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Abstract 

Multiple Sclerosis (MS) is a complex autoimmune disorder that significantly impacts the central nervous system, lead‑
ing to a range of complications. While intracranial haemorrhage (ICH) is a rare but highly morbid complication, more 
common CNS complications include progressive multifocal leukoencephalopathy (PML) and other CNS infections. 
This severe form of stroke, known for its high morbidity and mortality rates, presents a critical challenge in the man‑
agement of MS. The use of disease‑modifying drugs (DMDs) in treating MS introduces a nuanced aspect to patient 
care, with certain medications like Dimethyl Fumarate and Fingolimod showing potential in reducing the risk of ICH, 
while others such as Alemtuzumab and Mitoxantrone are associated with an increased risk. Understanding the intri‑
cate relationship between these DMDs, the pathophysiological mechanisms of ICH, and the individualised aspects 
of each patient’s condition is paramount. Factors such as genetic predispositions, existing comorbidities, and lifestyle 
choices play a crucial role in tailoring treatment approaches, emphasising the importance of a personalised, vigilant 
therapeutic strategy. The necessity for ongoing and detailed research cannot be overstated. It is crucial to explore 
the long‑term effects of DMDs on ICH occurrence and prognosis in MS patients, aiming to refine clinical practices 
and promote patient‑centric, informed therapeutic decisions. This approach ensures that the management of MS 
is not only comprehensive but also adaptable to the evolving understanding of the disease and its treatments.

Keywords Multiple sclerosis, Intracerebral haemorrhage, Disease‑modifying drugs, Neurological complications, 
Blood–brain barrier, Neuroinflammation, Pharmacotherapy in MS, CNS immunity

Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, which 
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory 
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this 
licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/. The Creative Commons Public Domain Dedication waiver (http:// creat iveco 
mmons. org/ publi cdoma in/ zero/1. 0/) applies to the data made available in this article, unless otherwise stated in a credit line to the data.

European Journal
of Medical Research

*Correspondence:
Wireko Andrew Awuah
andyvans36@yahoo.com
1 School of Medicine, University of Glasgow, Glasgow, UK
2 Faculty of Medicine, Sumy State University, Sumy 40007, Ukraine
3 School of Medicine, Queen’s University Belfast, Belfast, UK
4 Department of Neurosurgery, Trivandrum Medical College, 
Thiruvananthapuram, India
5 Nova Southeastern University Dr. Kiran C Patel College of Allopathic 
Medicine, Davie, FL, USA
6 Faculty of Medicine, University of St Andrews, St. Andrews, Scotland, UK
7 DOW Medical College, DOW University of Health Sciences (DUHS), 
Baba‑E‑Urdu Road, Karachi, Pakistan
8 MGM Medical College Navi, Mumbai, Maharashtra, India

9 Department of Neurosurgery, Hannover Medical School, 
Carl‑Neuberg‑Strasse 1, 30625 Hannover, Germany

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s40001-024-01945-x&domain=pdf


Page 2 of 13Ou Yong et al. European Journal of Medical Research          (2024) 29:344 

Introduction
Multiple sclerosis (MS) is a chronic autoimmune inflam-
matory disorder of the central nervous system (CNS) that 
can lead to neurological defects and severe incapacita-
tion [1]. With a global prevalence of 2.8 million, it is the 
most common debilitating neurological disease among 
young adults, with symptoms beginning around the ages 
of 20–40 [2, 3]. Notably, MS is a challenging diagnosis, 
as symptoms may vary depending on the severity of the 
inflammatory reaction as well as the location of CNS 
lesions. Possible neurological symptoms include vision 
impairment, focal weakness, paraesthesia, incontinence, 
and cognitive dysfunction. In addition to the diversity of 
symptoms, it is common for MS patients to have other 
comorbid conditions, such as autoimmune conditions 
like inflammatory bowel disease and rheumatoid arthri-
tis, and less commonly, strokes [4].

Intracerebral haemorrhage (ICH), characterised 
by bleeding into the brain parenchyma, is the second 
most common cause of strokes [5]. Spontaneous cer-
ebrovascular haemorrhage has a poor prognosis, with 
approximately 50% of patients dying within 1  year, and 
cerebral amyloid angiopathy being the most common 
cause [6]. The most common cause of ICH is hyperten-
sion, but secondary causes include vascular malforma-
tions, aneurysms, chronic alcohol use, and medications 
that increase the risk of bleeding, such as warfarin and 
apixaban [7]. Risk factors such as hypertension (HTN), 
hyperlipidemia, and tobacco exposure are suggested to 
accelerate the progression of MS. However, these vascu-
lar risk factors are also tied to cerebrovascular diseases 
such as ICH. Compared to the general population, MS 
patients are at an increased risk of developing strokes [8]. 
A recent retrospective cohort study showed that 0.19% of 
MS patients experienced ICH. To put this in perspective, 
the general population experiences ICH at a rate of 24.6 
per 100,000 people each year, and it often leads to death 
[9, 10]. It is worth noting that MS patients face a higher 
risk of hemorrhagic strokes [8], which adds to the overall 
severity of their condition. This underscores the impor-
tance of prevention strategies, especially since there are 
limited treatment options available.

Recent MS treatments consist of DMD therapies, 
which are medications targeted to prevent relapses and 
progression to disability. This narrative review aims to 
synthesise the available evidence in the literature, high-
lighting the influence of various DMDs on the occur-
rence of ICH in MS patients and exploring their potential 
role in preventing such occurrences. The research delves 
into the anti-inflammatory properties of commonly pre-
scribed DMDs in MS management, examining how they 
may either contribute to or deter ICH. Additionally, this 
review discusses current practices and future directions 

to address the research gap, proposing strategies for 
incorporation into upcoming clinical practices.

Methodology
This narrative review focused on the occurrence of ICH 
associated with DMDs and their potential protective 
effect of DMDs against ICH in MS patients. A compre-
hensive literature search was systematically conducted 
using PubMed, EMBASE, Google Scholar, and the 
Cochrane Library, focusing on English-language stud-
ies with no timeline applied, encompassing randomised 
clinical trials (RCTs), meta-analyses, systematic reviews, 
observational studies, and case–control. Search terms 
like "disease-modifying drugs," "multiple sclerosis," and 
“intracranial haemorrhage” were used. A total of 25 
articles were included out of 86 articles identified. Fur-
thermore, a manual review of selected articles, reviews, 
meta-analyses, and practice guidelines was conducted. 
Abstracts and unpublished studies were excluded from 
the review. A summary of the methodology employed is 
presented in Fig. 1.

Pathophysiology of ICH in MS
The integrity of the blood–brain barrier (BBB) is cru-
cial for maintaining CNS equilibrium. However, in MS, 
inflammatory autoimmune responses break down the 
BBB, marked by the recruitment of lymphocytes, micro-
glia, and macrophages to lesion sites [11]. This exacer-
bates BBB permeability and facilitates further immune 
cell infiltration, fuelling the inflammatory cascade. Con-
sequently, leukocyte infiltration into the CNS modifies 
BBB permeability and induces inflammation by express-
ing inflammatory cytokines, reactive oxygen species 
(ROS), and enzymes [11]. Inflammatory mediators sig-
nificantly affect BBB integrity and the immune response. 
For instance, ICAM-1, stimulated by cytokines like TNF-
α, is an early marker of immune activation, correlating 
with BBB damage, cerebrospinal fluid (CSF) pleocytosis, 
and TNF-α levels in active MS [12]. Moreover, viruses 
and environmental pollutants can diminish immunity in 
genetically susceptible individuals and trigger the release 
of proinflammatory mediators such as IL-6 and NF-κB 
[13]. These factors accelerate changes in endothelial 
tight junctions, increasing BBB permeability and allow-
ing leukocyte migration into the brain parenchyma. This 
disruption of the BBB plays a critical role in the patho-
physiology of ICH in MS patients.

Chronic inflammation in MS can also induce angio-
genesis. While angiogenesis is a natural response to tis-
sue injury and inflammation, in the context of MS, it 
could form abnormal and fragile blood vessels [14]. These 
newly formed vessels often lack the structural integ-
rity of normal vasculature, making them more prone to 
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rupture. Additionally, the process of vascular remodelling 
in MS includes the thickening and stiffening of existing 
vessel walls due to fibrosis [15]. This, combined with the 
disruption of the BBB, could result in increased vascular 
resistance and hypertension within the CNS. Both condi-
tions are recognised risk factors for haemorrhage, as the 
heightened pressure and structural weakness make the 
vessels more susceptible to rupture under stress.

Furthermore, vasculitis could also occur in the context 
of MS [15]. This condition further exacerbates the risk of 
ICH by weakening the structural integrity of the blood 

vessels. Inflammatory vasculitis involves immune-medi-
ated damage to the blood vessel walls, which could lead 
to their thinning and increased fragility [16]. The com-
promised vessels are at a higher risk of rupture, especially 
in the dynamic environment of the CNS where blood 
flow and pressure can fluctuate significantly. As a result, 
vasculitis in MS patients can create a direct pathway to 
haemorrhagic events, compounding the already elevated 
risks due to other inflammatory and structural changes in 
the vasculature. Figure 2 summarises the complex patho-
physiology of ICH in patients with MS.

Fig. 1 Prisma flow diagram
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Role of DMDs on ICH in MS patients
Various DMDs have been used in the treatment of MS, 
including Interferon (IFN) beta, Fingolimod, Alemtu-
zumab, Mitoxantrone (MX), Natalizumab, Siponimod, 
Dimethyl fumarate, and Ozanimod. Research indicates 
that certain DMDs, such as dimethyl fumarate, ozani-
mod, fingolimod, and siponimod, have been associated 
with a lower risk of ICH in MS patients. Conversely, 

DMDs like Alemtuzumab, Mitoxantrone, Natalizumab, 
and IFN-beta have been associated with increased risk of 
ICH in individuals with MS.

Other alternative DMDs used to treat MS, such as 
Glatiramer acetate, Daclizumab, Teriflunomide, Fingoli-
mod, Rituximab, Siponimod, Dimethyl Fumarate, and 
Ocrelizumab, have adverse effects, but there have been 
no recorded incidences of ICH in MS patients. Some of 

Fig. 2 Pathophysiology of Intracerebral Haemorrhage in Multiple Sclerosis Patients. ICH Intracerebral haemorrhage, BBB Blood–brain barrier, CSF 
Cerebrospinal fluid, ICAM‑1 Intercellular adhesion molecule 1, TNF-α Tumour necrosis factor alpha, T cells: T Lymphocytes, B cells: B Lymphocytes, 
ROS Reactive oxygen species, IL-6 Interleukin 6, NF-κB Nuclear factor kappa‑light‑chain‑enhancer of activated B cells



Page 5 of 13Ou Yong et al. European Journal of Medical Research          (2024) 29:344  

these drugs have been associated with bleeding issues, 
but notably, no intracranial bleeding has been reported. 
For example, Glatiramer acetate is an immunomodula-
tory drug for treating RRMS. One report describes a case 
where a patient developed refractory immune thrombo-
cytopenic purpura (ITP) 2  months after starting Glati-
ramer acetate for MS [17]. During her hospital stay, the 
patient experienced transient episodes of vaginal, oral, 
skin, and gastrointestinal bleeding.

DMDs with potential protective effect against ICH in MS 
patients
The anti-inflammatory properties of DMDs have been 
shown to reduce the occurrence of certain diseases, par-
ticularly the occurrence of ICH in MS patients, through 
various mechanisms. A retrospective cohort study done 
by Zulfiqar et al. showed that DMD could have a protec-
tive effect against ICH in MS patients. This effect was 
shown to persist even after adjusted analyses for poten-
tial confounders like lifestyle factors and comorbidities 
[9]. An in-depth review of the mechanisms of action of 
the various DMDs will allow us to understand the neu-
roprotective and neuro-damaging properties of these 
drugs.

Dimethyl fumarate
In a mouse model study, Dimethyl fumarate (DMF) has 
shown potential in treating ICH in MS through mecha-
nisms involving the activation of the nuclear factor 
erythroid 2-related factor 2 (Nrf2) pathway. Central to 
this mechanism is the nuclear factor erythroid-2-related 
factor 2 (Nrf2), a transcription factor that oversees the 
expression of antioxidant response element (ARE) genes 
[18, 19]. In the human brain, Nrf2 is mainly found in 
non-neuronal cells like microglia and macrophages. The 
activation of Nrf2 in these cells, particularly through 
agents like sulforaphane, is noted for enhancing erythro-
cyte phagocytosis, contributing to the clearance of hema-
tomas [20]. A study involving a group of 26 individuals 
with ICH indicated the presence of Nrf2 activation in 
the brain. Although the levels of Nrf2 activation in ICH 
patients were lower compared to those in the control 
group, this points to a potential therapeutic avenue for 
ICH treatment [21].

Further experimental research on ICH in mouse mod-
els has connected the anti-inflammatory and neurologi-
cal improvement properties of DMF to the activation of 
Casein kinase 2 and the upregulation of Nrf2 signalling 
pathways [22]. This pathway includes the upregulation of 
antioxidant genes that protect cells from oxidative dam-
age, which is crucial for neuroprotection in MS patients. 
Additional studies reinforce DMF’s therapeutic potential 
in ICH scenarios. It has been observed in rat and mouse 

models that DMF, even when administered 24 h after the 
onset of ICH, can effectively promote hematoma reso-
lution, reduce neurological deficits, and decrease brain 
edema, primarily through the activation of Nrf2 genes 
[23]. Especially notable is the finding that high doses of 
DMF (100  mg/kg) led to a significant reduction in the 
brain’s fluid content, particularly affecting the ganglia 
and cortex [23]. These insights highlight the prospective 
role of DMF in managing ICH for MS patients, largely via 
mechanisms involving the Nrf2 pathway.

Fingolimod
Fingolimod is a sphingosine 1-phosphate receptor (S1PR) 
modulator that binds to S1PR1, 3, 4, and 5. S1PR1 is 
expressed in lymphocytes, neurons, glia, and vascular 
endothelia [24]. It also hinders the regression of lym-
phocytes from lymph nodes and their recirculation, 
thereby reducing the migration of pathogenic cells in 
the CNS. Fingolimod can cross the BBB and enter the 
CNS to have direct effects on the neural and glial cells. 
Therefore, through modulation of S1PR in the CNS and 
immune system, fingolimod has anti-inflammatory and 
neuroprotective effects in ICH [25]. A study using mouse 
and rat models to investigate ICH demonstrated that the 
administration of Fingolimod yielded numerous advan-
tages in ICH management. These benefits encompassed 
the reduction of brain oedema, short-term enhance-
ments in sensorimotor functions, improved long-term 
motor coordination and cognitive function, decreased 
circulating lymphocytes, diminished migration of T 
lymphocytes into the brain, lowered expression of pro-
inflammatory mediators in the brain, and mitigated risk 
of brain atrophy [26]. In a separate study, it was observed 
that Fingolimod was well-tolerated by patients with 
small and moderate-sized ICH in the basal ganglia, lead-
ing to improved outcomes and reduced perihaematomal 
oedema. The compound was found to be beneficial in 
minimising short-term neurological deficits and promot-
ing enhanced neurologic recovery in the long term [25]. 
Given that this study was conducted in patients without 
MS, further investigations are needed to assess its appli-
cability and efficacy in MS patients.

It is evident that Fingolimod holds the potential to exert 
significant therapeutic effects and offer holistic manage-
ment of ICH in MS patients. It also has the potential to 
mitigate the damage caused by hemorrhagic events in the 
brain. Its ability to inhibit the circulation and migration 
of pathogenic cells into the CNS could lead to a reduc-
tion in the inflammatory response associated with ICH, 
which may help in limiting secondary damage caused 
by immune reactions and potentially reduce the risk 
of recurrent ICH episodes in MS patients. This might 
contribute to a more stable long-term prognosis [27]. It 
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is worth noting that while S1PR1 plays a pivotal role in 
mediating the effects of fingolimod, it remains uncertain 
whether solely targeting S1PR1 is sufficient and indispen-
sable for fingolimod to confer its beneficial effects [27]. 
Considering the widespread distribution of S1PR1 across 
various cells involved in the process of ICH, coupled with 
the preferential localization of RP101075 in the brain, 
there exists the possibility of other potential cellular tar-
gets beyond immune cells and their specific anatomical 
locations for immune interventions, which necessitates 
further investigation [27].

Additionally, the activation of S1PR3 by fingolimod 
is partially responsible for its undesirable effects on the 
cardiovascular system and organ fibrosis, potentially 
posing notable safety concerns. A study has shown that 
fingolimod can increase blood pressure and predispose 
patients to stroke [28]. Moreover, there has been a case 
where an MS patient treated with fingolimod developed 
posterior reversible encephalopathy syndrome (PRES), 
which has also been associated with ICH [29, 30]. As a 
result, in January 2012, the European Medicines Agency 
(EMA) updated its recommendations regarding the use 
of fingolimod, particularly in MS patients with a prior 
history of cerebrovascular issues [31]. They also advised 
that if a particular patient necessitates fingolimod treat-
ment despite their medical history, it is crucial to con-
duct comprehensive monitoring. Specifically, cardiac 
activity should be monitored for a minimum of 6 h fol-
lowing the administration of the initial dose via regular 
ECG tracings and blood pressure measurements [32]. 
This guidance was further corroborated and adopted by 
the Central and East European (CEE) MS expert group.

Siponimod
Siponimod (BAF312) functions as an S1P analogue, 
selectively targeting S1PR types 1 and 5, similar to Fin-
golimod [33]. Studies in a mouse model of ICH have 
demonstrated Siponimod’s multiple benefits, including 
reduced lymphocyte counts leading to lymphopenia, 
decreased brain and perihaematomal edema, improved 
survival rates, better neurological outcomes up to 72  h 
post-ICH, and reduced weight loss [33]. These effects are 
thought to stem from siponimod’s capacity to modulate 
brain tissue inflammation through S1PR1, thereby limit-
ing secondary brain damage [33]. Siponimod operates 
by making S1PR1 receptors unresponsive to normal exit 
signals from lymph nodes [34] and exerts other actions 
such as affecting glial cell function, reducing demyelina-
tion, and lowering circulating monocyte levels, indepen-
dently of S1PR3 [35]. However, siponimod also activates 
G-protein-coupled inwardly rectifying potassium chan-
nels in human atrial myocytes, potentially explaining the 
observed rapid yet temporary bradycardia onset in some 

studies [34]. Additionally, its interaction with 5-G pro-
tein-coupled S1P receptors, located in crucial organs like 
the lungs, heart, and kidneys, suggests a broader impact 
on various physiological processes during treatment [34].

The aforementioned studies suggest that the multifac-
eted approach to siponimod makes it potentially benefi-
cial for treating ICH in MS patients. However, given its 
impact on various physiological processes and the poten-
tial cardiovascular effect of the medication, it is crucial to 
exercise caution when used in patients, especially those 
with predisposing factors. There is an imperative need 
for further research and clinical trials that investigate the 
use of siponimod in patients with ICH, given the promis-
ing results observed in preclinical studies.

Ozanimod
Ozanimod, an oral sphingosine-1-phosphate (S1P) recep-
tor modulator, has been found to be effective in reducing 
the annualised relapse rate, new or enlarging T2 lesions, 
and gadolinium-enhancing lesions in MS patients 
through selective modulation of S1P1 and S1P5 recep-
tors [36, 37]. In mice with ICH, Ozanimod was found 
to decrease hematoma volume and subsequent brain 
water content, leading to enhanced neurological func-
tion and reduced body weight loss post-ICH [36]. This 
effect is attributed to the reduction of activated microglia 
and infiltrated neutrophils surrounding the hematoma. 
Additionally, the study also highlighted Ozanimod’s abil-
ity to diminish brain cell death and preserve the integ-
rity of the BBB, further emphasising its neuroprotective 
effects [36]. Ozanimod exhibits a strong preference for 
the S1PR1 subtype over S1PR5. Its selectivity for S1PR1 
is over 10,000 times greater than for S1PR2, 3, and 4 
[37]. This high specificity of Ozanimod for S1PR1 helps 
reduce potential safety concerns related to the activation 
of S1PR3, which has been associated with various adverse 
events including hypertension, macular oedema, pulmo-
nary toxicity, and liver toxicity [38]. Given these findings, 
the neuroprotective effects observed in mouse models of 
ICH can be considered relevant for MS patients, where 
Ozanimod’s mechanism of reducing activated micro-
glia and infiltrated neutrophils, decreasing hematoma 
volume, and preserving the integrity of the blood–brain 
barrier could potentially translate into protective effects 
against CNS injuries, including ICH. DMDs with the 
potential to prevent ICH in MS patients are illustrated in 
Fig. 3.

DMDs associated with increased ICH risk in MS patients
DMDs play a crucial role in managing MS by altering 
the disease course and reducing relapse rates. However, 
the broad effects of DMDs, especially concerning ICH, 
necessitate a detailed understanding of their impacts.
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Alemtuzumab
Alemtuzumab is a monoclonal antibody that targets the 
CD52 protein on T and B lymphocytes, effectively reduc-
ing inflammation. Notably, there have been reports of 
ICH in patients treated with alemtuzumab. For instance, 
a study documented five instances of ICH in patients 
with relapsing–remitting multiple sclerosis (RRMS) after 
they received only three to five doses of alemtuzumab 
[39]. These cases of ICH occurred within hours of the 

infusion, and notably, these patients had no previous 
history of bleeding. Symptoms like headaches and chest 
pain were reported during the drug infusion [39]. In 
another case, a patient developed ICH and subsequently 
passed away 6 days after starting an intravenous infusion 
of alemtuzumab, displaying symptoms such as headache, 
vomiting, and bradycardia [40]. Furthermore, a signifi-
cant decrease in the patient’s platelet count was noted on 
the fifth day after starting the treatment [40]. These cases 

Fig. 3 Disease‑modifying drugs with protective effect against intracerebral haemorrhage in multiple sclerosis patients. DMD Disease‑modifying 
drugs, ICH Intracerebral haemorrhage, MS Multiple sclerosis, Nrf2 Nuclear factor erythroid‑2‑related factor 2, S1P Sphingosine 1‑1‑phosphate, S1PR 
Sphingosine 1‑1‑phosphate receptor
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highlight the potential risk of ICH in patients undergo-
ing treatment with alemtuzumab, underscoring the need 
for careful monitoring, especially in the initial stages of 
treatment.

The exact mechanism through which alemtuzumab 
leads to ICH remains uncertain, but one theory points 
to the drug’s potential effect on blood pressure. Research 
has shown that there’s an average increase in mean sys-
tolic and diastolic blood pressure (SBP and DBP) of 
about 20 mmHg and 6 mmHg, respectively, after the first 
alemtuzumab infusion [41]. Moreover, studies have high-
lighted a correlation between alemtuzumab administra-
tion and blood pressure changes or increases, occurring 
even beyond the typical monitoring period after admin-
istration [39]. This suggests a potential link between 
elevated SBP and DBP and an increased risk of ICH. Con-
trarily, another study found no significant difference in 
mean SBP following alemtuzumab infusion [42]. Conse-
quently, revised recommendations during alemtuzumab 
administration include considering inpatient admission 
for MS patients on alemtuzumab whose mean systolic 
blood pressure increases significantly during infusion or 
those who have a notable rise above their baseline due to 
the ICH risk [43]. In such cases, thorough monitoring of 
vital signs, frequent neurological assessments, and strict 
blood pressure control are advised during the hospital 
stay [39]. If the patient can tolerate a different DMD, con-
sidering a switch from alemtuzumab is recommended, 
and these guidelines have been incorporated into the 
American MS DMD guidelines. Before administering 
alemtuzumab, a detailed review of the patient’s medical 
history, including any bleeding disorders or strokes, cur-
rent medication, blood pressure readings, platelet counts, 
and risk factors for developing ICH, is crucial for person-
alised treatment decisions and risk assessment.

In addition to the potential blood pressure-related 
mechanisms, alemtuzumab may also induce ICH 
through secondary immune thrombocytopenic purpura 
(ITP). Reports indicate that 1.54% of patients with ITP 
developed ICH as a complication [44]. A patient was 
documented as developing drug-induced ITP after alem-
tuzumab treatment. Further supporting this, an analysis 
of alemtuzumab patients revealed that 2.3% developed 
ITP [45]. While the exact mechanism is unknown, the 
association between alemtuzumab and ICH is under-
scored by the connection between alemtuzumab-induced 
ITP and the occurrence of ICH.

Mitoxantrone
Mitoxantrone (MX) is recognized for its immunosup-
pressive properties, particularly in the context of MS, 
where it plays a crucial role in inhibiting the proliferation 
of T cells, B cells, and macrophages, reducing antigen 

presentation, and diminishing the release of proinflam-
matory cytokines [46]. While incidents of ICH related to 
MX usage are rare, a case was reported where a patient 
developed ICH after being diagnosed with acute myeloid 
leukaemia (AML) after being administered a single MX 
dose. Notably, a blood test performed two days prior to 
the ICH diagnosis showed a significantly reduced platelet 
count in the patient [47]. The mechanism by which MX 
might lead to an increased risk of ICH in MS patients can 
be traced back to its known side effects, which include 
the potential to induce TRAL. A study reviewing 12511 
patients on MX found a minor percentage developing 
TRAL, with a significant portion of these cases being 
acute promyelocytic leukaemia (APL) and acute mye-
locytic leukaemia (AML), both of which can lead to 
thrombocytopenia [48]. Additionally, there was a report 
of a patient who developed therapy-related pre-B cell 
acute lymphoblastic leukaemia and pancytopenia only 
6  months after starting MX treatment [49]. The precise 
mechanism through which MX induces ICH is not well 
defined. However, it is recognised that ICH is a com-
mon complication in leukaemia cases, especially when 
accompanied by thrombocytopenia—a condition fre-
quently observed in 40–60% of leukaemia patients [50, 
51]. The connection between thrombocytopenia and the 
incidence of ICH in patients with leukaemia has been 
well documented [50]. Therefore, it is plausible to con-
sider that MX might lead to ICH by first inducing TRAL, 
accompanied by thrombocytopenia, which in turn could 
lead to the development of ICH.

Natalizumab
Natalizumab, a monoclonal antibody, functions by 
hindering leukocyte adherence to endothelial cells 
through the blockade of the α4-integrin subunit, which 
is found in lymphocytes, monocytes, and eosinophils 
[52]. By interrupting this interaction, Natalizumab pre-
vents leukocytes from migrating into the target organ, 
thereby effectively reducing inflammation [52]. A case 
was reported suggesting a possible association between 
Natalizumab and ICH. In this case, a patient devel-
oped ICH 22  days following the third dose of Natali-
zumab, despite having no prior history of bleeding 
disorders, vascular complications, or hypertension [53]. 
Given that only one case has been reported, it is cru-
cial to exercise caution in suggesting that Natalizumab 
can predispose to ICH. One proposed mechanism for 
Natalizumab-induced ICH is its potential effect on 
angiogenesis inhibition. Research has shown that α4β1-
integrin plays a role in angiogenesis by facilitating the 
adhesion of large-vessel endothelial cells to the extra-
cellular matrix proteins thrombospondin 1 (TSP1) 
and thrombospondin 2 (TSP2). Inhibition of α4β1 can 



Page 9 of 13Ou Yong et al. European Journal of Medical Research          (2024) 29:344  

disrupt angiogenic processes [54]. TSP1 and TSP2 
are also known to support endothelial cell survival 
and proliferation via α4β1-integrins [54]. It has been 
observed that neutralising antibodies against endothe-
lial α4-integrin significantly hamper angiogenesis trig-
gered by factors like tumour necrosis factor-α and 
soluble VCAM-1 [55]. Additionally, α4β1-integrin is 
instrumental in the homing of CD34 + progenitor cells 
to the vascular endothelium during the process of neo-
vascularization, which is critical for tissue repair [56]. 
Consequently, the inhibition of α4-integrin-mediated 
angiogenesis presents a plausible hypothesis for the 
occurrence of haemorrhage.

IFN‑β
IFN-β has a multifaceted mechanism of action that is 
not completely understood. It seems to augment the 
levels and expression of anti-inflammatory substances 
while concurrently decreasing the expression of pro-
inflammatory cytokines [57]. IFN-β engages with spe-
cific receptors on human cell surfaces, setting off a 
cascade of events leading to the expression of various 
interferon-stimulated genes and markers such as MHC 
Class I, Mx protein, OAS, β2-microglobulin, and neop-
terin [57]. Different forms of IFN-β, including IFN-β-1a, 
IFN-β-1b, and peginterferon beta-1a, are commonly 
used to manage MS, each having similar mechanisms of 
action and effectiveness but varying in terms of admin-
istration routes and tolerability [58]. Despite its preva-
lent use and typically mild to moderate side effects, the 
potential of IFN-β to cause ICH has been underexplored 
[59]. Cases have been reported where patients with pro-
longed IFN-β treatment, specifically those with second-
ary progressive MS (SPMS) and relapsing–remitting MS 
(RRMS), experienced sudden symptoms leading to the 
discovery of substantial ICH, even in the absence of prior 
conditions like hypertension, headache, or thrombocy-
topenia [60, 61]. While IFN-β is generally perceived as 
safe, there have been occurrences of unforeseen adverse 
effects, including unreported instances of ICH. The exact 
mechanism connecting IFN-β to ICH is still speculative, 
but it is proposed that extended use may induce vascu-
lar changes, subsequently increasing the ICH risk [60]. 
Investigations, such as a pilot study examining IFN-β-1a’s 
impact on intracranial vascular tone regulation in RRMS 
patients, have shown significant changes, like an increase 
in mean blood flow velocity in several cerebral arteries 
10 h after IFN-β administration [62]. These findings sug-
gest a potential association between IFN-β administra-
tion and unrecognised vascular modifications that might 
predispose individuals to ICH. DMDs associated with 
increased ICH risk in MS patients are illustrated in Fig. 4.

Discussion and future prospects
Recent research into the impact of DMDs on ICH in MS 
has highlighted the multifaceted nature of these medi-
cations. Studies have reinforced the role of DMDs in 
reducing disability progression in MS, showcasing their 
significant role in managing the disease. However, their 
broader impacts, particularly concerning ICH, require 
careful consideration due to the varying effects on the 
immune system and other physiological processes [63]. 
The differential impact of DMDs on peripheral blood B 
cell subsets has been noted, which may influence their 
overall effect on the immune system. This differentiation 
is crucial in understanding the comprehensive effects of 
DMDs, including their potential implications for ICH 
risk and severity [64].

Moreover, the possibility of repurposing drugs initially 
developed for MS might offer new therapeutic pathways 
for ICH management. However, rigorous preclinical and 
clinical validation is paramount before these drugs can 
be considered for clinical use in the context of ICH [65]. 
The safety profiles of DMDs are under constant scrutiny, 
with ongoing pharmacovigilance studies being pivotal in 
understanding the adverse drug reactions (ADRs) associ-
ated with these therapies. This knowledge is crucial for 
optimising the use of DMDs and minimising potential 
risks, including ICH [66].

Future prospects involve a comprehensive understand-
ing of the molecular pathways influenced by DMDs, 
the identification of patient-specific factors influencing 
drug efficacy and safety, and the development of rigor-
ous monitoring protocols to mitigate risks. Large-scale, 
multicentric longitudinal studies are crucial to gathering 
robust data on the long-term effects of DMDs on the inci-
dence and prognosis of ICH in MS patients. This includes 
understanding the molecular pathways influenced by 
these drugs, identifying patient-specific factors influ-
encing drug efficacy and safety, and developing rigorous 
monitoring protocols to mitigate risks [67]. Emerging 
therapies that modulate neuroinflammation hold prom-
ise for improving the prognosis of ICH. Understanding 
the role of drugs like minocycline, sphingosine-1-phos-
phate receptor modulators, and statins in controlling 
neuroinflammation could revolutionise the treatment 
landscape for ICH [68]. For instance, CAA, which is one 
of the common causes of lobar haemorrhage, currently 
has limited therapeutic options. However, a recent study 
has shown that minocycline was associated with a reduc-
tion in ICH recurrence [69].

Recent studies have voiced the need for therapies that 
can arrest and reverse the persistent accumulation of dis-
abilities associated with progressive forms of MS. Neural 
stem cell (NSC) therapies have shown unexpected neuro-
trophic support and the ability to inhibit detrimental host 
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immune responses following transplantation into the 
chronically inflamed CNS [70]. Understanding the under-
lying mechanisms of these therapies and validating their 
efficacy through clinical trials could open new avenues 
for MS treatment, especially in its progressive stages. 
The protracted nature of neuroinflammation in ICH 
provides a window of opportunity for innovative thera-
pies to subdue the undesired consequences. Investigating 

the potential of histaminergic drugs in MS and their 
influence on the differentiation of oligodendrocyte pre-
cursors, demyelination, and the remyelination process 
presents a novel approach to addressing neuroinflamma-
tion and fostering repair mechanisms in the CNS [71].

Moreover, new research also highlights the prognos-
tic utility of serum biomarkers such as S100 calcium-
binding protein B, white blood cell count, and copeptin, 

Fig. 4 Disease‑modifying drugs associated with increased ICH risk in MS patients. Abbreviations: AML Acute myelocytic leukaemia, APL Acute 
promyelocytic leukaemia, CD-52 Cluster of differentiation‑52, DBP Diastolic blood pressure, DMD Disease‑modifying drugs, ICH Intracerebral 
haemorrhage, ITP Immune thrombocytopenic purpura, MS Multiple sclerosis, RRMS Relapsing–remitting multiple sclerosis, SBP Systolic blood 
pressure, SPMS Secondary progressive multiple sclerosis, TRAL Therapy‑related acute leukaemia, TSP Thrombospondin
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which could potentially guide the selection of DMDs for 
individual patients, tailoring treatments to mitigate risks 
while maximising efficacy [72]. Similarly, the differentia-
tion in the impact of short-term versus long-term use of 
DMDs on the incidence and severity of ICH presents a 
critical area for future investigation. Understanding the 
optimal duration of DMD therapy is essential for bal-
ancing the therapeutic benefits against potential adverse 
effects. Moreover, considering demographic factors such 
as age and gender in the context of DMD treatment can 
lead to more personalised approaches, as these factors 
may influence the risk profile for ICH in MS patients [72].

Study limitations
While this review provides a comprehensive synthesis 
of existing literature on the impact of DMDs on ICH in 
MS patients, it is essential to acknowledge certain limi-
tations that may impact the generalisability and depth of 
the findings. Firstly, the inclusion of studies was limited 
to those available in the selected databases and relevant 
literature, potentially leading to a bias in the reviewed 
evidence. The exclusion of studies published in languages 
other than English may have resulted in the oversight of 
relevant contributions from non-English literature. Addi-
tionally, the retrospective nature of narrative reviews 
inherently introduces a risk of selection bias, as the 
studies included were based on the author’s judgement 
and interpretation of the role of DMDs on ICH in MS 
patients. Moreover, ICH represents a rare complication 
in MS. Consequently, the infrequent occurrence of ICH 
in MS patients results in a scarcity of data, limiting the 
basis from which findings can be extrapolated. Most of 
the data currently available are derived from mouse mod-
els, with limited data from human studies involving MS 
patients. This disparity underscores the need for further 
research specifically focused on human subjects to bet-
ter understand the potential link between DMDs and 
ICH in the MS population. Currently, there is inadequate 
research dedicated to investigating the severity of ICH in 
MS patients undergoing DMD therapies. It is crucial to 
explore this aspect, considering the potential influence of 
lifestyle, socioeconomic factors, and addiction determi-
nants on both the occurrence and severity of ICH in this 
specific population. Finally, variations in study method-
ologies and outcome measures across the included stud-
ies may contribute to heterogeneity and limit the ability 
to draw definitive conclusions.

Conclusion
The review outlines the impact of various DMDs on 
ICH occurrence and prevention. Noteworthy findings 
indicate that certain DMDs, such as Dimethyl Fuma-
rate, Fingolimod, Siponimod, and Ozanimod, exhibit 

potential protective effects against ICH, while others 
like Alemtuzumab, Mitoxantrone, Natalizumab, and 
Interferon beta may pose risks. However, given the 
complexity surrounding MS, DMDs, and ICH, cau-
tion is warranted in asserting that these medications 
definitively prevent ICH in MS patients. Consider-
ing the complexity surrounding MS, DMDs, and ICH, 
this review calls for ongoing research to address the 
identified limitations. A thorough exploration of the 
mechanisms underlying DMD effects, coupled with 
well-designed comparative studies, will contribute to a 
more nuanced understanding of ICH in the context of 
MS treatment. These insights can inform clinical prac-
tices, enhance patient care, and guide the development 
of tailored therapeutic approaches in the ever-evolving 
landscape of MS management.

Abbreviations
MS  Multiple sclerosis
CNS  Central nervous system
ICH  Intracerebral haemorrhage
HTN  Hypertension
DMD  Disease‑modifying drug
RCT   Randomised clinical trial
BBB  Blood–brain barrier
CSF  Cerebrospinal fluid
ICAM‑1  Intercellular adhesion molecule 1
TNF‑α  Tumour necrosis factor alpha
ROS  Reactive oxygen species
IL‑6  Interleukin 6
NF‑κB  Nuclear factor kappa‑light‑chain‑enhancer of activated B cells
SAH  Subarachnoid haemorrhage
IFN  Interferon
DMF  Dimethyl fumarate
Nrf2  Nuclear factor erythroid‑2‑related factor 2
ARE  Antioxidant response element
S1PR  Sphingosine 1‑phosphate receptor
MX  Mitoxantrone
RRMS  Relapsing–remitting multiple sclerosis
EMA  European Medicines Agency
CEE  Central and East European
PML  Progressive multifocal leukoencephalopathy
AML  Acute myeloid leukaemia
TRAL  Therapy‑related acute leukaemia
APL  Acute promyelocytic leukaemia
SPMS  Secondary progressive multiple sclerosis
SBP  Systolic blood pressure
DBP  Diastolic blood pressure
ITP  Immune thrombocytopenic purpura
TSP1  Thrombospondin 1
TSP2  Thrombospondin 2
VCAM‑1  Vascular cell adhesion molecule 1
MHC  Major histocompatibility complex
CIS  Clinically isolated syndrome
NSC  Neural stem cell
CNS  Central nervous system

Acknowledgements
We acknowledge Icormed Research Collaborative for helping with this project.

Author contributions
B.M.O.Y.: conceptualization, data curation, formal analysis, writing—original 
draft, writing—review and editing. W.A.A., M.H.S., J.K.S.H., S.Y.V., D.H.P., J.K.T., 
N.A.K., A.K., M.S., T.A.R.: data curation, formal analysis, methodology, writing—
original draft, writing—review and editing. V.S.: data curation, formal analysis, 



Page 12 of 13Ou Yong et al. European Journal of Medical Research          (2024) 29:344 

methodology, visualization, writing—original draft, writing—review and edit‑
ing. O.A.: data curation, formal analysis, methodology, writing—original draft, 
writing—review and editing, supervision. All authors: Approval of final draft.

Funding
Not applicable.

Availability of data and materials
No additional data available.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 13 February 2024   Accepted: 19 June 2024

References
 1. Compston A, Coles A. Multiple sclerosis. Lancet. 2008;372(9648):1502–17.
 2. Tafti D, Ehsan M, Xixis KL. Multiple sclerosis. Treasure Island: StatPearls 

Publishing; 2024.
 3. Walton C, et al. Rising prevalence of multiple sclerosis worldwide: insights 

from the Atlas of MS, third edition. Mult Scler. 2020;26(14):1816–21.
 4. Benjaminsen E, et al. Comorbidity in multiple sclerosis patients from 

Nordland County, Norway—validated data from the Norwegian Patient 
Registry. Mult Scler Relat Disord. 2021;48:102691.

 5. Ikram MA, Wieberdink RG, Koudstaal PJ. International epidemiology of 
intracerebral hemorrhage. Curr Atheroscler Rep. 2012;14(4):300–6.

 6. Witsch J, et al. Prognostication after intracerebral hemorrhage: a review. 
Neurol Res Pract. 2021;3(1):22.

 7. Badjatia N, Rosand J. Intracerebral hemorrhage. Neurologist. 
2005;11(6):311–24.

 8. Hong Y, et al. Multiple sclerosis and stroke: a systematic review and meta‑
analysis. BMC Neurol. 2019;19(1):139.

 9. Zulfiqar M, et al. Intracerebral haemorrhage in multiple sclerosis: a retro‑
spective cohort study. J Stroke Cerebrovasc Dis. 2019;28(2):267–75.

 10. Poon MT, Bell SM, Al‑Shahi SR. Epidemiology of intracerebral haemor‑
rhage. Front Neurol Neurosci. 2015;37:1–12.

 11. Ortiz GG, et al. Immunology and oxidative stress in multiple sclerosis: 
clinical and basic approach. Clin Dev Immunol. 2013;2013:708659.

 12. Sharief MK, et al. Increased levels of circulating ICAM‑1 in serum and 
cerebrospinal fluid of patients with active multiple sclerosis. Correla‑
tion with TNF‑alpha and blood‑brain barrier damage. J Neuroimmunol. 
1993;43(1–2):15–21.

 13. Li Y, et al. Underlying mechanisms and potential therapeutic molecular 
targets in blood‑brain barrier disruption after subarachnoid hemorrhage. 
Curr Neuropharmacol. 2020;18(12):1168–79.

 14. Girolamo F, Coppola C, Ribatti D, Trojano M. Angiogenesis in multiple 
sclerosis and experimental autoimmune encephalomyelitis. Acta Neuro‑
pathol Commun. 2014;2:84. https:// doi. org/ 10. 1186/ s40478‑ 014‑ 0084‑z.

 15. Wakefield AJ, More LJ, Difford J, McLaughlin JE. Immunohistochemi‑
cal study of vascular injury in acute multiple sclerosis. J Clin Pathol. 
1994;47(2):129–33. https:// doi. org/ 10. 1136/ jcp. 47.2. 129.

 16. Adams CW, Poston RN, Buk SJ, Sidhu YS, Vipond H. Inflammatory vasculitis 
in multiple sclerosis. J Neurol Sci. 1985;69(3):269–83. https:// doi. org/ 10. 
1016/ 0022‑ 510x(85) 90139‑x.

 17. Sagy I, Shalev L, Levi I, Shleyfer E, Valdman S, Barski L. Glatiramer Acetate‑
associated refractory immune thrombocytopenic purpura. EJCRIM. 2016. 
https:// doi. org/ 10. 12890/ 2016_ 000399.

 18. Alfieri A, et al. Targeting the Nrf2‑Keap1 antioxidant defence pathway 
for neurovascular protection in stroke. J Physiol. 2011;589(17):4125–36.

 19. Qiu J, Dando O, Febery JA, Fowler JH, Chandran S, Hardingham GE. 
Neuronal activity and its role in controlling antioxidant genes. Int J Mol 
Sci. 2020;21(6):1933.

 20. Zhao X, et al. Cleaning up after ICH: the role of Nrf2 in modulat‑
ing microglia function and hematoma clearance. J Neurochem. 
2015;133(1):144–52.

 21. Christopher E, et al. Nrf2 activation in the human brain after stroke due 
to supratentorial intracerebral haemorrhage: a case–control study. BMJ 
Neurol Open. 2022;4:e000238.

 22. Iniaghe LO, et al. Dimethyl fumarate confers neuroprotection by casein 
kinase 2 phosphorylation of Nrf2 in murine intracerebral hemorrhage. 
Neurobiol Dis. 2015;82:349–58.

 23. Zhao X, et al. Dimethyl fumarate protects brain from damage pro‑
duced by intracerebral hemorrhage by mechanism involving Nrf2. 
Stroke. 2015;46(7):1923–8.

 24. Aktas O, et al. Fingolimod is a potential novel therapy for multiple 
sclerosis. Nat Rev Neurol. 2010;6:373–82.

 25. Fu Y, et al. Fingolimod for the treatment of intracerebral hemorrhage: a 
2‑arm proof‑of‑concept study. JAMA Neurol. 2014;71(9):1092–101.

 26. Rolland WB, et al. Fingolimod reduces cerebral lymphocyte infiltra‑
tion in experimental models of rodent intracerebral hemorrhage. Exp 
Neurol. 2013;241:45–55.

 27. Sun N, et al. Selective sphingosine‑1‑phosphate receptor 1 modula‑
tion attenuates experimental intracerebral hemorrhage. Stroke. 
2016;47(7):1899–906.

 28. Framke E, Thygesen LC, Malmborg M, Schou M, Sellebjerg F, Magyari M. 
Risk of cardiovascular disease in patients with multiple sclerosis treated 
with fingolimod compared to natalizumab: a nationwide cohort study 
of 2095 patients in Denmark. Mult Scler. 2024;30(2):184–91. https:// doi. 
org/ 10. 1177/ 13524 58523 12214 15.

 29. Lindå H, von Heijne A. A case of posterior reversible encephalopathy 
syndrome associated with gilenya(®) (fingolimod) treatment for mul‑
tiple sclerosis. Front Neurol. 2015;6:39. https:// doi. org/ 10. 3389/ fneur. 
2015. 00039.

 30. Aranas RM, Prabhakaran S, Lee VH. Posterior reversible encepha‑
lopathy syndrome associated with hemorrhage. Neurocrit Care. 
2009;10(3):306–12. https:// doi. org/ 10. 1007/ s12028‑ 009‑ 9200‑5.

 31. Boiko AN, Gusev EI. Contemporary algorithms for the diagnosis and 
treatment of multiple sclerosis based on individual assessment of 
patients’ status. Neurosci Behav Physiol. 2018;48:870–82.

 32. Fazekas F. Fingolimod in the treatment algorithm of relapsing remitting 
multiple sclerosis: a statement of the Central and East European (CEE) 
MS Expert Group. Wien Med Wochenschr. 2012;162(15–16):354–66.

 33. Bobinger T, et al. Siponimod (BAF‑312) attenuates perihemorrhagic 
Edema and improves survival in experimental intracerebral hemor‑
rhage. Stroke. 2019;50(11):3246–54.

 34. Gergely P, et al. The selective sphingosine 1‑phosphate receptor modu‑
lator BAF312 redirects lymphocyte distribution and has species‑specifc 
efects on heart rate. Br J Pharmacol. 2012;167(5):1035–47.

 35. O’Sullivan C, et al. The dual S1PR1/S1PR5 drug BAF312 (siponimod) 
attenuates demyelination in organotypic slice cultures. J Neuroin‑
famm. 2016;13:31.

 36. Wang F, et al. Neuroprotection by Ozanimod Following Intracerebral 
Hemorrhage in Mice. Front Mol Neurosci. 2022;15:927150.

 37. Scott FL, et al. Ozanimod (RPC1063) is a potent sphingosine‑
1‑phosphate receptor‑1 (S1P1) and receptor‑5 (S1P5) agonist 
with autoimmune disease‑modifying activity. Br J Pharmacol. 
2016;173(11):1778–92.

 38. Cohen JA, et al. Safety and efficacy of the selective sphingosine 
1‑phosphate receptor modulator ozanimod in relapsing multiple 
sclerosis (RADIANCE): a randomised, placebo‑controlled, phase 2 trial. 
Lancet Neurol. 2016;15(4):373–81.

 39. Azevedo CJ, et al. Intracerebral haemorrhage during alemtuzumab 
administration. Lancet Neurol. 2019;18(4):329–31.

 40. Alemtuzumab: petechiae and epistaxis. Reactions Weekly 1988. https:// 
doi. org/ 10. 1007/ s40278‑ 023‑ 51993‑1

 41. Shosha E, et al. Blood pressure changes during alemtuzumab infusion 
for multiple sclerosis patients. Eur J Neurol. 2021;28(4):1396–400.

https://doi.org/10.1186/s40478-014-0084-z
https://doi.org/10.1136/jcp.47.2.129
https://doi.org/10.1016/0022-510x(85)90139-x
https://doi.org/10.1016/0022-510x(85)90139-x
https://doi.org/10.12890/2016_000399
https://doi.org/10.1177/13524585231221415
https://doi.org/10.1177/13524585231221415
https://doi.org/10.3389/fneur.2015.00039
https://doi.org/10.3389/fneur.2015.00039
https://doi.org/10.1007/s12028-009-9200-5
https://doi.org/10.1007/s40278-023-51993-1
https://doi.org/10.1007/s40278-023-51993-1


Page 13 of 13Ou Yong et al. European Journal of Medical Research          (2024) 29:344  

 42. Bachmann H, et al. Alemtuzumab in multiple sclerosis: a retrospective 
analysis of occult hemorrhagic magnetic resonance imaging lesions and 
risk factors. Eur J Neurol. 2021;28:4209–13.

 43. Ozanimod. MS Society 2023. https:// www. mssoc iety. org. uk/ about‑ ms/ 
treat ments‑ and‑ thera pies/ disea se‑ modif ying‑ thera pies/ ozani mod‑ zepos 
ia.

 44. Hallan DR, et al. Immune thrombocytopenic purpura and intracerebral 
hemorrhage, incidence, and mortality. Cureus. 2022;14(4):e24447.

 45. Cuker A, et al. Immune thrombocytopenia in alemtuzumab‑treated 
MS patients: Incidence, detection, and management. Mult Scler. 
2020;26(1):48–56.

 46. Fox EJ. Mechanism of action of mitoxantrone. Neurology. 2004;63(12 
Suppl 6):S15–8.

 47. Arruda WO, et al. Acute myeloid leukaemia induced by mitoxantrone: 
case report. Arq Neuropsiquiatr. 2005;63(2A):327–9.

 48. Ellis R, Boggild M. Therapy‑related acute leukaemia with Mitoxantrone: 
what is the risk and can we minimise it? Mult Scler. 2009;15(4):505–8.

 49. Cartwright MS, et al. Mitoxantrone for multiple sclerosis causing acute 
lymphoblastic leukemia. Neurology. 2007;68(19):1630–1.

 50. Chern JJ, et al. Clinical outcome of leukemia patients with intracranial 
hemorrhage. Clinical article J Neurosurg. 2011;115(2):268–72.

 51. Kantarjian H, et al. The incidence and impact of thrombocytopenia in 
myelodysplastic syndromes. Cancer. 2007;109(9):1705–14.

 52. Selewski DT, et al. Natalizumab (Tysabri). AJNR Am J Neuroradiol. 
2010;31(9):1588–90.

 53. Shah R, et al. Imaging manifestations of progressive multifocal leukoen‑
cephalopathy. Clin Radiol. 2010;65(6):431–9.

 54. Calzada MJ, et al. Alpha4beta1 integrin mediates selective endothelial cell 
responses to thrombospondins 1 and 2 in vitro and modulates angiogen‑
esis in vivo. Circ Res. 2004;94:462–70.

 55. Nakao S, et al. Synergistic effect of TNF‑alpha in soluble VCAM‑
1‑induced angiogenesis through alpha 4 integrins. J Immunol. 
2003;170(11):5704–11.

 56. Jin H, et al. A homing mechanism for bone marrow‑derived progenitor 
cell recruitment to the neovasculature. J Clin Invest. 2006;116(3):652–62.

 57. Madsen C. The innovative development in interferon beta treatments of 
relapsing‑remitting multiple sclerosis. Brain Behav. 2017;7(6):e00696.

 58. Filipi M, Jack S. Interferons in the treatment of multiple sclerosis: a clinical 
efficacy, safety, and tolerability update. Int J MS Care. 2020;22(4):165–72.

 59. Kolb‑Mäurer A, et al. An update on peginterferon beta‑1a manage‑
ment in multiple sclerosis: results from an interdisciplinary board of 
German and Austrian neurologists and dermatologists. BMC Neurol. 
2019;19(1):130.

 60. Shahmohammadi S, et al. Intracerebral hemorrhage in a patient 
with multiple sclerosis receiving interferon beta‑1α. Arch Neurosci. 
2017;4(2):e42758.

 61. Niederwieser G, et al. Intracerebral haemorrhage under interferon‑beta 
therapy. Eur J Neurol. 2001;8(4):363–4.

 62. Dattola V, et al. Relationship between Interferon Beta‑1A administration 
and intracranial vascular tone regulation in patients with relapsing‑remit‑
ting multiple sclerosis: a pilot study. Biomed Res Int. 2017;2017:5421416.

 63. Amato MP, et al. Disease‑modifying drugs can reduce disability progres‑
sion in relapsing multiple sclerosis. Brain. 2020;143(10):3013–24.

 64. Kemmerer CL, et al. Differential effects of disease modifying drugs 
on peripheral blood B cell subsets: a cross sectional study in multiple 
sclerosis patients treated with interferon‑β, glatiramer acetate, dimethyl 
fumarate, fingolimod or natalizumab. PLoS ONE. 2020;15(7):e0235449.

 65. Crilly S, et al. Revisiting promising preclinical intracerebral haemorrhage 
studies to highlight repurposable drugs for translation. Int J Stroke. 
2021;16(2):123–36.

 66. Maniscalco GT, et al. Preliminary results of the FASM study, an on‑going 
Italian active pharmacovigilance project. Pharmaceuticals (Basel). 
2020;13(12):466.

 67. Xue M, Yong VW. Neuroinflammation in intracerebral haemorrhage: 
immunotherapies with potential for translation. Lancet Neurol. 
2020;19(12):1023–32.

 68. Pluchino S, Smith JA, Peruzzotti‑Jametti L. Promises and limitations of 
neural stem cell therapies for progressive multiple sclerosis. Trends Mol 
Med. 2020;26(10):898–912.

 69. Bax F, Warren A, Fouks AA, et al. Minocycline in severe cerebral 
amyloid angiopathy: a single‑center cohort study. J Am Heart Assoc. 
2024;13(4):e033464. https:// doi. org/ 10. 1161/ JAHA. 123. 033464.

 70. Alghamdi BS, AboTaleb HA. Melatonin improves memory defects in a 
mouse model of multiple sclerosis by up‑regulating cAMP‑response 
element‑binding protein and synapse‑associated proteins in the prefron‑
tal cortex. J Integr Neurosci. 2020;19(2):229–37.

 71. Troiani Z, et al. Prognostic utility of serum biomarkers in intracer‑
ebral hemorrhage: a systematic review. Neurorehabil Neural Repair. 
2021;35(11):946–59.

 72. Huang J, et al. Inflammation‑related plasma and CSF biomarkers for 
multiple sclerosis. Proc Natl Acad Sci U S A. 2020;117(23):12952–60.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub‑
lished maps and institutional affiliations.

https://www.mssociety.org.uk/about-ms/treatments-and-therapies/disease-modifying-therapies/ozanimod-zeposia
https://www.mssociety.org.uk/about-ms/treatments-and-therapies/disease-modifying-therapies/ozanimod-zeposia
https://www.mssociety.org.uk/about-ms/treatments-and-therapies/disease-modifying-therapies/ozanimod-zeposia
https://doi.org/10.1161/JAHA.123.033464

	Intracerebral haemorrhage in multiple sclerosis: assessing the impact of disease-modifying medications
	Abstract 
	Introduction
	Methodology
	Pathophysiology of ICH in MS
	Role of DMDs on ICH in MS patients
	DMDs with potential protective effect against ICH in MS patients
	Dimethyl fumarate
	Fingolimod
	Siponimod
	Ozanimod

	DMDs associated with increased ICH risk in MS patients
	Alemtuzumab
	Mitoxantrone
	Natalizumab
	IFN-β


	Discussion and future prospects
	Study limitations
	Conclusion
	Acknowledgements
	References


