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Introduction
Spontaneous intracerebral hemorrhage (ICH) is 
one of the most common causes of death and dis-
ability in the USA, with over 795,000 new strokes 
every year of which 10% are ICH (incidence of 
24.6 per 100,000 person-years).1,2 However, while 
the incidence remains steady, ICH boasts the 
highest mortality with rates ranging between 53% 
and 59%1,3,4 and the highest comorbidities in 
patients 50–80 years old.1

The primary phase in ICH management, calculat-
ing initial hematoma volume and rate of expansion, 
has been aggressively targeted in large multicenter 

trials over the last 15 years (Table 1).5–11 Despite 
the number of major clinical trials, all of the novel 
therapeutic strategies targeting primary mecha-
nisms from these clinical trials have been unsuc-
cessful in demonstrating improved functional 
outcome, suggesting that secondary mechanisms of 
injury after ICH may represent a complementary 
and essential pathophysiological target.

In this review, we summarize pathophysiological 
mechanisms critical in wound repair after ICH 
and current evidence from important clinical trials 
that suggest viable therapeutic targets for attenu-
ating secondary injury in patients with ICH. We 
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also propose a new paradigm to establish novel 
strategies and targets for future ICH therapy clini-
cal trials that can specifically target secondary 
mechanisms of injury. The lack of efficacy in ther-
apies targeting primary mechanisms in ICH, 
emphasizes the need for better prospective clinical 
trials that both target and provide quick therapies 
to mitigate secondary mechanisms of injury.

Secondary mechanisms of ICH triggering 
systemic inflammatory responses
ICH is characterized by a massive cascade of 
pathophysiologic events amplified by the intrinsic 
attempts at hemostasis and physiological wound 
repair to blood-brain barrier (BBB) disruption at 
the injury site.12,13 The pathophysiology of ICH 
has been divided into two main phases. The pri-
mary phase develops within the first 6 h of hemor-
rhage12,13 and is characterized by hematoma 
formation, mass effect, and volume expansion 
that leads to increased intracranial pressure (ICP) 
(Figure 1). Beyond being a single event, hema-
toma formation and expansion appear to be 
accompanied by complex inflammatory and vas-
cular processes12,13 (Figure 1) characterized by an 
“avalanche model” where ruptured vessels at the 
hematoma periphery propagate mechanical shear-
ing of neighboring vessels and lead to hematoma 
expansion via both microbleeds and large vessel 
hemorrhage.6,12,13

Hematoma expansion then transitions into the 
secondary peri-hematomal edema (PHE)14,15 
phase where brain tissue reacts to acute hema-
toma development, and local extravascular blood 
products and peripheral expansion trigger an 
inflammatory response to disintegrate the hema-
toma (Figures 1 and 2). Vasogenic edema results 
due to increased extravasated fluid accumulation 
due to BBB disruption of endothelial tight 
junctions.16

The endothelial tight junction, made of claudin 
and ZO1, is the functional unit of BBB and works 
with astrocytes and pericytes to modulate perme-
ability and regulate ion channel transporters. 
Disrupted endothelial tight junctions can cause 
irreversible damage via release of excess calcium 
and reactive oxygen species (ROS) molecules.16–18 
The migration of inflammatory leukocytes and 
microglia activation create a pro-inflammatory 
milieu where cytokines and chemokines further 
increase BBB disruption and increase the likeli-
hood of circulatory systemic cytokines and other 
inflammatory circulatory cells into the brain or 
cerebral circulation.19

In addition, vascular endothelial growth factor 
(VEGF) is released during BBB disruption and 
leads to proliferation and migration of vascular 
endothelial cells. VEGF peaks during both pri-
mary and secondary injury phases.20 Claudins 

Figure 1. Intracerebral hemorrhage secondary mechanisms. (a) Avalanche model demonstrating initial blood 
vessel rupture and further hematoma expansion causing re-bleeding, intracranial pressure elevation, and 
vasogenic edema. (b) Peripheral hematoma expansion after vessel rupture and blood extravasation into brain 
tissue generating (c) systemic inflammatory response.
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and occludins are transmembrane proteins that 
form tight junctions and decrease after exposure 
to VEGF-A in human endothelial in-vitro 
cells.19,20 In-vivo animal models have also demon-
strated that VEGF inhibition using VEGF 
 neutralizing antibody can reduce glioblastoma-
induced vasogenic edema.1,21

During secondary brain injury, extravasated 
blood in the extravascular spaces also releases 
hemoglobin, hemin, thrombin, and iron that con-
tribute to neuronal damage and inflamma-
tion.13,22,23 Secondary brain injury is a leading 
cause of irreversible neurological deficits and 
brain death.3,13,24 Patients with ICH exhibit irre-
versible progressive deterioration due to second-
ary injury, which include neuroinflammation 
caused by oxidative stress, neurotoxicity or cell 
death by ferroptosis, BBB disruption, PHE, and 
hematoma expansion as well as axonal damage 
and neuronal loss due to apoptotic cell death.16,23

Time frame of secondary mechanisms of 
injury in ICH for acute intervention
After ICH onset, wound repair immune response 
occurs within seconds after injury with microglia 
and macrophage activation and migration occur-
ring in the first hour.3,12,13 The first 6 h are often 
critical to establish a management plan to mitigate 

secondary insult and PHE. Early intervention 
may prevent the development of secondary inju-
ries but are dependent on the mechanisms tar-
geted and timing of intervention. In addition, as 
wound repair often involves normal physiological 
mechanisms that are inopportunely activated and 
may consequently lead to further injury, this tem-
poral profile between physiological harm and 
physiological repair must be better delineated.25

Acute intervention targets for attenuating 
secondary injury after ICH

Calcium and PTH as pre-existing conditions 
impacting ICH prognosis
The exact pathophysiological role of calcium, 
including whether it can be actively modulated or 
is a passive marker of inflammation, requires 
greater study. However, growing evidence demon-
strates that intracellular calcium and hypocalcemia 
may be critical in determining prognosis and pro-
gression after ICH. High serum calcium is associ-
ated with smaller hematoma volume and better 
clinical outcome.3,14 Calcium influences physio-
logical homeostasis by playing a critical role in the 
coagulation cascade and neuronal, skeletal, smooth 
muscle, and hormone secretion.26–28 Serum cal-
cium is normally found ionized and charged (active 
physiological form), in a free state and protein 

Figure 2. Potential molecular targets for decreasing perihematomal edema and neuronal damage after 
intracerebral hemorrhage and neurovascular unit disruption of the endothelial barrier that leads to 
extravasation of blood and cellular debris into cerebrospinal fluid and accumulation of blood into the Virchow 
space.
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bound, or as an anion bound complex.14,15 Calcium 
is regulated by parathyroid hormone, vitamin D 
metabolites, and calcitonin.14,28–30

Calcium has numerous potential roles in ICH. 
First, hypocalcemia potentially promotes the 
cytokine activation that induces inflammation and 
PHE within 24–48 h of ICH.14,28,30 Serum calcium 
also influences blood pressure. Calcium has been 
shown to reduce blood pressure due to immediate 
action on calcium-sensing receptors (CaSR).28 
These G-coupled receptors modulate calcium 
concentrations to maintain vascular tone28,31,32 
and are expressed in perivascular nerves, vascular 
smooth muscle cells, and endothelial cells.28,30 
Lower serum calcium correlates with increased 
microbleeds, pre-existing unstable cardiac 
arrhythmias and rheumatic heart disease,26 larger 
hematoma volume, and worse outcome in 
ICH.14,31,32 Strategies to improve serum calcium 
and decrease the influx of intracellular calcium 
may be useful for mitigating secondary injury.

Microglia role in ICH
Microglial activation in the brain is critical in sec-
ondary injury due to their role in remodeling syn-
apses during adult neurogenesis, recapturing old 
damaged neuronal debris, and clearing infectious 
particles. Microglial activation also results in neu-
roinflammation via infiltration of leukocytes and 
cytokine release. Hemorrhagic brain injury results 
in extensive microglial activation in preclinical 
models of ICH. This is characterized by growth 
and increased microglial expression of IBA1 
CD11b compared to non-injured control brain. 
IBA1-positive microglia encircle peripheral areas 
of hematoma.33,34 Microglial to macrophage phe-
notype activation takes place 1–4 h after ICH in 
animal collagenase models.27,33 Peak activation of 
microglia has been observed at day 3 and 5 after 
ICH with an eight-fold increase in microglia or 
macrophages.34 In mouse models of ICH, mac-
rophages migrate to the injury site within 12 h.33,35 
Moreover, different stages of activated monocytes 
are detected through this period in the circula-
tion, and this activation of microglia to mac-
rophage persists for at least 4 weeks in animal 
models35,36 with confirmation in ICH patients.19

Activated microglia and macrophages share 
immune cell markers that are difficult to assess by 
histopathology.36 Activated microglia or M1 pro-
motes a self-sustained inflammatory release of 

cytokines, chemokines, prostaglandins, proteases, 
ferrous iron, glutamate, and ROS. Activated 
microglia also activate and recruit more M1 and 
M2.35,36 Macrophage inhibitory factor (MIF) is a 
small peptide released from CD8 T-cells. MIF 
injections greatly diminish the volume of hemor-
rhagic lesions in mouse models.34 Current poten-
tial strategies for clinical trials would target the 
transformation of microglia to prevent scar for-
mation mechanisms within the brain and repro-
gram macrophages to act as neuroprotectants or 
scavengers.

M1/M2 reprogramming role in secondary insult 
and cytokines
M1 and M2 macrophages have been classically 
defined as pro-inflammatory and anti-inflammatory 
based on in-vitro conditions. M1 and M2 mac-
rophages mainly differ in metabolic profile and 
cytokine production. Transformation of M1 to M2 
macrophages requires the presence of a specific 
inflammatory milieu continually signaling for 
wound repair and blood vessel remodeling. 
However, it has been difficult to distinguish among 
biomarkers and other transition activation states.19,35 
M1 express iNOS/CD86 whereas M2 express 
Arginase/CD206.34 Pathological expression has 
been seen in central nervous system macrophages 
after acute and chronic brain injury.

Microglia to macrophage activation, mediated by 
IL-4 and signifying a transition from pro-inflam-
matory to anti-inflammatory states, has been 
demonstrated in animal models. It is currently 
unknown if microglia are polarized to macrophage 
or recruited from circulation.19 Some of the cur-
rent animal models have shown decreased brain 
damage and neuroprotection by utilizing inhibi-
tors of M1 to M2; this includes administration of 
IL-4 to decrease edema induced by ICH34,35 and 
macrophage removal from circulation after the 
insult.37,38

Increased efforts have been made to delineate and 
clearly separate M1 and M2 from their genetic 
and mRNA transcriptome signature.34 However, 
only metabolic activity provides a realistic insight 
on the dynamic function of M1 and M2 mac-
rophages. Metabolic reprogramming is one of the 
features of the innate immune system. This is 
based on availability of glucose or fatty acid utili-
zation.34 M1 microglia are characterized by a 
faster metabolic rate – mainly using glycolysis, 
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pentose phosphate production and NADPH pro-
duction as well as fatty acid synthesis – since they 
reach and degrade bacteria, release prostaglan-
dins and cytokines, and have high turnover for 
phagocytosis.34,39 In contrast, M2 macrophages 
with an anti-inflammatory and remodeling role 
require sustained energy activation that enables 
transcription of tissue repair genes and amino 
acids and fatty acid breakdown of bacteria and 
phagocytic activity.

Recently, studies in vivo have demonstrated that 
M2 anti-inflammatory macrophages can revert to 
an M1 signature and use autophagy as its main 
metabolism and function.34,37 M2 macrophages 
also have increased expression of CD206 ligand, 
which is a C-lectin glycan peptide that confers 
unique characteristics for M2 to sustain signaling 
with endothelial and neutrophil glycans and thus 
guides endothelial remodeling. Furthermore, this 
increases the complexity of immunometabolism 
reprogramming since availability of C-lectin and 
other glycans promotes activation of M2 mac-
rophages and decrease M1 activity.13,19 Metabolic 
reprogramming of M2 include anti-inflammatory 
signaling with pyruvate dehydrogenase used as a 
substrate for the tricarboxylic acid (TCA) cycle 
and mitochondrial oxidative phosphorylation.39 
Increased pyruvate dehydrogenase leads to proin-
flammatory conditions and increased itaconate.

Oxygenation conditions also contribute to this 
change, promoting oxidative phosphorylation 
and proinflammation with active glycolytic activ-
ity on M1 microglia. TCA cycle and oxidative 
phosphorylation are critical to maintaining M1/
M2 balance. Decreased oxidative phosphoryla-
tion impairs the ability of M1 repolarization to 
anti-inflammatory M2 and promotes an M1 pro-
inflammatory phenotype. This phenomenon 
occurs in the primary phase of ICH due to 
hypoxia.18,19

Glycolysis and oxidative phosphorylation have 
been associated with pro-inflammatory microglial 
activation. Thus, glucose levels during the first 
hours of ICH ictus in the primary phase may rap-
idly determine proinflammatory versus anti-
inflammatory responses. This has been observed 
in animal models where exposure of high extracel-
lular concentrations of glucose induced CD11b, 
iNOS, TNFα, and IL-6 activity and decreased 
M2 macrophage activity.19,30 Possible novel tar-
gets to decrease M1 signaling are mTOR-HIF1α, 

IL-1, and TNFα, which may occur via rapamycin 
or metformin.37

Aquaporins: inhibiting cerebral edema in ICH
Aquaporins (AQP) are proteins that regulate 
water intake and balance in all cells and act like 
ion channels. Thirteen different subtypes of aqua-
porins have been identified. Expression of AQP4 
is most abundant in the central nervous system, 
particularly on astrocyte foot processes surround-
ing capillaries and modulate water influx into 
brain parenchyma.40 Aquaporins are also 
expressed in the choroid plexus and produce CSF.

AQP4 has been extensively studied as a potential 
target for brain edema, but AQP4 expression has 
been shown to be different in TBI, ICH, and liver 
damage models for brain edema. Particularly rele-
vant in cytotoxic edema, AQP4 null mice have 
demonstrated severe brain edema compared to 
wild type.29 In cytotoxic edema, AQP4 induces 
excessive influx of extracellular water into the cell 
as a response to correct ionic imbalance, whereas 
during vasogenic edema, AQP4 is involved in 
parenchymal fluid accumulation. AQP4 inhibitors 
have demonstrated effectiveness in cytotoxic edema 
by diminishing cell swelling. AQP4 activators or 
up-regulators might be effective in vasogenic edema 
by facilitating parenchymal fluid clearance.

TGN-020, a novel AQP4 inhibitor, has proven to 
be effective in cerebral edema mouse models.41 
Piroxicam, an NSAID, binds to AQP4 and reduces 
cerebral edema in animal ischemia models.29 
These two compounds may represent potential 
novel targets for secondary injury in ICH clinical 
trials targeting cerebral edema after ICH.

NKCC1 Na cotransporter activity on ICH edema
NKCC1 is one of the main ionic co-transporters 
maintaining cellular and water homeostasis in the 
brain.29 NKCC1 is expressed both in astrocytes 
and neurons and is critical for proper nerve syn-
aptic communication. NKCC1 Na + K + Cl- 
cotransporter transports Na + and K + and 
maintains Na concentration and regulates cell 
volume.29 NKCC1 is increased after TBI and cer-
ebral ischemia in animal models and facilitates 
inflow of extracellular Na into cells.12 Animal 
models have demonstrated that cytotoxic brain 
edema was decreased in NKCC1 null mice com-
pared to wildtype. Bumetanide, an NKCC1 

https://journals.sagepub.com/home/tan


W Bautista, PD Adelson et al.

journals.sagepub.com/home/tan 7

inhibitor, has been used as a loop diuretic and has 
shown no efficacy in decreasing cytotoxic cerebral 
edema in animal ICH models.42

Endothelin receptor ETB-R and ICH repair and 
remodeling in secondary injury
Endothelins are a vasoconstrictor family of pep-
tides released by the endothelium and immune 
cells that are important physiological modulators 
in the central nervous system. Endothelins act on 
two main receptors in the brain: ETA-R and ETB-
R. ETA mediates vasoconstriction in the smooth 
muscle, and ETB is expressed in the astrocytes. 
ETB-R astrocyte activation induces GFAP reac-
tive activity and proliferation and stimulates sev-
eral pathophysiological responses to injury 
including MMP-9 and VEGF-A release.43 Studies 
evaluating the mechanisms of endothelin reveal an 
important pathway that targets ETB-R, matrix 
metalloproteinase-9 (MMP) and the VEGF axis 
where ETB-R can be inhibited upstream in the 
signaling pathway and decrease cerebral edema 
due to MMP-9 and angiogenesis in ICH.44

Several ETB-R antagonists have been developed 
to date, including BQ788 and IRL2500. These 
have been tested in brain edema mouse models. 
ETB-R antagonists have been locally adminis-
tered intrathecally after BBB disruption and vaso-
genic brain edema.20,44 In a recent study, BQ788 
and IRL2500 reduced the number of reactive 
astrocytes that were GFAP positive and decreased 
MMP-9 and VEGF-A in a cerebral edema mouse 
model. This inhibition decreased BBB permeabil-
ity and decreased status epilepticus induced by 
vasogenic edema.45 These effects were also repro-
duced in a cerebral ischemia model indicating the 
potential of ETB-R antagonists in cerebral anti-
edema therapies.17,20,43 Much attention has been 
brought to these secondary mechanisms with a 
number of clinical trials including: GLP-1 
CellBeads® for the Treatment of Stroke Patients 
With Space-occupying Intracerebral Hemorrhage, 
Glibenclamide Advantage in Treating Edema 
After Intracerebral Hemorrhage (GATE-ICH), 
Interleukin-1 Receptor Antagonist in Intracerebral 
Hemorrhage (BLOC-ICH), Registration of 
Idarucizumab for Patients With IntraCranial 
Hemorrhage (RIC-ICH), Efficacy, and Safety 
and Tolerability of BAF312 Compared to Placebo 
in Patients With Intracerebral Hemorrhage. 
These studies are ongoing and the results are not 
yet available.

Sur1-TRPM4 channels targeting cerebral 
edema
Sur1 is a ligand binding receptor that associates 
with the Trpm4 channel after neuronal damage 
and activates a calcium dependent ATP channel. 
Sur1-NC1Ca-ATP channel leads to vasogenic 
edema by allowing sodium ion dependent chlo-
ride entry into the cell and water influx into the 
extravascular space.46 Neuronal depolarization 
leads to ATP depletion and sodium-dependent 
water influx into the cell. Sur1-NC1Ca-ATP chan-
nels are regulated by the Sur1 ligand, and patho-
logical activation results in depolarization and 
cytotoxic edema and the passive influx of Cl- and 
water, which results in vasogenic edema.46 An 
exploratory cohort from a pediatric TBI Phase II/
III trial demonstrated that Sur1 cerebrospinal 
fluid levels increased and correlated with increased 
ICP and worse outcome, revealing Sur1 as a 
potential biomarker for secondary injury.4

Preclinical and clinical studies identified sulfo-
nylurea glibenclamide as effective in controlling 
and decreasing cerebral edema following ICH 
and stroke.36 The mechanism of action was 
blockade of Sur1-KIR channels. The blocking 
activity of Sur1-TRPM4 channels (also named 
Sur1) regulated Na-Ca ATP, which is expressed 
in the neurovascular unit after BBB disruption 
and trauma. Glibenclamide inhibits the regula-
tory subunit and decreases efficacy of channel 
activity. Sur1 belongs to a family of four differ-
ent types of KATP channels linked to K influx 
ionic entry – Sur1-KIR 6.2, Sur2A-KIR6.2, 
Sur2B-KIR6.2, and Sur2B-KIR6.1 – that are 
expressed in astrocytes and neurons.36,47 
Activation of KATP channel causes hyperpolari-
zation of the cell, allows outward flow of potas-
sium, and decreases excitability. Activation of 
KATP channels may lead to depolarization or 
hyperpolarization.47

Glibenclamide was designed for beta pancreatic 
cells that have resting membrane potentials above 
the K equilibrium potential. This leads to depo-
larization and calcium influx needed for insulin 
release. Injured astrocytes and neurons have a 
more depolarized resting membrane potential 
that leads to an inward sodium current and fur-
ther efflux of potassium.36,47 Blocking Sur1 leads 
to increased positive influx charges and hyperpo-
larization, which decreases depolarization and 
prevents further BBB leakage. Glibenclamide has 
demonstrated effectiveness when targeting both 
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vasogenic and cytotoxic edema in multiple mod-
els of brain injury including ICH, TBI, ischemic 
stroke, and subarachnoid hemorrhage.

Glibenclamide’s bioavailability and potential uses 
for stroke treatment have been extensively stud-
ied.48 Glibenclamide is formulated to be dosed 
three times a day orally to achieve supratherapeu-
tic plasma levels. However, increased risk of 
hypoglycemia in non-diabetic patients can induce 
cerebral damage.36,49 The intravenous formula-
tion of glibenclamide (BIIB093) facilitates rapid 
supra-therapeutic levels and stable maintenance 
of desired plasma levels of the drug.42

GAMES (Glyburide Advantage in Malignant 
Edema and Stroke) RP was a randomized, multi-
center prospective double-blinded placebo-con-
trolled trial that evaluated BIIBO93 in 86 
patients (41 patients in the BIIB093 group and 
36 patients with placebo).48 Its primary objective 
was to demonstrate increased proportion of 
patients with malignant anterior circulation 
strokes achieving modified Rankin score of 0–4 
at 90 days without decompressive hemicraniec-
tomy.48 No significant difference in functional 
outcome or mortality was noted between the 
BIIB093 and controls.48 However, radiological 
imaging of cerebral edema did show smaller 
median midline shift, lower total plasma concen-
tration of MMP-9 measured at 24–72 h, and a 
reduced proportion of deaths attributed to cere-
bral edema in the BIIB093 group.50

Potential applications for Sur1 inhibition by sul-
fonylureas in ICH have been suggested by retro-
spective studies that suggest that diabetic 
patients pretreated with sulfonylureas have bet-
ter clinical outcomes and smaller initial hema-
toma volumes.51

These studies show efficacy and safety of the Sur1 
mechanism for treating cerebral edema in malig-
nant ischemic stroke and ICH. The results of 
these studies may present a potential therapeutic 
target for mitigating secondary injury in ICH or 
severe TBI. Efforts to study this mechanism in 
ischemic stroke and severe TBI are ongoing with 
the current phase III multicenter randomized tri-
als CHARM (Cirara in large Hemispheric infarc-
tion Analyzing modified Rankin and Mortality) 
and ASTRAL (antagonizing SUR1 TRPM4 to 
reduce the progression of intracerebral hematoma 
and edema surrounding lesions).50

Matrix metalloproteinase inhibition
Matrix metalloproteinases (MMP) degrade extra-
cellular matrix components (ECM) such as col-
lagen, laminin, and fibronectin. MMPs are a 
family of zinc-dependent enzyme endopeptidases 
with four main classes: collagenase, gelatinase, 
stromelysin, and membrane bound. 24 MMPs 
have been identified.13,52,53 These endopeptidases 
are usually present in the inactive form and are 
activated by autocatalysis or plasmin. MMP-9 
degrades basal lamina and brain micro-vessels 
resulting in increased BBB permeability after 
ICH.13,54 Upon BBB disruption, MMPs are acti-
vated resulting in hematoma volume and PHE 
expansion. Encephalogens activate pro-forms of 
inflammatory molecules of cell, ECM interaction 
as well as processing of cell death debris and mol-
ecules, and the apoptosis mediated FasL path-
way.54,55 MMP-9 enzymes stimulate repair and 
remodeling of damaged nerve tissues promoting 
angiogenesis and axonal injury.54,55

Minocycline is a semisynthetic derivative of tetracy-
cline. It has a broad spectrum of activity against 
gram-positive and gram-negative bacteria and is 
approved by the Food and Drug Administration 
(FDA) for treatment of Acinetobacter infections as 
well as experimental use for ICH. A recent study 
analyzing the pharmacokinetic profile of intrave-
nous minocycline in critically ill patients with 
Acinetobacter infections noted that volume distri-
bution increased with body size, and circulating 
plasma proteins such as albumin directly contrib-
uted to reducing free fraction of many drugs. 

MMP-9 inhibition using repurposed medica-
tions, including minocycline, show promising 
results: decreased circulating MMP-9 and 
increased overall survival in all patients regardless 
of the hematoma volume and mean systolic blood 
pressure. In ICH, MMP-9 levels have positively 
correlated with PHE volume in subcortical ICH,54 
although MMP-9 levels failed to be a predictor 
for PHE volume in logistic regression analysis.52

The ACUMIN study was a phase IV multicenter 
open label study to evaluate PK of single dose 
intravenous minocycline in patients receiving 
antimicrobial therapy for a known suspected 
gram-negative infection.49 A maximum dose of 
intravenous minocycline 200 mg every 12 h was 
used but only achieved critical fAUC: (MIC 50) 
targets in plasma associated with stasis and selec-
tivity for Acinetobacter. This indicated that a 

https://journals.sagepub.com/home/tan


W Bautista, PD Adelson et al.

journals.sagepub.com/home/tan 9

1600 mg intravenous minocycline dosing regimen 
would be required to ensure  > 90% probability 
of achieving fAUC-MIC. The overall conclusions 
from both PK models suggest that current intra-
venous dosing of minocycline used in the inten-
sive care unit might provide only suboptimal 
dosing and microbiological efficacy, and the 
higher intravenous minocycline doses used in 
critically ill patients with infections will require a 
detailed risk versus benefit assessment for toxici-
ties related to potential kidney damage.49

Immune migration suppression preventing 
wound repair via S1P-receptor inhibition
Fingolimod was approved for relapsing remitting 
multiple sclerosis in 2010.56,57 One of the main 
features of fingolimod is its ability to cross the 
BBB and act directly on neural and glial cells. It 
also acts as an analogue of Sphingosine-1-
phosphate receptor (S1 P-R), a membrane-
derived lysophospholipid signaling molecule, and 
inhibits activated T-lymphocytes from leaving 
lymph nodes58,59 and migrating into the circula-
tion. This therapeutic strategy has been exten-
sively used in autoimmune disorders to prevent 
inflammation in autoimmune diseases such as 
ulcerative colitis and multiple sclerosis.

The S1P -R family comprise G-coupled receptors 
representing a large family and expressed in many 
cells throughout the epithelial cells and central nerv-
ous system. S1P -R13 are widely expressed whereas 
S1P -R4 and S1P-R5 are restricted to certain cell 
types in the central nervous system. These receptors 
have important functions on cell adhesion, migra-
tion, and endocytosis and modulate cell prolifera-
tion immune response trafficking of T and B-cells.

Fingolimod was first studied in ICH collagenase 
and autologous blood rat models. Fingolimod 
was administered as an intraperitoneal dose versus 
daily injection and evaluated at different time 
points.57 These studies demonstrated significant 
less cerebral edema and circulating lymphocytes 
in the daily fingolimod injection group.

Pre-clinical studies in the mouse ICH collagenase 
model showed a significant decrease in cerebral 
edema and apoptotic cells.57 This study also 
showed decreased brain atrophy at 2 weeks, 
improved neurobehavioral tests, and decreased 
hematoma volume and CD68 + cells. These 
promising results lead to the development of a 

phase I clinical trial using Fingolimod as a treat-
ment for cerebral edema after ICH.60 Patients 
received fingolimod orally every day for three days 
and had a mean arterial pressure goal < 130 mmHg. 
Primary outcome was modified Rankin score 
(mRS) and NIH stroke scale (NIHSS) scores at 
days 7, 14, 30, and 90. A total of 23 patients with 
hematoma volumes between 15 and 17 ml were 
enrolled with a mean time onset time to fingoli-
mod treatment of 19.5 h. Glasgow Coma Scale 
scores significantly improved by day 7 and 14 
compared to controls, NIHSS scores improved 
from admission to day 7, and mRS scores 
improved on day 90. In addition, there was radio-
logical evidence of reduction in PHE volumes and 
decreased lymphocyte proliferation. All CD4, 
CD8 and CD19 cells were significantly reduced in 
the fingolimod group.60 No significant adverse 
events were observed in the fingolimod group, and 
lymphopenia was present until 7–9 days with no 
further complications. This trial showed improved 
clinical outcome in ICH by rapidly targeting the 
source of inflammatory PHE by preventing migra-
tion of adaptive immune infiltrates to the brain 
after the ICH insult.38,57

Ozanimod is another modulator of S1 P1 and S1 
P5 that has been tested in a Phase 2 clinical trial61 
for the treatment of moderate to severe ulcerative 
colitis. It was designed to treat with two doses, 
0.5 mg and 1 mg, by mouth daily for 32 weeks. 
This trial had positive secondary outcomes and 
decreased remissions and may be considered for 
ICH.61 Etrasimod is another S1 P modulator 
developed as a novel small molecule for ulcerative 
colitis. It selectively targets S1 P1, S1 P4, and S1 
P5.61 This drug was tested in the OASIS study as a 
Phase 2 randomized parallel group induction trial 
for efficacy and safety of 12-week treatment of 
Etrasimod on moderate to severe ulcerative colitis. 
This study demonstrated improvement on primary 
outcomes and decreased circulating lymphocytes 
and improved remissions and mucosal healing 
compared to placebo.61 These encouraging results 
may allow for clinical evaluation of novel S1P1 
modulators in neurological diseases such as ICH.

Adaptive trial design and combination 
therapy
Recently, novel translational approaches have 
evolved rapidly with new advances in imaging and 
clinical data trial design allowing for improved 
understanding of the natural history and 
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therapeutic time window to treat ICH. Figure 3 
and Table 2 provide an outline summary as to the 
advances in clinical trials targeting secondary 
mechanisms for ICH. Although marginal improve-
ment in conventional phase III clinical trials have 
previously been reported, the current challenge is 
to treat multiple injury mechanisms in a single trial. 
This would have to be a complex multi-arm study 
which would be difficult to justify in patients who 
do not meet eligibility and would take a long time 
to obtain statistically significant data for each arm.

Extensive and growing evidence on adaptive clin-
ical trial design has enabled the targeting of com-
plex clinical syndromes using biomarkers and 
patient responses.62 Targeting ICH mechanisms 
using combination therapy on patients that can 
be accrued on an adaptive trial design may also 
result in better therapeutic combined stratified 
strategies and algorithms than targeting single 
mechanisms individually (Figure 4) and less 
investigator bias with proper statistical Bayesian 
implementation.26

Knowledge of various mechanisms of ICH as 
delineated in this review have increased over the 
last decade. Adaptive trial design will allow for 
the optimization of the various mechanisms that 
have shown promise in the last few decades but 
have not been able to produce a definitive Phase 
3 trial demonstrating improved outcome.

Conclusion
The mechanisms of secondary injury after ICH 
include direct cellular toxicity, inflammatory medi-
ators, BBB disruption, PHE, and free radical acti-
vation. BBB disruption results in a signaling 
cascade of innate immunological and hemostatic 
responses. Clinical and translational studies using 
repurposed FDA approved drugs targeting some 
of these pathways have primarily involved fingoli-
mod, sulfonylureas, and minocycline in the last 10 
years. These trials and therapeutic targets individ-
ually have shown some promise in attenuating sec-
ondary injury after ICH (Table 2), however, have 
fallen short of achieving definitive success. Several 
strategies, including improved understanding of 
pathophysiological mechanisms, appropriate tem-
poral use of therapeutics, and adaptive trial design 
encompassing multiple mechanisms and trial arms 
may provide an avenue in the future for better 
understanding these complex mechanisms and 
improving clinical outcomes.
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Figure 3. Evolution of translational therapies for intracerebral hemorrhage secondary mechanisms and 
potential molecular targets for vasogenic edema.
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