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Abstract 

The effectiveness of treatment for the chronic phase of febrile infection-related epilepsy syndrome (FIRES) remains 
uncertain. This study aimed to evaluate the therapeutic efficacy of minocycline in patients with chronic FIRES who 
had a poor response to conventional antiseizure medications. Three patients received 100 mg of minocycline (100 
mg twice daily for 12 weeks), with effectiveness assessed based on seizure frequency, duration, type, and quality 
of life (using the quality of life in epilepsy-31, QOLIE-31), alongside adverse event monitoring. Results showed that one 
patient (Patient 3) exhibited a significant reduction in seizure duration and improved QOLIE-31 scores, with focal 
seizures being the only type observed after treatment. However, there was no statistically significant change in overall 
seizure frequency among the three patients. Additionally, a short literature review was conducted to explore various 
management strategies for chronic FIRES, including IL-1 receptor antagonist (anakinra) and IL-6 receptor antagonist 
(tocilizumab), centro-median thalamic nuclei deep brain stimulation, cannabidiol, responsive neurostimulation, 
intrathecal dexamethasone, ketogenic diet, and vagus nerve stimulation. In conclusion, considering the existing 
research on the etiological mechanisms of FIRES and based on our preliminary findings on the anti-inflammatory 
and antiepileptic properties of minocycline, early initiation of minocycline therapy in the chronic phase of FIRES 
should be explored further.

Trial registration
Clinicaltrials.gov (NCT05958069, retrospectively registered 22 July 2023).
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Background
Febrile infection-related epilepsy syndrome (FIRES) is 
characterized by the new-onset refractory status epilepti-
cus (NORSE), which refers to the presence of a history of 
antecedent febrile infections within 1 to 14 days prior to 
the onset of refractory status epilepticus (RSE) in patients 
across the age range, regardless of fever presence during 
the seizure [1]. It has no recognisable acute or structural, 
toxic and metabolic causes [2, 3]. During the acute phase, 
there are no specific clinical manifestations and patients 
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typically present with status epilepticus (SE) or frequent 
seizures accompanied by confusion. These conditions 
are often resistant to treatment with a combination of 
anti-seizure medications (ASMs) and may necessitate 
adjunctive interventions such as mechanical ventilation, 
high-dose intravenous phenobarbital, or midazolam [4]. 
Seizure activity may persist for up to 12 weeks during the 
acute phase, which is subsequently evolved into chronic 
phase [5]. Almost all patients during the chronic phase of 
FIRES developed drug-refractory epilepsy characterized 
by seizure forms similar to those observed in the acute 
phase, and this may be accompanied by cognitive decline, 
behavioral impairment, and psychiatric disorders [6, 7]. 
The quality of life in patients during the chronic phase is 
lower than that before the onset of the disease [8]. There-
fore, the achievement of adjunctive therapeutic success is 
crucial in the chronic phase of the syndrome.

Although the etiology of FIRES remains entirely unclear, 
several studies have suggested that FIRES is caused by 
overactivation of the immune system after initial infec-
tion [1, 7, 9–11]. Following infection, pro-inflammatory 
cytokines are released activating innate immunity within 
the central nervous system. This process enhances the 
excitability of neurons, thereby increasing susceptibility 
to epilepsy. Meanwhile, status epilepticus can trigger pro-
inflammatory processes and neuroinflammation, further 
exacerbating neuronal overexcitation and accelerating 
sustained epileptic seizures. Therefore, immunotherapy 
with corticosteroids and intravenous immunoglobulin 
(IVIg) is widely recommended in the acute phase, unfor-
tunately, their response rates are often unsatisfactory [12]. 
The ketogenic diet emerges as a potentially treatment, but 
its effectiveness is not universally guaranteed [13]. There-
fore, the chronic phase of FIRES presents significant ther-
apeutic challenges. Although alternative treatments like 
cannabidiol, anakinra, rituximab, and epilepsy surgery 
have been considered in certain instances, few patients 
achieve seizure-free [14]. Nonetheless, few studies have 
assessed the impact of these interventions on patients 
with persistent drug resistant epilepsy (DRE) during 
the chronic phase of FIRES, leaving the efficacy of these 
approaches debated and uncertain [15, 16]. This persis-
tent therapeutic gap underscores the urgent need for 
novel treatment modalities that directly target the under-
lying mechanisms of FIRES.

Minocycline is a stable and safe semi-synthetic tetracy-
cline antibiotic with unique properties that may be allowed 
to cross the blood–brain barrier. It has also demonstrated 
anti-inflammatory, antioxidant, anti-apoptotic, and immu-
nomodulatory effects [17, 18]. It has shown promising neu-
roprotective effects in various neurological studies such 
as traumatic brain injury, spinal cord injury, autoimmune 
encephalomyelitis, Alzheimer’s disease, Parkinson’s disease, 

focal and global ischemia, amyotrophic lateral sclerosis, 
and epilepsy [19]. In particular, it has emerged as poten-
tial treatment option for epilepsy due to its positive antie-
pileptic effects observed in in both animal experiments and 
clinical trials [20–22]. Patel et al. revealed that minocycline 
showed noticeable antiepileptic properties in a mouse 
model of seizures induced by the theiler murine encephalo-
myelitis virus (TMEV), which considerably reduced the fre-
quency and severity of seizures [21]. Further studies have 
supported these findings, consistently reporting reductions 
in seizure severity, frequency, and duration in animal mod-
els of epilepsy related to TMEV infection [22–24]. Nowak 
et al. also demonstrated that minocycline could reduce sei-
zure frequency and the incidence of DRE in patients with 
astrocytoma, a type of brain tumor [25]. However, there is 
a lack of data regarding its role during the chronic phase of 
FIRES. Here, we described the efficacy and safety of using 
minocycline in three patients with chronic phase of FIRES 
who failed conventional antiepileptic therapy. In addition, 
we conducted a literature review to explore the current 
treatment for the chronic phase of FIRES.

Methods
Participants
Three patients diagnosed with FIRES based on the 
2018 expert consensus definition were included in this 
study [7]. These patients exhibited drug-resistant epi-
lepsy during the chronic phase of FIRES [11]. The study 
was approved by the Clinical Research Ethics Commit-
tee of Xijing Hospital (XJLL-KY-20232108) and written 
informed consent was acquired. To explore a potential 
treatment regimen, minocycline was administered orally 
at 100 mg twice daily for 12 weeks, as per the recommen-
dation of Food and Drug Administration [17]. During this 
period, patients continued with ASMs without any other 
treatment adjustments. The seizure type of patients, sei-
zure frequency, seizure duration and quality of life via the 
quality of life in epilepsy-31 questionnaire (QOLIE-31) 
were monitored to assess the therapeutic efficacy. In add-
tion, the patients were asked to report any adverse events 
during the minocycline treatment.

Data collection
Three patients were evaluated clinically neurological con-
ditions using data collected from the Xijing Hospital Neu-
rology Database prior to minocycline initiation. This study 
thoroughly documented the patients’profiles, including cer-
ebrospinal fluid (CSF) assessments, electroencephalogra-
phy (EEG), and magnetic resonance imaging (MRI) results. 
In addition, patients’ medical records were reviewed to 
extract acute-phase treatment protocols, seizure character-
istics (frequency and type) and ASMs history. Patients were 
asked to record epilepsy diary and report adverse reactions 
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as well as their QOLIE-31 scores both at baseline (4 weeks 
pre-treatment) and at 4-week intervals throughout the 
12-week treatment period. The primary outcomes of the 
study was to determine whether there was a minimum 50% 
reduction in monthly seizure frequency after intervention. 
Secondary outcomes were defined as a reduction in seizure 
frequency and duration from baseline, as well as mean-
ingful improvement in QOLIE-31 scores. Patients were 
considered treatment failures if they did not achieve the 
intended treatment goal or experienced a serious adverse 
event. The efficacy was described by comparing the out-
comes with the baseline data.

Literature review
We systematically searched the PubMed and Web of Sci-
ence databases for articles published before September 
2024, using the keywords"FIRES"or"febrile infection-
related epilepsy syndrome". We removed duplicate arti-
cles to avoid repetition and filtered the results to retain 
only those directly relevant to our research topic. To 
further enriched our literature review, we also manually 
searched through the reference lists of selected articles, 
focusing on those that discussed treatment options for 
chronic FIRES. We limited our search to articles writ-
ten in English and excluded studies that did not meet 
our specific criteria. Our exclusion criteria included 
the following: I) Articles not related to FIRES. II) FIRES 
diagnosis does not meet expert consensus [4]. III) Non-
primary literature, including abstracts, comments, edi-
torials, literature reviews, and clinical guidelines. IV) 
Studies not related to management and treatment of 
chronic FIRES. After a thorough evaluation of 565 arti-
cles, we identified and included 14 publications that met 
our stringent selection criteria (Fig. 1).

Results
Case description
Case 1
A 30-year-old female presented with a history of limb 
twitching and loss of consciousness following a brief 
fever, which had resolved with antipyretic medication. 
She had no prior history of epilepsy, relevant family his-
tory, or other neurological diseases. Upon admission, she 
underwent lumbar puncture for CSF metagenomic next-
generation sequencing, autoimmune encephalitis-related 
antibody testing, and paraneoplastic antibodies screen-
ing. All results were negative except for a mild increase in 
CSF protein. Given her severe symptoms, including pro-
longed seizures (> 30 min) with loss of consciousness and 
hypoxia  (PaO2), she was admitted to the intensive care 
unit (ICU). She received endotracheal intubation, ventila-
tor support, along with antiviral, anti-infective, sedative, 
and antiseizure medications. From days 2–12, she was 

treated with first-line immunotherapy, including intra-
venous immunoglobulins and glucocorticoids, which 
led to an improvement in her symptoms. However, she 
faced challenges in weaning off the ventilator and contin-
ued experiencing frequent generalized convulsions. On 
days 16–17, her condition improved significantly after 
the adjustment of ASMs and discontinuation of propo-
fol, enabling her successful transfer from the ICU. By day 
45, she began to be gradually weaned from the ventilator, 
and her antiepileptic regimen was adjusted. By day 52, 
she was discharged with persistent generalized seizures 
(lasting 30–60 s, spontaneous frequency: 4–10 times/
day). Despite continuous pharmacotherapy, the patient’s 
seizures continued to recur during the 2-year follow-up 
period. Her chronic seizures primarily presented with 
generalized tonic–clonic seizures (GTCS) occurring 
every 1–2 days. Her EEG tests revealed multifocal seizure 
onset, and MRI showed bilateral hippocampal sclerosis 
with reduced hippocampal volume and increased signals 
in T2 WI FLAIR. In 2021 (two years after FIRES onset), 
she underwent transcranial magnetic stimulation (TMS), 
with no improvement in seizure control. In December 
2022 (three years post-onset), she opted into this study 
and received minocycline as an adjunctive therapy.

Case 2
An 8-year-old boy was admitted to our hospital in June 
2019 due to recurrent nocturnal focal epileptic sei-
zures. On admission, his parents reported that he had a 
fever two days before admission, reaching a peak tem-
perature of 38.4 °C. He demonstrated age-appropriate 
development with no history of neurological disorders. 
Initial treatment attempts with multiple antiseizure 
medications (sodium valproate, topiramate, oxcarbaz-
epine, bilampanel, lacosamide, and clonazepam) failed to 
significantly reduce seizure frequency. Diagnostic inves-
tigations including physical examination, CSF analysis, 
and MRI revealed no significant abnormalities. On day 
4 of his hospitalization, he received first-line immuno-
therapy (gamma globulin and high-dose glucocorticoid 
pulse therapy). This therapeutic intervention led to a 
noticeable improvement in his condition, and he was 
subsequently discharged on day 19. Nevertheless, during 
subsequent follow-up appointments, it was observed that 
while the frequency of his seizures had decreased, they 
still occurred 1 to 5 times per month. Additionally, he 
experienced speech loss and cognitive decline compared 
to peers. Over the subsequent two years of FIRES onset, 
despite trying an extensive array of ASMs (clonazepam, 
sodium valproate, levetiracetam, lamotrigine, topiramate, 
oxcarbazepine, bilampanel, lacosamide, and phenobar-
bital), the boy failed to achieve complete seizure control. 
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His seizures were characterized as generalized tonic–
clonic type with a increased frequency of approximately 
15 episodes/month. His MRI scans revealed evidence 
of brain atrophy, and EEG recordings indicated that the 
origin of his epileptic discharges remained elusive in the 
chronic phase of his condition. He also attempted TMS 
treatment after two years of the FIRES onset with no 
improvement in seizure control. In July 2023, he opted to 
receive minocycline in an add-on treatment modality.

Case 3
A 17-year-old male patient was admitted to our hospi-
tal in January 2023 presenting fever-induced (at 39.5°C) 
recurrent focal seizures manifesting as twitching of the 
right mouth corner for 2–3 min, succeeded by eye devia-
tion upwards, upper limb flexion, lower limb exten-
sion, urinary incontinence, and impaired consciousness. 
Each episode lasted for 40–60 s with interictal intervals 

of 30–40 s. Due to the persistence of status epilepticus 
(SE), he was transferred to the ICU, where he underwent 
intubation and was placed on mechanical ventilation. 
The patient received a comprehensive therapeutic regi-
men incorporating anti-infective, antiviral, sedative, and 
antiseizure medications. On admission (day 1), it showed 
no abnormalities in laboratory tests (CSF analysis and 
autoimmune antibody screening) and brain MRI, while 
EEG recordings revealed a predominant low-to-moder-
ate amplitude alpha rhythm (7.5–8 Hz), with a propensity 
for occipital lobe activity, and diffuse low-amplitude beta 
activity across all leads. The patient responded positively 
to first-line immunotherapy with intravenous immuno-
globulins and glucocorticoids from days 3 to 9, which led 
to a marked decrease in seizure frequency. By day 12, he 
was weaned off sedatives (midazolam and propofol) and 
successfully extubated. On day 15, he was transitioned to 
the general ward for ongoing management with a tailored 
ASMs regimen comprising lacosamide, levetiracetam, 

Fig. 1 Flowchart of the literature on screening for the treatment of chronic FIRES in this study
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and clonazepam. On day 22, the patient was discharged, 
albeit with persistent seizures characterized by eye roll-
ing, limb twitching, right-sided mouth twitching, and 
brief loss of consciousness, each episode lasting approxi-
mately 2 min. The seizures persisted at a frequency of 
5–8 episodes per day, being precipitated by visual auras, 
such as photopsia with star-like patterns, and sometimes 
preceded by brief involuntary movements of the upper 
limbs for 10–40 s. At the 60-day follow-up, there was no 
further improvement, and neuroimaging remained sta-
ble. In April 2023 (day 100 post-admission), the patient 
consented to participate in our study and was adminis-
tered minocycline as an adjunctive therapy.

Table  1 summarized the clinical profiles of all three 
enrolled.

Outcomes
The median interval from the acute phase of FIRES to 
the minocycline intervention was 12 months (range:3–
36 months). All patients received a 12-week course of 
adjunctive minocycline while maintaining their previous 
ASMs with no new anticonvulsant therapies introduced 
in the preceding 3 months. Despite completing the full 
12-week course, none of the three patients experienced a 
significant reduction in seizure frequency. Nevertheless, 
Patient 3 demonstrated notable improvements, including 
a mean reduction of 76% in mean seizure duration, and 
seizure types from two subtypes to focal motor seizures 
at the study endpoint. QOLIE-31 scores increasing from 
31 at baseline to 49 after 12 weeks of treatment, particu-
larly in cognitive and psychosocial domains.

Regarding treatment safety, Patient 1 briefly experi-
enced side effects with anorexia and nausea after 55 days 
of minocycline therapy, both of which resolved sponta-
neously within 24 h. The other two patients tolerated the 
medication well with no reported adverse effects.

All patients underwent systematic monitoring: baseline 
assessments were recorded 4 weeks before treatment ini-
tiation, followed by repeated evaluations every 4 weeks 
during the 12-week intervention.  Detailed data on the 
follow-up of three patients receiving 12-week minocy-
cline treatment was presented in Fig. 2.

Literature review
This review ultimately included 14 articles on various 
treatment options for the chronic phase of FIRES [15, 16, 
26–37]. There are five studies on IL-1 receptor antago-
nists (anakinra) and one case involving tocilizumab [15, 
16, 26, 28, 29], one article on intrathecal dexamethasone 
(IT-DEX) [30], two studies on cannabidiol (CBD) [31, 32], 
three studies on ketogenic diet (KD) [33–35], one article 
on deep brain stimulation of the centromedian thalamic 
nuclei (CMN-DBS) combined with anakinra [27], one 

study on responsive neurostimulation (RNS) [36], and 
one article on vagus nerve stimulation combined with 
cannabidiol (VNS/CBD) [37].

Anakinra is commonly used in the treatment of auto-
inflammatory diseases, with several studies corrobo-
rating its effectiveness in the chronic phase of FIRES. 
Kenney-Jung et al. first administered anakinra in pediat-
ric patients across the acute to chronic phase of FIRES. 
During the chronic phase, anakinra demonstrated robust 
tolerability and exhibited significant efficacy in mitigating 
seizures associated with FIRES [26]. Furthermore, three 
independent case reports demonstrated that anakinra 
exhibited significant reductions in seizure frequency and 
severity in FIRES patients who were unresponsive to con-
ventional antiseizure medications and immunomodula-
tory therapy [15, 28, 29]. Fortunately, one case achieved 
complete seizure remission, and treatment also appeared 
to enhance cognitive and behavioral outcomes [28, 29]. 
However, the case series study conducted by Aledo-Ser-
rano et  al. demonstrated that the therapeutic effect of 
anakinra is not universally effective [16]. The researchers 
evaluated seizure outcomes, non-seizure complications, 
and adverse events among the five patients, reveal-
ing that 3 of 5 patients experienced a moderate reduc-
tion (20–50%) in seizure frequency after six months of 
anakinra treatment. For patient in the cohort who was 
insensitive to anakinra and subsequently switched to 
tolizumab, a comparable 30% reduction in seizure fre-
quency was observed at the end of treatment [16]. The 
use of anakinra/tolizumab suggested that an anti-inflam-
matory approach may be beneficial in the management of 
FIRES. By targeting the interleukin-1 pathway, anakinra 
may modulate the neuroinflammatory processes that 
contribute to the persistence of epilepsy in FIRES [26]. 
This is supported by evidence of normalization of pro-
inflammatory cytokine levels in the cerebrospinal fluid 
of treated patients. Anti-inflammatory therapy may dis-
rupt the cycle of seizure-induced neuroinflammation, 
thereby preventing long-term neurological sequelae [26]. 
Future studies should focus on determining the optimal 
timing and duration of anakinra therapy in FIRES, iden-
tifying the subgroup of patients who would benefit most 
from anakinra treatment. The efficacy of tocilizumab in 
FIRES underscores the importance of anti-inflammatory 
therapy, particularly in regions where anakinra and toci-
lizumab lack approval for neurological indications [30]. 
In such settings, Horino et al. reported successful treat-
ment with IT-DEX in the chronic phase of FIRES. Thio-
pental sodium was successfully discontinued, on day 3 
after the IT-DEX treatment initiation, with no further 
clinical seizures observed over the 17-month follow-up, 
but the patient’s EEG examination showed persistent epi-
leptic discharges in the temporal and frontal lobes at the 
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last follow-up [30]. This study also suggested significantly 
elevated CSF levels of pro-inflammatory cytokines (e.g. 
CXCL10, CXCL9, IFN-γ, IL-1β, IL-6, and IL-8) in the 
CSF of the patients compared to the controls (patients 
with chronic epilepsy) prior to IT-DEX treatment. Nota-
bly, CXCL10 and neopterin levels decreased significantly 
after treatment but remained elevated compared to con-
trols, suggesting that inflammation was suppressed but 
not fully resolved by IT-DEX [30]. In the chronic phase 
of FIRES, CBD was also used as an add-on treatment in 
an open-label case series. Gofshteyn et al. observed sig-
nificant reductions in seizure frequency and duration in 
the five patients [31]: seizure frequency reduced by an 
average of 90.9% at 4 weeks and 65.3% at 48 weeks after 

starting CBD. However, some patients experienced side 
effects such as dizziness, loss of appetite, weight loss, 
and nausea/vomiting during the treatment, though these 
might not have been directly attributable to CBD. Vicino 
et  al. conducted a retrospective observational study to 
assess the efficacy and safety of CBD as an add-on treat-
ment for drug-resistant epilepsy. It included a patient 
with FIRES who had previously failed to respond to mul-
tiple ASMs. Following CBD initiation, the patient expe-
rienced a reduction in seizure frequency [32]. Due to 
several confounding factors in these studies, including 
the lack of standardised controls for duration, dose and 
cycle of cannabidiol treatment, and the limited follow-
up periods, the efficacy of CBD as an add-on therapy in 

Fig. 2 The outcomes of seizure frequency, seizure duration, seizure type, and QOLIE-31 scores at weeks 4, 8, and 12 during minocycline treatment 
with respect to their baseline conditions are presented for the three patients with chronic FIRES. a Seizure frequency; b Seizure duration; c Seizure 
type; d QOLIE-31 scores. Bars represent the average value, and error bars indicate standard error. Dots indicate weekly measurements for each 
individual
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the chronic phase of FIRES needs to be further validated 
and explored. Three children received KD in the chronic 
phase of FIRES, with two-thirds experiencing positive 
outcomes [33]. Similarly, in another study, two children 
with chronic FIRES achieved seizure freedom after KD 
treatment during follow-up periods of 18 and 20 months 
[34]. In addition, adult male patient with a 27-month 
history of FIRES exhibited a 75% reduction in seizure 
frequency and mild cognitive improvement after KD 
initiation, although he experienced concomitant weight 
loss [35]. However, the complexity of KD may affect long-
term patient compliance.

Finally, recent research has illuminated the clinical 
significance of neuromodulatory treatment modalities 
in FIRES. These modalities included CMN-DBS com-
bined with anakinra, RNS, and VNS paired with CBD, 
all of which have exhibited promising antiepileptic effi-
cacy. Sa et al. revealed that two FIRES patients who were 
resistant to multiple ASMs received CMN-DBS treat-
ment achieved complete cessation of generalized sei-
zures. After the administration of anakinra, one patient 
experienced a transient seizure remission lasting three 
weeks [27]. These findings further support the hypoth-
esis that neuroinflammation may be a contributing fac-
tor in FIRES. Theroux et al. described a case involving a 
child who developed refractory multifocal epilepsy sub-
sequent to FIRES and was treated with RNS. The RNS 
system successfully detected and terminated the sei-
zures, reducing their seizure frequency from 1–4 times/
week to 0–4 times/month over an eight-month treatment 
period. Additionally, cognitive improvements were also 
observed in the patient [36]. Bonardiet al. reported on a 
FIRES patient treated with VNS in conjunction with CBD 
and multiple ASMs. The treatment led to rapid ceasation 
of status epilepticus and maintained seizure-freedom 
during the chronic phase of FIRES [37]. However, it is 
important to note that the concurrent administration 
of other treatments (such as anakinra and CBD) in the 
aforementioned studies necessitates caution in isolating 
the impact of each individual treatment. While generally 
well-tolerated, neuromodulation therapies remain risks 
of complications, including infection and equipment fail-
ure. Therefore, ongoing monitoring and careful consider-
ation of potential risks are essential in the application of 
these treatments. Detailed information about the treat-
ment courses and outcomes of the above studies were 
presented in Table 2.

Currently, standardized treatment protocols for the 
chronic phase of FIRES remain significantly lacking. This 
gap stems from multiple factors, including substantial 
variations in medication dosage, treatment duration, and 
overall therapeutic course, coupled with discrepancies in 
the criteria for evaluating therapeutic outcomes, thereby 

leading to complexity and inconsistency in assessing 
therapeutic efficacy. Furthermore, even when employ-
ing the same treatment modality, substantial variations 
in efficacy and considerable inter-individual variability 
are observed, which further amplifies the complexity 
and uncertainty surrounding treatment. Current under-
standing of chronic-phase FIRES treatment remains 
constrained by a paucity of high-quality evidence, with 
available data predominantly limited to case reports and 
small case series. There is a lack of large-scale, multi-
centre, randomized controlled trials to substantiate the 
effectiveness of various treatments. Given the long-term 
and ongoing nature of chronic phase treatment, due con-
sideration of treatment-related side effects and safety 
concerns is imperative. Specifically, the delicate bal-
ance between efficacy and safety must be meticulously 
evaluated when selecting treatment options. Notably, 
neuroinflammation occupies a pivotal role in the patho-
genesis of FIRES. Consequently, future research endeav-
ors should be focused on the development of innovative 
and anti-inflammatory agents with enhanced efficacy and 
improved safety profiles. These therapeutic agents would 
ideally modulate specific inflammatory pathways or 
cytokines implicated in FIRES, ultimately achieving bet-
ter seizure control through precise immunomodulation.

Discussion
While recent studies on FIRES have focused on acute-
phase management, data on chronic-phase treatment 
remain limited. In this study, we evaluated adjunc-
tive minocycline therapy in three patients with chronic 
FIRES. During the 12-week follow-up, Patient 3 dem-
onstrated a significant improvement in seizure duration 
(now limited to focal seizures), along with enhanced 
quality of life (QOLIE-31 score increase). However, 
minocycline did not significantly reduce the seizure fre-
quency in any of the patients.

This result may be attributed to the earlier initiation of 
minocycline treatment in Patient 3 (administered closer 
to the acute phase) compared to Patient 1 and Patient 
2. Research suggests that early intervention with mino-
cycline may be more effective in alleviating inflamma-
tion [27], potentially elucidating the observed clinical 
improvement and further supporting the notion that 
minocycline’s anticonvulsant effects may mitigate the 
inflammatory storm. Therefore, the anti-inflammatory 
effects of minocycline are likely to be more pronounced 
in the early chronic phase, aiding in the reduction of 
intracranial inflammation and the improvement of clini-
cal symptoms. Imaging reports of Patient 1 revealed hip-
pocampal sclerosis, while Patient 2 exhibited cerebral 
atrophy. Minocycline appears to provide no benefit for 
these two patients with structural imaging changes. This 
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may be because early administration of minocycline is 
more effective in preventing subsequent damage when 
imaging shows no significant permanent brain damage 
or structural alterations. However, for patients already 
demonstrating hippocampal sclerosis and cerebral atro-
phy, the efficacy of minocycline may be limited, as these 
irreversible structural changes are likely unresponsive 
to treatment. This perspective suggests that irrevers-
ible structural brain damage may be a negative predic-
tor in the effectiveness of minocycline in FIRES patients. 
Therefore, the decision to incorporate minocycline into 
treatment should account for both imaging characteris-
tics and clinical presentation [39].

In this study, we also documented the safety of mino-
cycline in the treatment of FIRES. Patient 1 experienced 
mild gastrointestinal symptoms, including nausea and 
anorexia, on day 55 of the minocycline administration. 
These adverse effects were transient, resolving within 1–2 
days, and did not recur during subsequent clinical evalu-
ations. Although minocycline is sometimes associated 
with gastrointestinal upset, such reactions are more com-
monly observed in early phase of treatment [40]. Addi-
tionally, it is pertinent to note that Patient 1 was taking 
concomitant ASMs, which themselves may contribute 
to gastrointestinal disturbances [41]. The remaining two 
patients in this series report no adverse effects during the 
treatment phase. Overall, the tolerability profile of mino-
cycline in this context appears to be favorable. Thereaf-
ter, we will continue to closely monitoring of these three 
patients and strive to obtain the necessary EEG and MRI 
to fully evaluate the efficacy of minocycline in the chronic 
phase of FIRES. It is important to note that the clinical 
application of minocycline in FIRES and other neurologi-
cal disorders requires further validation through rigorous 
clinical trials involving a large number patients.

The therapeutic mechanism of minocycline in FIRES 
needs to be fully explored. The antiepileptic effects of 
minocycline are primarily attributed to its anti-inflamma-
tory and immunomodulatory effects. Specifically, mino-
cycline inhibits the activity of matrix metalloproteinases 
(MMPs), which play a role in immune responses. Mino-
cycline exerts its anti-inflammatory effects by inhibiting 
various pathways, including those involving nuclear fac-
tor kappa-light-chain-enhancer of activated B cells (NF-
κB), lipopolysaccharide-induced TNF-α factor (LITAF), 
nuclear hormone receptor (Nur77), lipopolysaccharide 
(LPS)-induced lectin-like oxidized low-density lipopro-
tein receptor-1 (LOX-1), phosphoinositide 3-kinase/
Akt (PI3 K/Akt) pathway, and p38 mitogen-activated 
protein kinase (MAPK) activation. Minocycline attenu-
ated microglia-T cell interactions via selective NFAT 
inhibition, implicating NFAT-mediated signaling as a 
therapeutic target in neuroinflammatory pathways and 

down-regulating CD40 ligands in T cells to minimize 
CD4 (+) T cell activation [17, 19, 42], potentially reduc-
ing inflammation. In addition to its effects on immune 
cells, minocycline has been found to alleviate depres-
sive behavior in the rat model of chronic temporal lobe 
epilepsy by decreasing the levels of pro-inflammatory 
cytokines (IL-6 and IL-1 β) in the hippocampus [43]. In 
the analysis of CSF cytokine profiles, patients diagnosed 
with FIRES exhibited a pronounced upregulation of spe-
cific cytokines and chemokines. This inflammatory sig-
nature is notably distinct from that observed in patients 
with chronic epilepsy or non-inflammatory neurological 
disorders who present with frequent seizures [10] sug-
gesting a FIRES-specific pathophysiological mechanism. 
Although the role of minocycline in treating DRE is 
relatively well-characterized from clinical and preclini-
cal studies, there is a significant gap in research directly 
exploring the effects of minocycline in animal models of 
FIRES. The lack of such investigations hinders our capac-
ity to establish a clear correlation between minocycline 
treatment and clinical outcomes in FIRES, highlighting 
the need for further targeted research in this area.

The potential etiology of FIRES involves multifacto-
rial triggers, including non-specific systemic infections 
and/or genetic susceptibilities that lead to aberrant 
innate immune activation, ultimately driving neuroin-
flammation and epileptogenesis [1]. Cytokine profiling 
monitoring suggests that pro-inflammatory cytokines/
chemokines, such as IL-6, TNF-α, CXCL8/IL-8, CXCL9, 
CXCL10,CXCL11,CCL2, CCL19,MIP-1α, and IL-
12p70 are abnormally elevated in both serum and CSF 
of FIRES patients. These elevated cytokine/chemokine 
patterns correlate with disease pathogenesis, suggest-
ing their direct involvement in sustaining neuroinflam-
matory processes and promoting seizure generation 
[10, 44]. Lin et  al. proposed a hypothesis that excessive 
activation of the microglial NLRP3 inflammasome/IL-1 
axis is a key initiatory event in FIRES based on a com-
prehensive literature analysis. This hyperactivation is 
thought to establish a neuroinflammatory environment 
that promotes seizure activity. The reciprocal relation-
ship between inflammation and seizures is proposed to 
form a vicious cycle, thereby perpetuating the disease 
state. Additionally, the distinctive properties of microglia 
are hypothesized to enhance unopposed IL-1 signaling, 
resulting in chronic sterile neuroinflammation [45]. In a 
mouse model of transient middle cerebral artery occlu-
sion (tMCAO) ischemic stroke, minocycline has been 
demonstrated to exert neuroprotective effects. Investiga-
tors discovered that minocycline administration signifi-
cantly diminished levels of interleukin-1 beta (IL-1β) and 
interleukin-18 (IL-18) by suppressing the activation of 
the NLRP3 inflammasome within microglial cells. These 
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cytokines, IL-1β and IL-18, are typically upregulated in 
response to ischemic injury and act as pivotal media-
tors of the NLRP3 inflammasome [46]. Consequently, 
the modulation of NLRP3 in FIRES could be a promising 
therapeutic target for minocycline intervention.

Currently, there are no specific treatments for chronic-
phase of FIRES. Most patients required long-term man-
agement with ASMs and/or a combination of other 
therapies, including cannabidiol, VNS, and even epilepsy 
surgery. However, these treatments have shown limited 
efficacy in managing the chronic phase of FIRES. Our 
study aimed to contribute to the understanding of the 
chronic phase of FIRES by providing insights to guide 
future studies. Given the role of immune abnormalities 
and neuroinflammation in FIRES, treatments targeting 
these underlying mechanisms may represent a promising 
therapeutic avenue. There is increasing focus on immu-
nomodulatory approaches, including steroids, IVIg, 
plasma exchange, and immunosuppressive agents. More-
over, the comprehensive management of the chronic 
phase of FIRES goes beyond just controlling seizures. 
It also involves proactive rehabilitation efforts aimed at 
improving the overall quality of life for patients.

Conclusions
In summary, the chronic phase of FIRES remains a sig-
nificant challenge, requiring both innovative therapeutic 
strategies and comprehensive care. This small case series 
highlights observations of improved outcomes associ-
ated with minocycline treatment, suggesting potential 
benefits in mitigating disease progression. While these 
preliminary findings underscore the promise of timely 
anti-inflammatory interventions like minocycline, fur-
ther research and clinical validation are essential to con-
firm their efficacy and optimize therapeutic protocols for 
FIRES management.
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