridker et al., 2017). Colchicine, an 
anti-inflammatory agent (Ait-Oufella and Libby, 2024), significantly 
lowered the occurrence of cardiovascular events in patients with stable 
coronary disease in the LoDoCo trials (Nidorf et al., 2013; Nidorf et al., 
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2020). More recently, in the RESCUE trial, ziltivekimab, a therapeutic 
monoclonal antibody against the IL-6 ligand, reduced high-sensitivity 
C-reactive protein (hs-CRP) levels in patients with chronic kidney dis
ease combined with elevated blood hs-CRP (Ridker et al., 2021).

These studies clearly show the clinical potential of anti-inflammatory 
therapeutic strategies to lower the inflammatory risk and prevent ACE, 
and justify further study of inflammatory mechanisms that underly 
atherosclerosis. Preclinical atherosclerosis models can aid in studying 
such mechanisms, as well as in investigating potential targets of inter
vention relevant for human disease. Preclinical animal models of 
atherosclerosis (Gisterå et al., 2022) include mouse (Ishibashi et al., 
1993; Plump et al., 1992; Zhang et al., 1992), rabbit (Shiomi et al., 
2003) and pig models (Griggs et al., 1986). Atherosclerotic mouse 
models are most commonly used, as mice reproduce easily and athero
sclerosis develops fairly fast. Additionally, genetic modifications are 
relatively easy to induce. In the past decades, two widely used mouse 
models have been generated, being the apolipoprotein E knockout 
(Apoe− /− ) (Plump et al., 1992; Zhang et al., 1992) and the 
low-density-lipoprotein receptor knockout (Ldlr− /− ) (Ishibashi et al., 
1993) mouse strains, both develop atherosclerosis upon hypercholes
terolemia (Ishibashi et al., 1993, 1994; Plump et al., 1992; Zhang et al., 
1992). For studies requiring a more humanized lipoprotein profile, the 
APOE3-Leiden mouse model or the APOE*3 Leiden.CETP transgenic 
model (Westerterp et al., 2006) are used. These latter mouse strains 
show hampered clearance of apoB-containing lipoproteins and elevated 
triglyceride levels, and are, in contrast to the Apoe− /− or Ldlr− /− strains, 
responsive to lipid-lowering therapeutics such as statins (Gisterå et al., 
2022; van den Maagdenberg et al., 1993). These mouse models are 
widely used in preclinical atherosclerosis research, but the translational 
potential of such preclinical studies to human disease can be hampered 
by strain choice and study setup, including animal sex. It is unclear 
whether sex of the animal affects outcome of anti-inflammatory therapy 
in preclinical atherosclerosis. Already in 1987, differences in athero
sclerosis development in male versus female mice were reported (Paigen 
et al., 1987), in relation to differences in lipoprotein profiles. More 
recently, aged female Ldlr− /− mice were showed to have increased and 
altered immune cell populations in the aortic atherosclerotic plaque 
compared to aged male mice (Smit et al., 2024), which suggests that 
there may be a difference in response to inflammatory stimuli or 
anti-inflammatory therapy. In this systematic review, we therefore 
aimed to determine whether a difference in therapeutic efficacy exists 
between sexes of atherosclerotic animals, focusing on studies investi
gating interventions in the inflammatory response. We selected animal 
studies in which the cytokines IL-1, IL-6 and IL-18, targets of interest in 
recent clinical trials, were pharmacologically modulated, either via 
inhibitory or stimulatory strategies. The outcome of this review may 
contribute to the more refined design of animal experiments concerning 
the animal sex in preclinical atherosclerotic studies related to inflam
mation in atherosclerosis.

2. Methods

In this systematic review, we investigated the effects of inflammation 
therapeutics on plaque size in animal models of atherosclerosis, with the 
specific question whether therapeutic efficacy differs between male and 
female animals. We focused on targeting of IL-1 (including both IL-1α 
and IL-1β), IL-18 and IL-6 cytokine signaling. Our systematic review 
protocol is registered in the international prospective register of sys
tematic reviews, PROSPERO under ID CRD42024513510, and reported 
following the PRISMA guidelines (Page et al., 2021a,b).

2.1. Search and study identification

To find the relevant papers, search strings were designed for both 
Medline (PubMed) and EMBASE (OVID). The complete search strings 
are displayed in Supplementary Tables 1 and 2. Literature searches were 

performed on November 14th, 2023.

2.2. Study selection

From the obtained records, papers occurring more than once were 
removed. The title and abstract of each remaining paper were screened 
by two independent reviewers (LD, CH, NI or IB) for the following 
exclusion criteria using Rayyan screening software: (1) reviews (2) 
human studies, (3) studies using only in vitro assays, (4) vascular 
remodeling models such as denudation, (partial) ligation and vein graft 
disease models, (5) type of study other, (6) if only non-inflammatory 
intervention is used, (7) commentaries, (8) case-reports, (9) protocols, 
(10) short communications, (11) editorial, (12) personal opinions, (13) 
letters, (14) posters, (15) conference abstracts, (16) dissertations, (17) 
thesis and graduation work, (18) other. Discrepancies were resolved by 
discussion with a third reviewer (LD or IB).

After the exclusion of papers based on title and abstract, the full-text 
document of each remaining paper was screened by two independent 
reviewers (LD, CH or IB) for exclusion criteria using Rayyan screening 
software (Ouzzani et al., 2016). These included the same criteria as for 
the title and abstract screening and the following additional exclusion 
criteria: (2) modulating molecules not being the IL-1, IL-6 and IL-18 
cytokines or their receptors, (3) studies that present only genetic or 
epigenetic data, (4) studies that do not show atherosclerotic lesion data, 
(6) other exclusion criteria. In the full-text screening phase, disagree
ments and discrepancies were resolved by consensus after discussion 
with a third reviewer as well (LD or CH).

We decided post-hoc to exclude experiments (comparisons) in which 
genetically modified animal models were used, where the gene modi
fication could have interfered directly with one of the investigated 
pathways.

Furthermore, we initially planned to assess whether the sex affects 
the therapeutic efficacy upon intervention. During the conduct of the 
systematic review we decided to post-hoc perform meta-analyses in 
which we determined the overall effect on plaque size for the different 
targets as well, mainly because no studies were available formally 
assessing the difference between males and females. As a consequence 
two criteria for exclusion that are mentioned in our protocol, are not 
used in practice.

2.3. Extraction of study characteristics

The following study characteristics were extracted by one reviewer 
(LD): author, year of publication, title, journal, language, doi, species, 
strain, genetic background, type of atherosclerotic model, sex, age (at 
disease induction, t = 0), disease induction method, type of diet, cyto
kines, cytokine receptors, type of intervention, type of immunomodu
latory component, timing intervention (relative to disease induction), 
timing of outcome assessment (relative to intervention) and duration.

After publishing the protocol, we also decided for the papers 
included in meta-analysis to record whether the immunomodulator(s) 
were either inhibitory or stimulatory, and whether the immunomodu
latory component was a direct modulator of the target of investigation.

2.4. Reporting quality and risk of bias assessment

Two researchers (LD, IB) independently assessed reporting quality 
and performed a risk of bias assessment for each included paper. The 
SYRCLE’s RoB tool (Hooijmans et al., 2014) was used to assess the risk of 
bias. For the bias aspect on baseline group similarity, the researchers 
focused on age, sex and strain. Both assessments consist of questions 
where the answer “yes” indicates a low risk of bias, a “no” a high risk and 
a “?” an unclear risk of bias. Five reporting questions were answered: (1) 
is it mentioned that the experiment was randomized at any stage? (2) is 
it mentioned that the experiment was blinded at any stage? (3) is a 
power/sample size calculation reported? (4) is a conflict of interest 
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statement reported? (5) does the study mention a prespecified/prer
egistered protocol? For the reporting questions, “yes” indicates reported 
and “no” indicates not reported. Discrepancies were resolved by 
discussion.

2.5. Extraction of outcome data

Next, to be able to perform the meta-analysis, aortic atherosclerotic 
lesion size data of each independent comparison was collected by one 
reviewer (LD) and checked by a second reviewer (IB). This data included 
the lesion size mean, SEM or SD, the unit and sample size 
(Supplementary Table 6). If the SEM was extracted, the SD was calcu
lated from these data by SEM*(SQRT(n)). In order to reduce the 
observed heterogeneity, we decided during conduct of this systematic 
review to only include data containing plaque size values on the aorta, 
and not atherosclerosis data at other vascular locations. For aortic pla
que data, the aortic root was prioritized as location over other parts of 
the aorta, when applicable. Furthermore, to be included in the meta- 
analysis, studies in which antibody treatment was applied should have 
included an appropriate isotype control antibody. Similarly, for lenti
viral vector derived interventions a control vector should have been 
included in the study. Combination treatments were not included.

If the outcome data was only presented in graphs, plotdigitizer.com/ 
app was used to extract the data for analysis. If outcome data was 
missing or unclear, the steps described in Supplementary Table 3 were 
taken. When authors were contacted, one email and a subsequent 
reminder were sent. In case it was unclear whether the SD or SEM was 
presented, the individual data points were measured to determine 
whether the presented value was the SD or SEM. If the number of ani
mals (N) was presented as a range, the individual data points were 
counted. If counting was not possible, the lowest value was chosen. For 
these and additional exceptions the detailed actions taken are presented 
in Supplementary Table 3.

2.6. Data analysis/synthesis

2.6.1. Overall effect on plaque size per target
Outcome data was grouped into the different targets: IL-1α, IL-1β, IL- 

6, IL-18, IL-1R, IL-6R. Treatment strategies targeting the NLRP3 
inflammasome or caspase-1 were included in both the IL-1β and IL-18 
groups, because both of these cytokines could have been affected by 
these interventions. Subsequently, for every target the data were 
grouped into inhibitory or stimulatory interventions. Similarly, data 
were grouped according to direct or indirect targeting. Additionally, we 
separately pooled the inhibition and stimulation data of all targets. We 
performed meta-analyses to determine the overall effect on plaque size 
for every group in Comprehensive Meta-Analysis (CMA) software 
version 4. The standard mean difference (Hedges g) and 95 % confidence 
interval for plaque size between the experimental groups and control 
groups were calculated and subsequently pooled using the random effect 
model. The between study heterogeneity was estimated with I-squared 
(I2). We corrected for multiple use of the control group, by adjusting the 
sample size of the control group by dividing by the number of times the 
control group was used (Duque-Quintero et al., 2022).

2.6.2. Sensitivity analyses
To assess the robustness of our results, we performed sensitivity 

analyses for the IL-1β and IL-18 groups, because of the inclusion of the 
NLRP3 inflammasome and caspase-1 data in both groups. The sensitivity 
analyses comprised a comparison between analyses with and without 
the NLRP3 inflammasome and caspase-1 data to determine whether the 
additional data affects the effect on plaque size.

2.6.3. Sex subgroup analyses
To determine whether sex influenced therapeutic effects on lesion 

size, we envisioned two scenarios in which we would be able to perform 

a subgroup meta-analysis for sex. One scenario would require at least 
three independent studies in which the effects of therapy on lesion size 
was presented in both sexes. Another scenario required at least 10 
studies using male animals, and 10 studies using female animals. Sub
group analysis were envisioned for the second scenario. During sub
group analyses a common among-study variance component across 
subgroups was assumed. The subgroups (male and female) were com
bined using fixed effects model (Mulder et al., 2024).

2.7. Publication bias

Egger’s regression to identify the risk of small study effects was 
conducted for all outcomes containing a minimum of 15 independent 
studies. Because SMDs were used in meta-analyses, the precision esti
mate was adjusted (Zwetsloot et al., 2017).

3. Results

3.1. Study selection

Fig. 1 shows the flow chart of our study selection process. In brief; 
1744 references were screened by two independent reviewers. 62 papers 
(Abderrazak et al., 2015; Akita et al., 2017; Bhaskar et al., 2011; Bhat 
et al., 2015, 2018; Chen et al., 2012, 2022; Christersdottir et al., 2019; 
de Nooijer et al., 2004; Denes et al., 2012; Dragoljevic et al., 2020; 
Elhage et al., 1998; Fidler et al., 2021; Freigang et al., 2011; Fukumoto 
et al., 1997; Fuster et al., 2017; Gomez et al., 2018; Hettwer et al., 2022; 
Hohensinner et al., 2021; Imai et al., 2011; Janssen et al., 2015; Jia 
et al., 2023; Jin et al., 2022; Karnewar et al., 2024; Ku et al., 2022; Li 
et al., 2020a; 2020b, 2021; Liu et al., 2020, 2023; Luo et al., 2020a; 
2020b, 2021; Ma et al., 2023; Mallat et al., 2001; Meng et al., 2016; 
Orecchioni et al., 2022; Schuett et al., 2012; Schwarz et al., 2023; Shentu 
et al., 2021; Shimokawa et al., 1996, 2001; Spartalis et al., 2021; Takeda 
et al., 2006; Tenger et al., 2005; Tian et al., 2020; Tissot et al., 2013; 
Tous et al., 2006; Traughber et al., 2023; van der Heijden et al., 2017; 
Vromman et al., 2019; Wan et al., 2019; Wang et al., 2020; Wen et al., 
2021; Whitman et al., 2002; Wu et al., 2022; Xie et al., 2021; Xu et al., 
2021, 2023; Yalcinkaya et al., 2023; Zhang et al., 2012; Zhao et al., 
2020) were included in the systematic review, of which 47 papers were 
included in the meta-analyses (Fig. 1). Three comparisons from three 
different papers (Liu et al., 2020, 2023; Orecchioni et al., 2022) were not 
included in the systematic review, because in these mouse models gene 
modifications potentially interfered with the pathways we aimed to 
investigate.

3.2. Study characteristics

The study characteristics of the experiments described in the 62 
selected papers are displayed in Supplementary Table 4. The first papers 
were published in 1996 and 1997 (Fig. 2A), both describing IL-1β tar
geting studies in pigs. Most of the included papers were published in 
2020 (Fig. 2A). In 94 % of the papers, mice were used as model for 
atherosclerosis, in 5 % of the papers pigs and in 2 % rabbits (Fig. 2B). 
Most of the papers (63 %) used only male animals and 14 % used only 
females for comparisons with specified sex. In two papers both males 
and females were used separately, while in 6 % of the papers, the groups 
consisted of a mix of males and females. In 13 %, the sex of the animals 
was not reported (Fig. 2C).

3.2.1. Characteristics of papers included in overall meta-analyses
47 papers presented all data needed regarding plaque size and were 

suitable to be included in the overall meta-analyses (Fig. 1). In these 
papers only mice were used (Fig. 3). For most of the papers, for which 
the age of the mice at outcome assessment was available, mouse age fell 
in the category “16 up to and including 23 weeks” (58 %). Three 
different mouse strains were used in the papers, with the Apoe− /− mice 
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Fig. 1. Flowchart of the record selection process. Illustration of the steps for the selection of relevant studies (Page et al., 2021a,b).

Fig. 2. Publication period of the included papers and species and sex used. A. The number of papers per publication year. The percentage of papers per B. 
species and C. sex.
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being most abundantly applied (80 % of the papers), followed by the 
Ldlr− /− mice (18 % of the papers). Since we were interested in IL-1, IL-6 
and IL-18 signaling, we defined which cytokine or cytokine receptor was 
targeted in the papers. In most papers (39 %), IL-1β was targeted, fol
lowed by IL-18 (33 %). As IL-1 and IL-18 both originate from the 
Interleukin-1 cytokine family, we report the outcomes of IL-18 in
terventions directly after IL-1 interventions. In addition, some of the 
papers describe more than one experiment or multiple experimental 
groups of interest for our analyses. We therefore extracted the individual 
experimental data per group, resulting in a total of 73 comparisons that 
were obtained from the included papers for the overall analyses.

3.2.2. Characteristics of papers included meta-analyses regarding sex
Sex of the animals was specified in 41 papers of the 47 included in 

our meta-analyses. Of these 41 papers, 80 % used only male mice (n =
33), 15 % only female mice (n = 6) and 5 % used both (n = 2) sexes 
separately in the specified comparisons (Fig. 4A). In most of the papers, 
for which the age at outcome assessment was available, the age range 
was “16 up to and including 23 weeks” (55 %) and Apoe− /− mice were 
mainly used (80 %). Also, in this subset of papers, IL-1β (38 %) was most 
often targeted, followed by IL-18 (33 %). In Fig. 4B, we also specified the 
information on study characteristics per sex.

3.3. Reporting quality and risk of bias

The reporting quality (Fig. 5A) and the risk of bias (Fig. 5B) were 
assessed in all papers included in this systematic review. The detailed 
assessments are shown in Supplementary Table 5 and 6 Regarding the 
reporting quality, 47 % of the papers mentioned some form of 
randomization in the experiments, which entailed randomization of 
treatment groups or of treatment sites. In addition, 44 % described some 
form of experiment blinding. Only four papers reported a power/sample 
size calculation. A conflict of interest statement was reported in 74 % of 
the papers. None of the papers mentioned a prespecified/preregistered 
animal study protocol (Fig. 5A).

The risk of bias assessment showed that in only one paper a clear and 
adequate allocation sequence generation and application was described 
(Fig. 5B). The baseline characteristics age, sex and animal strain were 
generally well described and did not pose a risk of bias in 77 % of the 
papers. In only one of the papers allocation sequence concealment was 
specified, as in this paper group assignment was mentioned to be non- 
randomized and non-blinded. 92 % of the papers did not mention 
random housing of the animals during the experiment and 79 % did not 
mention whether the caregivers/investigators were adequately blinded 

during the experiment. Furthermore, it was not mentioned in any of the 
papers whether the outcome assessment was performed in a random 
fashion and 58 % did not mention blinding of outcome assessment. 
Incomplete outcome data was adequately addressed in 24 % of the pa
pers and 85 % of the papers did not selectively report outcome data. In 
19 % of the papers additional risks of bias were detected. For example, 
one paper (Bhaskar et al., 2011) compared a single concentration of a 
control antibody to multiple concentrations of the treatment antibody. 
Meng and colleagues (Meng et al., 2016) did not include an experi
mental method of the in vivo antibody treatment, only which antibodies 
were used, and not of the plaque staining analysis. As a last example, Xu 
et al. (2023) described an n-value of 3, which is very limited for 
atherosclerosis experiments (Daugherty et al., 2017).

3.4. Meta-analyses

The extracted outcome data is presented in Supplementary Table 7. 
Meta-analyses results are presented in Table 1 per cytokine modulation 
group. Direct inhibition of IL-1α led to a significantly smaller plaque 
size. No data was available regarding indirect inhibition, nor direct and 
indirect stimulation of IL-1α. Direct and indirect inhibition of IL-1β 
significantly decreased plaque size and direct stimulation seems to in
crease plaque size, although this dataset contained only one study. In
direct stimulation of IL-1β did not significantly affect plaque size. Plaque 
size significantly decreased after direct and indirect inhibition of the IL- 
1R. No data regarding stimulation of the IL-1R was available. IL-18 in
hibition (both direct and indirect) significantly decreased plaque size 
and direct and indirect stimulation of IL-18 significantly increased pla
que size. Finally, direct and indirect inhibition of IL-6 resulted in 
significantly smaller plaques. Remarkably, direct stimulation of IL-6 also 
significantly decreased plaque size, but again here, this dataset con
tained only one comparison. There was no data on indirect IL-6 stimu
lation. Regarding the IL-6R, there was only one comparison 
investigating the effect of direct inhibition, but this did not induce a 
significant effect on plaque size. No data regarding indirect inhibition of 
Il-6R or IL-6R stimulation was available. The overall meta-analysis for 
all comparisons investigating the effect of inhibition showed that plaque 
size significantly decreased upon inhibition as indicated by a negative 
standardized mean difference (-1.5 [-1.8 to -1.2]), where a value of 
0 would indicate no difference in effect. All comparisons investigating 
the effect of stimulation, showed an increase in lesion size increased 
after stimulation of the pathways (1.2 [0.3 to 2.1]) (Table 1). Together, 
these data illustrate a pro-atherogenic effect of these cytokines, with 
therapeutic efficacy upon inhibiting these cytokine pathways.

Fig. 3. Study characteristics of the papers included in the meta-analyses. The percentage of papers per A. age at outcome assessment category, B. mouse strain 
and C. target.

L. Delfos et al.                                                                                                                                                                                                                                   European Journal of Pharmacology 1008 (2025) 178336 

5 



3.4.1. Sensitivity analyses
Treatments targeting the NLRP3 inflammasome or caspase-1 can 

affect both the IL-1β and IL-18 pathway and were therefore included in 
both these treatment groups. To determine whether the NLRP3 inflam
masome and caspase-1 data affects the effect estimate of the IL-1β and 

IL-18 groups, sensitivity analyses were performed excluding the NLRP3 
inflammasome and caspase-1 comparisons (Table 2). In general, our 
analyses seem robust and nearly all effects remain the same, suggesting 
that efficacy of such interventions provide similar outcomes as direct IL- 
1β and IL-18 interventions. The only difference was the effect of IL-1β 

Fig. 4. Study characteristics of the meta-analyses papers with specified animal sex. A. The percentage of papers per sex category, age at outcome assessment 
category, mouse strain and target. B. The percentage of papers for male (left) and female (right) mice per age category, mouse strain and target.
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indirect stimulation. However, it has to be taken into account that the 
sensitivity analysis of IL-1β indirect stimulation was based on one single 
study.

3.4.2. The effect of sex
To determine the effect of the sex on lesion size we envisioned two 

scenarios (see methods). Regarding scenario 1; only two studies inves
tigated the difference between the sexes. As a consequence, no formal 
meta-analysis is conducted. The first study, by Elhage et al. described a 
significant difference between males and females in the combined effect 
of multiple treatments on the lesion size, including an IL-1 receptor 
antagonist (IL-1ra). For IL-1ra a significantly smaller lesion size was 
described for both males and females. However, the authors did not 
formally assess the difference between sexes for this specific treatment 
separately (Elhage et al., 1998). The second study, by Traughber et al. 
mentioned that the lesion size was ~50 % smaller upon treatment in 
both male and female mice, but no formal assessment of the difference 
between males and females was provided (Traughber et al., 2023). The 
forest plot with these two studies is shown in Fig. 6.

The second scenario we envisioned were subgroup analyses 
regarding sex. The two studies investigating both males and females 
separately (Elhage et al., 1998; Traughber et al., 2023) were included in 
the subgroup analysis. Only the three groups “IL-1β inhibition indirect”, 
“IL-18 inhibition indirect” and “inhibition total” had male subgroups 
that were large enough for formal subgroup analyses (Supplementary 
Table 8). For males the plaque size was significantly smaller upon 
inhibitory treatment, indicated by the negative SMD ± CI95 %, which 
was similar to the overall effect (Table 3). The number of studies 
investigating IL-6/IL-6R interventions was too low for subgroup 
analyses.

In the forest plots in Fig. 7, the Hedge’s g values and confidence 
intervals are displayed, which show that the inhibitory intervention 
studies generally show reduced lesion size upon treatment, indicated by 
the negative Hedge’s g values (those below 0). Although the number of 

studies in the subgroup of females was too low to reliably interpret the 
subgroup effect, visual inspection of the forest plots suggested no dif
ference in effect size between females and males, as the confidence in
tervals of the studies conducted in females completely overlap with the 
studies conducted in males (Fig. 7A and B).

3.5. PB analysis

The risk of potential publication bias could only be assessed for in
direct inhibition of IL-1β (n = 16) and IL-18 (n = 16) and for inhibition 
total (n = 39). There was no evidence for publication bias according to 
Egger’s regression test (indirect inhibition of IL-1β: p = 0.57, indirect 
inhibition of IL-18: p = 0.57 and total inhibition: p = 0.64).

4. Discussion

In this systematic review, we aimed to assess experimental animal 
sex in atherosclerosis studies with (anti-)inflammatory therapeutics and 
determine whether the sex of the animal is an important variable to be 
included in such in vivo atherosclerosis studies. To do so, we specifically 
focused on literature investigating the modulation of IL-1, IL-18 and IL-6 
cytokine signaling in atherosclerotic animal models with atherosclerotic 
plaque size as main read-out. These inflammatory pathways were 
selected as they are of interest for clinical development to reduce the 
inflammatory cardiovascular risk upon lipid-lowering therapy. We here 
show, by including papers up to the end of 2023, that inhibition of these 
cytokine signaling pathways collectively reduced aortic plaque devel
opment in atherosclerotic mice. Subgroup analyses for the combined 
inhibition data showed a similar result in male mice. For female mice, no 
formal analyses could be conducted due to limited number of studies, 
however, visual inspection of the forest plot suggests no significant 
differences in effect between males and females.

In this systematic review, atherosclerotic plaque size was initially 
analyzed per cytokine or receptor, and in a second phase, the inhibitory 

Fig. 5. Risk assessments of the 62 included papers. A. Reporting quality assessment results presented as the percentage of papers that did (blue) or did not 
(orange) report the specific component of the total included papers. B. Risk of bias assessment results displayed as the percentage of papers in which the specific 
component scores a high risk (red), unclear risk (yellow) and low risk (green) as a percentage of all papers. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.)
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interventions, and respectively the stimulating strategies were com
bined. In general, we show that inhibition of the pro-inflammatory cy
tokines significantly decreased plaque size, and stimulation significantly 
increased plaque size. An exception was a study with direct stimulation 
of IL-6, which led to a significantly smaller plaque size. This outcome 
could be explained by the controversial role of IL-6 in atherosclerosis 
(Reiss et al., 2017).

Our results confirm the importance of IL-1, IL-18 and IL-6 signaling 
in atherosclerosis and support the development of such anti- 
inflammatory therapies for human application. Strengthening this 
conclusion is the relevance of these studies to human disease, as in the 
CANTOS trial the recurrence of cardiovascular events was reduced upon 
anti-IL-1β treatment (Ridker et al., 2017), and in the RESCUE trial 
treatment of high cardiovascular risk patients with an anti- IL-6 anti
body lowered, hsCRP (Ridker et al., 2021). Although plaque measure
ments were not an endpoint in these clinical trials, plaque burden is 
shown to be a predictor of cardiovascular events in patients (Erlinge 
et al., 2021; McPherson et al., 2012; Stone et al., 2011; Vergallo et al., 
2025). Therefore, the outcome parameter in this systematic review, 
plaque size, is an important aspect in the translation to human disease, 
but it is important to note that plaque composition aids in defining 
whether a plaque is high-risk. In future systematic review studies on 
inflammatory therapies in animal models of atherosclerosis, plaque 
composition would be a useful addition to the outcome parameters.

The aim of this study was to explore potential sex differences in 
therapeutic efficacy of targeting IL-1, IL-18 and IL-6 cytokine pathways 
in preclinical atherosclerosis models, which would provide knowledge 
on which sex to include in such studies or whether animal sex can be 
excluded as a variable. Surprisingly, studies using female mice were very 
limited as evident from our analysis, and mainly male mice were used 
for the included studies, at least in papers up to the end of 2023. The 
observations from our subgroup analyses show that therapeutic efficacy 
is highly significant in male mice, rendering the male mouse a valid 
model for such studies. From the limited number of studies with female 

mice, therapeutic efficacy seemed similar as compared to male mice, 
however due to the lack of power we cannot formally conclude this. In 
general, animal atherosclerosis studies are mostly performed in either 
male or female animals. Studies conducted in both sexes rarely contain a 
statistical test to determine whether sex is an independent variable (Man 
et al., 2020). To enable formal tests on sex differences, we recommend 
scientists to include both males and females in their studies, and assess 
the difference between the sexes. In our review, we only found two 
studies that used both male and females separately (Elhage et al., 1998; 
Traughber et al., 2023), but neither formally assessed the difference in 
effect on lesion size between males and females for our treatment of 
interest. Previously, male mice were shown to have more inflamed, but 
smaller lesions compared to females (Man et al., 2020). These differ
ences strengthen our recommendation to use both sexes in mice studies 
to enable the establishment of sex effects in anti-inflammatory studies, 
in line with the ARRIVE guidelines as well as the recommendations from 
the American Heart Association (Daugherty et al., 2017). These differ
ences in inflammation, also shows the importance of inclusion of addi
tional plaque components as outcome parameters in future systematic 
reviews.

This is the first systematic review in the field investigating animal sex 
in studies assessing the efficacy of preclinical anti-inflammatory treat
ments. Our main conclusions are based on studies in which 55 % of the 
mice were 16–23 weeks old and 29 % 24–36 weeks. Mice are defined 
mature adult in the age range from 3 to 6 months, middle aged from 10 
to 15 months, old from 18 to 24 months and very old over 24 months. 
Thus, our conclusions are based on relatively young mice. Man et al. 
summarized that in general, female Apoe− /− and Ldlr− /− mice have 
larger plaques compared to male mice this comprises for Apoe− /− in the 
aortic root through 6 months age, in the whole aorta of 4–12 months old 
on a normal chow diet, and for Ldlr− /− in the aortic root and whole aorta 
through 6 months of age (Man et al., 2020). However, there are some 
exceptions (Man et al., 2020). A number of studies show a similar plaque 
size for 1–15 months male and female Apoe− /− mice on a normal chow 

Table 1 
Overall direction of effect on plaque size upon modulation of IL-1, IL-18, IL-6 or their receptors. Meta-analyses results for every target group, including the data 
of inhibition of all targets (inhibition total) or the data of stimulation of all targets (stimulation total). Number (N) of studies, N of comparisons, overall effect on plaque 
size (standardized mean difference (SMD) ± 95 % confidence interval (CI95 %)) and I2 are presented per group.

Cytokine signaling target N studies N comparisons Overall effect (SMD ± CI95 %) I2

IL-1α inhibition direct 3 4 − 1.4 [− 2.4 to − 0.4] 80
IL-1α inhibition indirect 0 0 – –
IL-1α stimulation direct 0 0 – –
IL-1α stimulation indirect 0 0 – –

IL-1β inhibition direct 7 12 − 0.5 [− 0.9 to − 0.1] 51
IL-1β inhibition indirect 16 24 − 2.2 [− 2.7 to − 1.6] 77
IL-1β stimulation direct 1 1 5.0 [2.8 to 7.3] 0
IL-1β stimulation indirect 2 3 2.0 [− 0.1 to 4.1] 91

IL-1R inhibition direct 8 13 − 1.0 [− 1.6 to − 0.5] 71
IL-1R inhibition indirect 1 1 − 1.4 [− 2.5 to − 0.2] 0
IL-1R stimulation direct 0 0 – –
IL-1R stimulation indirect 0 0 – –

IL-18 inhibition direct 1 1 − 0.8 [− 1.5 to − 0.1] 0
IL-18 inhibition indirect 16 24 − 2.2 [− 2.7 to − 1.6] 77
IL-18 stimulation direct 4 6 0.9 [0.2 to 1.6] 68
IL-18 stimulation indirect 1 2 0.7 [0.0 to 1.4] 27

IL-6 inhibition direct 1 3 − 2.0 [− 3.2 to − 0.7] 68
IL-6 inhibition indirect 3 3 − 4.5 [− 6.4 to − 2.7] 52
IL-6 stimulation direct 1 1 − 2.5 [− 4.0 to − 1.0] 0
IL-6 stimulation indirect 0 0 – –

IL-6R inhibition direct 1 1 0.4 [− 0.4 to 1.1] 0
IL-6R inhibition indirect 0 0 – –
IL-6R stimulation direct 0 0 – –
IL-6R stimulation indirect 0 0 – –

Inhibition total 39 62 − 1.5 [− 1.8 to − 1.2] 78
Stimulation total 8 11 1.2 [0.3 to 2.1] 86
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diet in the whole aorta (Champagne et al., 2009; Jeon et al., 2010; Liu 
et al., 2016; Maier et al., 2017; Marek et al., 2017; Matsumoto et al., 
2016) and some studies show that 3–8 months male Apoe− /− mice have 
larger lesions in the whole aorta than females on a normal chow diet (Liu 
et al., 2016; Zhang et al., 2018). Apoe− /− mice, up to 22 weeks of age and 
on an atherogenic diet have similar plaques in male and female whole 
aortas. However, in some studies with a long duration of an atherogenic 
diet male Apoe− /− mice of 6 or 12 months old had larger lesions than 
females (Chiba et al., 2011; Tangirala et al., 1995). For studies using 
Ldlr− /− mice, there are some exceptions as well. One study using 6 
months old male mice showed larger lesions in the descending aorta 
compared to female mice after 5 months of an atherogenic diet (Parks 
et al., 2006). In a similar study, one-year-old males had larger lesions 
compared to females in the whole aorta after 6 months of an atherogenic 
diet (Tangirala et al., 1995). Smit et al. showed that the lesion size in the 
aortic root of 22 months old Ldlr− /− mice was similar in males and fe
males (Smit et al., 2024). Overall, the age of the mice should be taken 
into account when considering the exclusion of sex as a variable.

Table 2 
Sensitivity analysis for IL-1β and IL-18. The NLRP3 inflammasome and caspase-1 comparisons described in the right part of the table are included in the meta- 
analyses, but not in the sensitivity analyses of the IL-1β and IL-18 groups. Number (N) of studies (stu), N of comparisons (com), overall effect on plaque size (stan
dardized mean difference (SMD) ± 95 % confidence interval (CI95 %)) and I2 are presented for the analyses.

Cytokine signaling 
target

Meta-analysis Sensitivity analysis NLRP3 inflammasome and caspase-1 
comparisons included in IL-1β and IL-18 
meta-analyses

N 
stu

N 
com

Overall effect (SMD ±
CI95 %)

I2 N 
stu

N 
com

Overall effect (SMD ±
CI95 %)

I2 Cytokine signaling 
target

N 
stu

N 
com

IL-1β inhibition 
direct

7 12 − 0,5 [− 0,9 to − 0,1] 51 7 12 − 0,5 [− 0,9 to − 0,1] 51 NLRP3 inflammasome 
inhibition direct

0 0

IL-1β inhibition 
indirect

16 24 − 2,2 [− 2,7 to − 1,6] 77 0 0 – – NLRP3 inflammasome 
inhibition indirect

14 19

IL-1β stimulation 
direct

1 1 5,0 [2,8 to 7,3] 0 1 1 5,0 [2,8 to 7,3] 0 NLRP3 inflammasome 
stimulation direct

0 0

IL-1β stimulation 
indirect

2 3 2,0 [− 0,1 to 4,1] 91 1 1 5,3 [3,3 to 7,2] 0 NLRP3 inflammasome 
stimulation indirect

1 2

IL-18 inhibition 
direct

1 1 − 0,8 [− 1,5 to − 0,1] 0 1 1 − 0,8 [− 1,5 to − 0,1] 0 Caspase-1 inhibition 
direct

0 0

IL-18 inhibition 
indirect

16 24 − 2,2 [− 2,7 to − 1,6] 77 0 0 – – Caspase-1 inhibition 
indirect

2 5

IL-18 stimulation 
direct

4 6 0,9 [0,2 to 1,6] 68 4 6 0,9 [0,2 to 1,6] 68 Caspase-1 stimulation 
direct

0 0

IL-18 stimulation 
indirect

1 2 0,7 [0,0 to 1,4] 27 0 0 – – Caspase-1 stimulation 
indirect

0 0

Fig. 6. Forrest plot for plaque size of studies that investigated both males and females. The numbers are the Hedges’s g, standard error and the lower and upper 
limit of the 95 % confidence interval (=CI95 %). The diamond indicates the overall pooled effect (Elhage et al., 1998; Traughber et al., 2023).

Table 3 
Male subgroup analyses for plaque size upon cytokine signaling inhibi
tion. Number (N) of studies and comparisons, overall effect on plaque size 
(standardized mean difference (SMD) ±95 % confidence interval (CI95 %)) per 
sex, I2 are presented.

Cytokines 
signaling target

Sex N 
studies

N 
comparisons

Effect (SMD 
± CI95 %)

I2

IL-1β/IL-18 
inhibition 
indirect

Overall 16 22 − 2,2 [− 2,7 
to − 1,6]

77

Females 2 3 Not calculated

Males 12 15 − 2,3 [− 3,0 
to − 1,6]

74

Inhibition total Overall 39 62 − 1,5 [− 1,8 
to − 1,2]

78

Females 7 10 Not calculated

Males 28 42 − 1,6 [− 1,9 
to − 1,2]

79
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To account for the inclusion of NLRP3 inflammasome and caspase-1 
targeting in both IL-1β and IL-18 groups for meta-analyses, we per
formed sensitivity analyses. These indicated that our results were robust 
and our overall conclusions were not affected. In addition, analyses of 

between-study heterogeneity revealed moderate to severe levels. Het
erogeneity is expected in animal research due to the often-exploratory 
approach, meaning some of it is intentionally induced. To address 
this, we applied a random effects model, and examined potential causes 

Fig. 7. Forrest plot for plaque size for the groups with enough studies for a male subgroup analysis. A. For the IL-1β or IL-18 signaling inhibition group. B. For 
the total cytokine signaling inhibition group. The numbers are the Hedges’s g, standard error and the lower and upper limit of the 95 % confidence interval (= CI95 

%). The diamonds indicate the pooled effect of the male subgroup and overall.
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Fig. 7. (continued).
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of heterogeneity through subgroup analyses regarding sex. Unfortu
nately, the number of studies using females was too low to formally 
assess. Furthermore, in this systematic review only studies using mice 
were identified. Whether the effects are similar in other species remains 
unclear, however the number of atherosclerosis studies in other animal 
models is very limited. Overall, most of the animal studies that we 
included failed to report a number of important study details, hampering 
risk of bias analyses. While this is common in the field, the lack of 
reporting on important methodological details suggests a certain degree 
of neglect of methods designed to reduce bias, potentially leading to 
skewed results and severely hindering the ability to draw reliable con
clusions from the included animal studies.

5. Conclusion

All together, we show that inhibition of the cytokine signaling 
pathways of IL-1, IL-6 and IL-18 collectively reduced aortic plaque 
development in atherosclerotic mice, which was predominantly studied 
in male mice. Our analyses into sex differences suggest no difference 
between males and females, although we could not formally test this due 
to the limited number of studies in the female subgroup. More studies 
using female animals in this research area are thus needed.
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Hagen, M.W., López, J.A., Lindner, J.R., 2021. Echocardiographic molecular imaging 
of the effect of anti-cytokine therapy for atherosclerosis. J. Am. Soc. Echocardiogr. 
34, 433–442. https://doi.org/10.1016/j.echo.2020.11.012.ECHOCARDIOGRAPHIC.

Shimokawa, H., Ito, A., Fukumoto, Y., Kadokami, T., Nakaike, R., Sakata, M., 
Takayanagi, T., Egashira, K., Takeshita, A., 1996. Chronic treatment with 
interleukin-1β induces coronary intimal lesions and vasospastic responses in pigs in 
vivo - the role of platelet-derived growth factor. J. Clin. Investig. 97, 769–776. 
https://doi.org/10.1172/JCI118476.

Shimokawa, H., Morishige, K., Miyata, K., Kandabashi, T., Eto, Y., Ikegaki, I., Asano, T., 
Kaibuchi, K., Takeshita, A., 2001. Long-term inhibition of rho-kinase induces a 
regression of arteriosclerotic coronary lesions in a porcine model in vivo. Cardiovasc. 
Res. 51, 169–177. https://doi.org/10.1016/S0008-6363(01)00291-7.

Shiomi, M., Ito, T., Yamada, S., Kawashima, S., Fan, J., 2003. Development of an animal 
model for spontaneous myocardial infarction (WHHLMI rabbit). Arterioscler. 
Thromb. Vasc. Biol. 23, 1239–1244.

Smit, V., de Mol, J., Kleijn, M.N.A.B., Depuydt, M.A.C., de Winther, M.P.J., Bot, I., 
Kuiper, J., Foks, A.C., 2024. Sexual dimorphism in atherosclerotic plaques of aged 
Ldlr− /− mice. Immun. Ageing 21, 1–15. https://doi.org/10.1186/s12979-024- 
00434-3.

Spartalis, M., Siasos, G., Mastrogeorgiou, M., Spartalis, E., Kaminiotis, V.V., Mylonas, K. 
S., Kapelouzou, A., Kontogiannis, C., Doulamis, I.P., Toutouzas, K., Nikiteas, N., 
Iliopoulos, D.C., 2021. The effect of per os colchicine administration in combination 
with fenofibrate and N-acetylcysteine on triglyceride levels and the development of 
atherosclerotic lesions in cholesterol-fed rabbits. Eur. Rev. Med. Pharmacol. Sci. 25, 
7765–7776. https://doi.org/10.26355/eurrev_202112_27623.

Stone, G.W., Maehara, A., Lansky, A.J., de Bruyne, B., Cristea, E., Mintz, G.S., 
Mehran, R., McPherson, J., Farhat, N., Marso, S.P., Parise, H., Templin, B., White, R., 
Zhang, Z., Serruys, P.W., 2011. A prospective natural-history Study of coronary 

atherosclerosis. N. Engl. J. Med. 364, 226–235. https://doi.org/10.1056/ 
nejmoa1002358.

Takeda, N., Manabe, I., Shindo, T., Iwata, H., Iimuro, S., Kagechika, H., Shudo, K., 
Nagai, R., 2006. Synthetic retinoid Am80 reduces scavenger receptor expression and 
atherosclerosis in mice by inhibiting IL-6. Arterioscler. Thromb. Vasc. Biol. 26, 
1177–1183. https://doi.org/10.1161/01.ATV.0000214296.94849.1c.

Tangirala, R.K., Rubin, E.M., Palinski, W., 1995. Quantitation of atherosclerosis in 
murine models: correlation between lesions in the aortic origin and in the entire 
aorta, and differences in the extent of lesions between sexes in LDL receptor-deficient 
and apolipoprotein E-deficient mice. JLR (J. Lipid Res.) 36, 2320–2328. https://doi. 
org/10.1016/s0022-2275(20)39713-3.

Tenger, C., Sundborger, A., Jawien, J., Zhou, X., 2005. IL-18 accelerates atherosclerosis 
accompanied by elevation of IFN-γ and CXCL16 expression independently of T cells. 
Arterioscler. Thromb. Vasc. Biol. 25, 791–796. https://doi.org/10.1161/01. 
ATV.0000153516.02782.65.

Tian, Y., Ling, X.-Y., Chen, D.-L., Zhang, X.-Q., Qiu, C.-M., 2020. Interleukin-36 receptor 
antagonist attenuates atherosclerosis development by inhibiting NLRP3 
inflammasome. J. Cell. Physiol. 235, 9992–9996. https://doi.org/10.1002/ 
jcp.29813.

Tissot, A.C., Spohn, G., Jennings, G.T., Shamshiev, A., Kurrer, M.O., Windak, R., 
Meier, M., Viesti, M., Hersberger, M., Kündig, T.M., Ricci, R., Bachmann, M.F., 2013. 
A VLP-based vaccine against interleukin-1α protects mice from atherosclerosis. Eur. 
J. Immunol. 43, 716–722. https://doi.org/10.1002/eji.201242687.
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