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Comparing the efficacy 
in reducing brain injury 
of different neuroprotective 
agents following neonatal 
hypoxia–ischemia in newborn rats: 
a multi‑drug randomized controlled 
screening trial
Hemmen Sabir 1,2*, Elke Maes 1,2, Margit Zweyer 1,2, Yvonne Schleehuber 1, Farhad B. Imam 3, 
Jared Silverman 4, Yasmine White 5, Raymand Pang 6, Anca M. Pasca 7, Nicola J. Robertson 6,8, 
Emin Maltepe 5 & Maria E. Bernis 1,2

Intrapartum hypoxia–ischemia leading to neonatal encephalopathy (NE) results in significant 
neonatal mortality and morbidity worldwide, with > 85% of cases occurring in low‑ and middle‑income 
countries (LMIC). Therapeutic hypothermia (HT) is currently the only available safe and effective 
treatment of HIE in high‑income countries (HIC); however, it has shown limited safety or efficacy in 
LMIC. Therefore, other therapies are urgently required. We aimed to compare the treatment effects 
of putative neuroprotective drug candidates following neonatal hypoxic‑ischemic (HI) brain injury 
in an established P7 rat Vannucci model. We conducted the first multi‑drug randomized controlled 
preclinical screening trial, investigating 25 potential therapeutic agents using a standardized 
experimental setting in which P7 rat pups were exposed to unilateral HI brain injury. The brains were 
analysed for unilateral hemispheric brain area loss after 7 days survival. Twenty animal experiments 
were performed. Eight of the 25 therapeutic agents significantly reduced brain area loss with the 
strongest treatment effect for Caffeine, Sonic Hedgehog Agonist (SAG) and Allopurinol, followed by 
Melatonin, Clemastine, ß‑Hydroxybutyrate, Omegaven, and Iodide. The probability of efficacy was 
superior to that of HT for Caffeine, SAG, Allopurinol, Melatonin, Clemastine, ß‑hydroxybutyrate, 
and Omegaven. We provide the results of the first systematic preclinical screening of potential 
neuroprotective treatments and present alternative single therapies that may be promising treatment 
options for HT in LMIC.

Neonatal encephalopathy (NE) remains one of the leading causes for child mortality and is a major contributor to 
long term morbidities, including epilepsy, cerebral palsy and neurocognitive  delays1,2. In industrialized countries 
the incidence of NE is 0.5–1.5 per 1000 live  births3; here therapeutic hypothermia (HT) is standard treatment, 
reducing mortality and long-term morbidities by 20–25%, with a number needed to treat of  seven2. However, the 
burden of NE secondary to intrapartum events is disproportionately higher amongst low- and middle-income 
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countries (LMIC). In particular, sub-Saharan Africa and Southeast Asia account for more than 85% of all NE 
cases worldwide with regional estimates as high as 14.9 per 1000 live  births4. Potential therapies are limited in 
LMIC as the feasibility, safety and efficacy of HT in all LMIC remains  uncertain5. These differences in response 
to HT may originate from the timing of the HI insult (longer intrapartum insults with early presentation of sei-
zures within 2 h of birth), comorbidities such as poor nutrition and the co-existence of infection/inflammation 
as seen in studies in sub-Sahara  Africa6. Therefore, identifying alternative neuroprotective treatments to HT is 
of major global interest, as it will have a large impact on the global burden caused by NE.

The pathophysiology following neonatal hypoxic-ischemic brain injury is complex and evolves through sev-
eral different phases. A reduction in placental blood flow and fetal oxygen supply occurs in the first  phase7; such 
vasculature chances lead to a loss of cerebral autoregulation with a reduction of systemic fetal blood  pressure7. 
The decrease of oxygen and depletion of energy causes increased excitotoxicity, an increase of intracellular cal-
cium, oxidative stress and mitochondrial  dysfunction7, leading to primary energy failure and some apoptotic 
and necrotic cell death. After reperfusion at resuscitation, the initial hypoxia-induced cytotoxic oedema and 
accumulation of excitatory amino acids partially resolves, with apparent recovery of cerebral oxidative metabo-
lism. It is thought that the neurotoxic cascade is largely inhibited during the latent phase. Around 6–24 h after 
HI, a secondary phase occurs despite adequate oxygenation and perfusion. This secondary phase is associated 
with failure of cerebral oxidative metabolism (secondary energy failure), further glutamate driven excitotoxic-
ity, inflammation, free radical and reactive oxygen species (ROS) production and mitochondrial  dysfunction8. 
The third phase, lasting days to weeks or months, is characterized by chronic inflammation, which may lead to 
epigenetic changes and impairs neurogenesis, synaptogenesis and axonal  growth9.

Many of the putative therapies for NE target specific pathological injury processes, including excitotoxicity, 
oxidative stress, overproduction of reactive oxygen species (ROS), mitochondrial dysfunction, neuroinflamma-
tion and  regeneration10. HT-induced cellular protection, however, is a global process affecting multiple molecular 
and cellular mechanisms and results in a 6–10% decrease in cerebral metabolism for every 1 °C reduction in 
body  temperature11. However, as there are concerns around the safety and efficacy of HT in LMIC, we focus on 
economical, simple single therapies as an alternative to HT in this study.

There are currently no other safe and effective therapeutic options for NE apart from HT. Some agents are 
currently under evaluation in randomized-controlled trials (RCTs) in combination with or without HT, for 
example erythropoietin (clinical trials gov: NCT02811263), allopurinol (clinical trials gov: NCT03162653), 
topiramate (clinical trials gov: NCT01765218), caffeine (clinical trials gov: NCT03913221), melatonin (clini-
cal trials gov: NCT03806816) or stem cells (clinical trials gov: NCT02612155). Some very potent pre-clinical 
agents such as inhaled xenon and erythropoietin have failed to show significant neuroprotection in clinical trials 
when combined with  HT12,13. One of the challenges transferring in-vivo or in-vitro studies into clinical studies 
is that preclinical studies are often performed in different labs on different continents, using different treatment 
protocols and models. In addition, they often lack comparison to RCTs regarding experimental design and sta-
tistical  analysis14. The Vannucci rodent model of unilateral brain injury is an established animal model used by 
researchers worldwide to screen for neuroprotective potency of agents, understand the underlying pathophysi-
ological mechanisms and study the different mode of actions following neonatal hypoxic-ischemic brain  injury15. 
However, there is considerable variability in the model with groups using different concentrations and duration 
of  hypoxia15. Often, pertinent experimental details such as temperature control during treatment or hypoxia are 
not reported and the number of animals used not  reported16. This challenges researchers to reproduce results 
although using the “same” animal model and questions the validity of the published results.

As previously stated, different treatment options have shown neuroprotection using the Vannucci model. In 
addition, the Vannucci model has set the basis for hypothermic neuroprotection, which has become standard 
care. Nevertheless, this model has never been used to prove efficacy and compare the neuroprotective potency 
of multiple different potential neuroprotective agents in a standardized single lab set-up.

The aims of this study were: (i) screen the literature for preclinical and clinical studies of promising putative 
therapeutic agents for NE; (ii) establish a rank-order for the most promising neuroprotective treatments which 
could be used in a LMIC setting by using specific scores based on evidence for an efficiency treatment; (iii) Test 
and directly compare neuroprotective efficacy of 25 therapeutic agents using the standardized Vannucci P7 rat 
model in an established single lab set-up to identify the most promising agents to progress to more intensive 
studies in large animal models.

Materials and methods
Literature search strategy and prioritization of drug candidates. In September 2019 a comprehen-
sive literature search was performed using PubMed database, Google Scholar and Clinivaltrials.gov. The litera-
ture search incorporated all studies utilizing potentially applicable drug candidates for LMICs and included the 
terms “newborn”, “hypoxia–ischemia”, “brain injury”, “neuroprotection”, “neonatal encephalopathy”. Based on 
this first search, an initial list of 33 neuroprotective drug candidates was created. The following information for 
each drug candidate was provided within the list: mode of action, dosing schedule, route and timing of admin-
istration, model description (in vitro model, in vivo model, and details on clinical studies), population descrip-
tion, inclusion criteria, outcome measures, detection of efficacy, detection of adverse events, overall findings and 
conclusions. In addition, each drug candidate was assessed for the following delivery-related information: ability 
to cross the placenta, ability to cross the blood brain barrier, demonstrated routes of administration and cold 
chain requirements, as well as availability and cost (Supplementary Table 1). Available pharmacokinetics and 
safety data were also identified for each candidate. From this list of compounds identified in the literature, prior-
ity review was assigned to compounds with neuroprotective efficacy in at least two different laboratories and/or 
models. Each of these compounds was subsequently assigned for evaluation by at least 2 independent scientific 
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reviewers which assigned a score of 1–9, where 1 is considered as enough evidence for an efficiency treatment 
and 9 not enough evidence for efficiency treatment. The literature search was repeated in March 2022 and two 
additional drug candidates were added based on a broader definition of neuroprotective activity (Clemastine 
and Sonic Hedgehog Agonist), increasing the total number of candidates to 35 (Supplementary Table 1).

Scoring and ranking of drug candidates. In December 2019 and March 2022 a round table meeting of 
the authors, plus additional consulted experts, was held to achieve consensus on scoring and ranking of drug 
candidates, in addition to review of the treatment protocols to be used in this platform. Each available candidate 
from the initial literature search was scored based on strength of efficacy evidence, magnitude of treatment 
effect, strength of safety evidence, knowledge of pharmacokinetics and practicality for implementation in LMIC 
based on route of administration, timing constraints with respect to injury, cold chain requirement and antici-
pated cost (Supplementary Table 1). Not all compounds from this final list were assessed as being tested in the 
model (e.g. xenon, deprioritized due to limitations for scaling in LMIC health systems).

Based on the scoring of each candidate, a prioritized list was created for in vivo testing within-laboratory 
comparison on the platform described based on a scoring from 1 to 9 as mentioned above (Supplementary 
Table 1). Due to feasibility and laboratory capacity, a total of 25 putative therapeutic agents were tested and results 
compared within an initial screening phase using the established Vannucci P7 rat model in a single lab. Progress 
toward complete evaluation of the candidate list was significantly delayed during the COVID-19 pandemic due 
to limitations on laboratory activity and staffing.

Protocol for individual drug candidates. The initial dose for each candidate drug was determined based 
on best available evidence from the literature and previous usage in the Vannucci P7 rat model (preferred) or 
other rodent models (Table 1, Supplementary Table 3, including references). In order to maximize the potential 
to identify active agents in this first screening phase, in which drug candidates could be potentially administered 
before the onset of hypoxia–ischemia (antenatally), it was decided that the first dosage of drug administration 
was given before hypoxia for drugs known to cross the placenta (Table  1, Supplementary Table  3 including 
references). For all other therapeutic agents, the first administration was after hypoxia. All drug candidates 
were administered intraperitoneally (i.p., 0.1 ml/10 g body weight) and dosing interval was based on putative 
mechanism of action and pharmacokinetic parameters. Dosing regimens were designed to cover the first 72 h 
after birth, the time window used to cool newborns with NE (Table 1).

Vannucci rat model of unilateral hypoxic–ischemic brain injury. All animal experiment proto-
cols were approved by the animal protection committee from the State Environment Agency of North Rhine-
Westphalia, Germany (LANUV) (Approval No. AZ 81-02.04.2018.A166), and all experiments were performed 
following relevant guidelines and regulations and in compliance with the ARRIVE guidelines. We used our 
established rat model of unilateral hypoxic-ischemic brain injury, in which we have previously shown significant 
neuroprotection using HT and additional treatments with immediate and delayed treatment onset following 
 HI17–21.

In brief, seven-day old (P7) Wistar rat pups of both genders were used in all our experiments. No animals 
were excluded prior to the experiments and all pups were born and kept at the central animal laboratory of the 
Deutsches Zentrum für Neurodegenerative Erkrankungen (DZNE) Bonn, Germany, with a 12:12 h dark/light 
cycle at an environmental temperature of 21 °C with food and water ad libitum. Litter sizes were between 8 and 
15 pups/litter. As previously described, all animals for each experiment were randomized across litter, sex, and 
weight before the experiments commenced and all read-out analysis were performed by observers blinded to the 
different treatments. All animals underwent unilateral ligation of the left common carotid artery under general 
anaesthesia as previously described in detail in our previous  publications17–21. Animals were kept at physiologi-
cal temperature whilst handling and ligation, as previously  described17–21. After ligation of all pups, pups were 
exposed to 8% oxygen (hypoxia) for 90 min at a rectal temperature  (Trectal) of 36.0 °C in a temperature-controlled 
chamber, resulting in a unilateral moderate hypoxic-ischemic insult. Following hypoxia, all pups were kept at 
 Trectal of 37 °C for 5 h at 21% oxygen (except the HT group, which was kept at  Trectal of 32 °C for 5 h at 21% oxy-
gen), representing the normothermia group in all our previous studies, before all pups were returned to their 
individual  dams17–21. As previously described, temperature during hypoxia and normothermia treatment was 
continuously measured in “sentinel” pups carrying a rectal temperature probe (IT-21, Physitemp Instruments, 
Clifton, NJ) or a skin probe (CritiCool,MTRE) on the abdomen.  Trectal of 37.0 °C ± 0.2 °C was maintained with 
a servo-controlled mat (CritiCool, MTRE)21. All animals were checked for weight gain and well-being daily.

Each individual experiment included one HI group which received i.p. saline injections (HI/saline) and 
experimental groups which received the drug candidates i.p. as per protocol (HI/drug candidate—Supplemen-
tary Table 2). Each group consisted of 7–14 animals, previously shown to be an adequate group size using the 
Vannucci  model15.

Histopathology and area measurement. After seven days of survival, transcardiac perfusion with 
phosphate-buffered saline (PBS), followed by 4% paraformaldehyde (Sigma-Aldrich) was performed and the 
brains were postfixed in 4% paraformaldehyde overnight at 4 °C and embedded in paraffin. Embedded brains 
were coronally cut in 10 μm sections followed by staining with haematoxylin and eosin (H&E). As previously 
described, global brain area tissue loss was calculated by measurement of brain areas in ipsilateral and contralat-
eral hemispheres of two sections, from two neighbouring blocks (− 3.72 ± 0.7 mm from Bregma) using ImageJ 
software (ImageJ, version 1.46r, National Institutes of Health, Bethesda, MD, United States)17. Tissue loss was 
analysed by two individuals blinded to the treatments.
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As previously described, brain area loss correlates very strongly with histopathological  analysis17. Moderate 
brain injury was defined as a median brain area loss within the treatment group between 35 and 50% in the HI/
saline  group17. For quality standard reasons and comparability of results, experiments with a median brain area 
loss of < 35% or > 50% in the HI/saline group were excluded (n = 2).

Statistical modelling. The model used in this study incorporated independent experiments, in which 
active compounds were tested against a common saline comparator. To facilitate borrowing of non-concurrent 
control data into the analysis of the individual treatments, while considering the study-to-study variability, we 
employed a linear mixed effect model with a fixed treatment effect and an experiment random  effect22. Specifi-
cally, if yij denotes the brain area loss percentage of the jth rat in the ith experiment, we model

where µ is the mean control area loss percentage, αi ∼ N (0, τ 2) is the experiment random effect, βk is the kth 
treatment effect, Trti denotes the active compound given in the ith experiment, and Eij ∼ N (0, σ 2) is a random 
error.

Further, we used a Bayesian implementation of the above model from the brms library in the 4.1.2 version 
of the R statistical  software23. The default implementation of this library uses improper flat prior distributions 
for model parameters, and we saw no need to change it. Markov Chain Monte Carlo (MCMC) samples from the 
posterior distribution are then generated using Stan. The respective treatment effects were then summarized 

yij|αi = µ+ αi +
∑

k

βk1{Trti = k} + Eij ,

Table 1.  List of drug candidates. The individual dosages and drug treatment intervals were based on the 
current literature (Supplementary Table 3). Drug candidates were all administered intraperitoneally at different 
time points covering the perinatal phase.

Drug dose concentration per injection Drug dose treatment

2-Iminobiotin 50 mg/kg 1 h before hypoxia, 12, 24, 36, and 48 h after 1st dose

Allopurinol 100 mg/kg 1 h before hypoxia, 12, 24, 36, and 48 h after 1st dose

Azithromycin 45 mg/kg 1st dose, then 22.5 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Caffeine 40 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Carnitine 100 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Cannabidiol 1 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Clemastine 10 mg/kg Immediately after hypoxia–ischemia, 24, 48, 72, 96, 120 
and 144 h after 1st dose

Darbepoietin delayed treatment 25 µg/kg 24 h after hypoxia–ischemia

Darbepoietin immediate treatment 25 µg/kg 1 h after hypoxia–ischemia

Edaravone 9 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Erythropoietin delayed treatment 5000 IE/kg 24, 48, and 72 h after hypoxia–ischemia

Erythropoietin immediate treatment 5000 IE/kg 1 h after hypoxia–ischemia, 24, and 48 h after 1st dose

Iodide 3 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Levetirazetam 20 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Melatonin 25 mg/kg Immediately after hypoxia–ischemia, 12, 24, 36 and 48 h 
after 1st dose

Metformin 20 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Magnesiumsulfate 500 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Mitoquinol 0.4 mg/kg 1 h before hypoxia, 12, 24, 36, and 48 h after 1st dose

N-Acetylcystein 200 mg/kg 1 h before hypoxia, 12, 24, 36, and 48 h after 1st dose

Omegaven 750 mg/kg Immediately after hypoxia–ischemia

Omegaven 2 doses 750 mg/kg Immediately after hypoxia–ischemia and 1 h after 1st 
dose

Phenobarbital 20 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

Sonic Hedgehog Agonist 50 mg/kg Immediately after hypoxia–ischemia

Sildenafil 10 mg/kg 1 h before hypoxia, 24, and 48 h after 1st dose

ß-Hydroxybutyrate 630 mg/kg Immediately after hypoxia–ischemia, 2, 5 and 12 h after 
1st dose

Tetrahydrobiopterin 20 mg/kg Immediately after hypoxia–ischemia, 24 and 48 h after 
1st dose

Therapeutic hypothermia – Immediately after hypoxia–ischemia, body temperature 
32 °C for 5 h

Topiramate 40 mg/kg Immediately after hypoxia–ischemia, 12, 24, 36 and 48 h 
after 1st dose

Uridine 500 mg/kg 1 h before hypoxia, 24 and 48 h after 1st dose
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in the form of posterior medians and 95% Bayesian credible intervals, using the sample 2.5%, 50% and 97.5% 
percentiles. In addition, posterior efficacy of each treatment k = 1, . . . ,K was evaluated using the Monte Carlo 
approximation

where 
{

β
(i)
{k}

}N

{i=1}
 denotes the size N posterior sample of the kth treatment effect. Our reported estimates were 

based on four independent MCMC samples of size 10,000 each, of which the first 5000 were discarded as “burn 
in” period.

Exclusion of outlier experiments. To determine whether one or more litters should be excluded from 
the analysis due to abnormally small or large observed values, we took the following approach:

1. Conduct Kruskal–Wallis test on control rats to determine whether there is a difference in the distribution 
of brain area loss across litters. If the null hypothesis of no differences cannot be rejected at the 5% level, the 
process stops. Otherwise continue to the next step.

2. For j = argmax1≤i≤K

{

Ri −
n+1
2

}

 , where Ri denotes the average rank among rats from the ith litter (when 
the full sample is sorted in an increasing order) K is the number of different litters and n the total number 
of control rats, calculate the contrast

for 1 ≤ i ≤ K , and the subsequent test statistic

where SE is the approximate standard error

where ni is the size of the ith litter. Note that (1) is a measure of the distance of the most deviant litter from 
the rest.

3. Perform a permutation test by randomly shuffling the existing observations between the different litters for a 
large number ( N ) of permutations and recording the same test statistic (1) as in Step 2 each time. Denote by 
Ti the recorded test statistic for the ith permutation, 1 ≤ i ≤ N . The p-value of this test is then approximately

  If this approximate p-value (1) exceeds 0.05 stop, otherwise exclude the jth litter from all future analyses 
and return to Step 1.

The process then repeats itself until at one point it is forced to stop.

Use of experimental animals. Animal experiments were conducted in accordance with the animal pro-
tection committee from the State Environment Agency of North Rhine-Westphalia, Germany (LANUV, AZ 
81-02.04. 2018.A166) and following the ARRIVE guidelines.

Results
Scoring and ranking of drug candidates. The overall ranking list consisted of 35 drug candidates (Sup-
plementary Table 1). Based on the analysis/scoring by two independent researchers (see “Materials and meth-
ods” section), 25 drug candidates were chosen, as this was the maximum capacity of candidates to be used in 
the single-lab set-up. The 25 drug candidates that were chosen to be evaluated and tested for neuroprotection 
in the Vannucci model are listed in Table 1 and Supplementary Table 3. HT was included as the “gold standard” 
neuroprotective treatment in our P7 rat model.

Results from the Vannucci rat model. A total of 20 experiments consisting of 45 experimental groups 
(n = 20 HI/Saline) were performed between April 2020 and July 2022 and a total of 606 animals used (n = 304 
male, 302 female). No animals were excluded prior to the experiments. The mortality rate was 62/584 during the 

P(βk < 0|data) ≈
1

N

N
∑

i=1

1

{

β
(i)
k < 0

}

,

ci =







1
K−1

i �= j

−1 i = j
,

(1)T =











K
�

i=1

ciRi
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,
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√
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1
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experimental phase (related to surgical complications (n = 35) or death during hypoxia (n = 27)). The remain-
ing animals were either randomized to the HI/saline group (pooled n = 230) or the HI/drug compound groups 
(see Table 1 for dosage and frequency of treatment). Each treatment group consisted of 7–14 P7 rat pups, as per 
expected variability within this animal model. As presented in Table 2, median pooled brain area loss in the HI/
saline group was 41.46% (range 0.00–64.97%, n = 230), representing a moderate brain injury in our rat model. 
Table 2 presents the results of median brain area loss for each tested drug candidate versus the HI/saline group 
in the individually performed experiments (matched placebo). We found that Sonic Hedgehog Agonist, Caf-
feine, Melatonin, Allopurinol, Clemastine and Omegaven significantly reduced median brain area loss in the 
individual experimental setup. Additionally, therapeutic hypothermia also significantly reduced median brain 
area loss compared to matched placebo.

Figure 1 presents the individual box plots of percentage of brain area loss for experimental treatments and 
the pooled HI/saline group.

For final analysis, as described in the methods, a statistical modelling approach was used including all treat-
ment groups to test for efficacy of reduction of brain area loss against the pooled HI/saline group. We found 
that eight compounds significantly reduced brain area loss with the strongest treatment effect for Caffeine, sonic 
hedgehog agonist (SAG) and Allopurinol (probability of efficacy of 100% compared either to the individual HI/
saline control or pooled HI/saline control groups), followed by Melatonin (probability of efficacy of 99.90% com-
pared either to the individual HI/saline control or pooled HI/saline control groups) and Clemastine (probability 
of efficacy of 99.70% compared either to the individual HI/saline control or pooled HI/saline control groups). 
We also identified compounds that were active compared to the more robust pooled placebo data that would 
have been missed on the basis of individual experiments: ß-Hydroxybutyrate (probability of efficacy of 99.50% 
compared to the pooled HI/saline control groups; non-significant probability of efficacy of 86% when compared 
to the same experiment Hi/saline group), Omegaven (probability of efficacy of 98.90% compared to the pooled 
HI/saline control groups; non-significant probability of efficacy of 96.8% when compared to the same experi-
ment Hi/saline group), and Iodide (probability of efficacy of 98.0% compared to the pooled HI/saline control 

Table 2.  Median brain area loss. Individual median brain area loss results for each tested drug candidate. 
Pooled median brain area loss in the HI/saline group was 41.46% (range 0.00–64.97; n = 230). Significant 
values are in bold.

Median brain area loss HI control (range) Median brain area loss compound (range) p-value

Sonic Hedgehog Agonist 35.42 (4.47–36.89; n = 12) 5.74 (0.36–34.14; n = 14) 0.0011

Caffeine 44.04 (1.65–50.29; n = 12) 7.31 (0.00–18.35; n = 12) 0.0014

Melatonin 46.79 (32.02–63.41; n = 13) 32.93 (1.29–55.44; n = 15) 0.0061

Allopurinol 39.01 (0.00–60.54; n = 13) 17.73 (0.00–34.61; n = 9) 0.0207

Clemastine 49.31 (0.41–64.97, n = 11) 25.00 (1.75–52.57, n = 11) 0.0209

Therapeutic hypothermia 42.19 (24.24–60.69; n = 10) 28.96 (14.96–43.29; n = 11) 0.0295

Omegaven 39.80 (25.50–48.76; n = 10) 28.94 (3.32–48.75; n = 12) 0.0405

Omegaven 2 doses 39.80 (25.50–48.76; n = 10) 32.03 (6.73–47.24; n = 11) 0.0607

Tetrahydrobiopterin 44.75 (5.01–58.22; n = 11) 35.19 (0.00–54.11; n = 10) 0.1210

Erythropoietin delayed treatment 36.84 (24.45–47.74; n = 11) 34.09 (7.25–39.24; n = 7) 0.1385

N-Acetylcystein 48.26 (40.10–57.40; n = 11) 37.21 (3.35–59.93; n = 13) 0.1500

ß-Hydroxybutyrate 38.69. (0.00–54.40; n = 10) 28.22. (0.00–55.13; n = 12) 0.2337

Phenobarbital 37.37 (0.00–58.30; n = 12) 46.72 (0.00–55.97; n = 9) 0.2765

Magnesiumsulfate 49.11 (30.14–56.21; n = 8) 44.01 (10.31–51.14; n = 10) 0.3476

Levetirazetam 37.37 (0.00–58.30; n = 12) 40.88 (17.27–55.43; n = 10) 0.3715

Erythropoietin immediate treatment 36.84 (24.45–47.74; n = 11) 35.65 (15.67–49.48; n = 8) 0.4366

Carnitine 40.44 (4.63–57.48; n = 12) 45.92 (2.78–59.68; n = 14) 0.4624

2-Iminobiotin 44.75 (5.01–58.22; n = 11) 50.92 (10.31–71.14; n = 11) 0.4996

Darbepoietin immediate treatment 41.25 (9.46–60.06; n = 11) 45.16 (16.85–55.30; n = 13) 0.5309

Edaravone 37.37 (0.00–58.30; n = 12) 39.17 (2..62–58.03; n = 11) 0.5541

Mitoquinol 38.69. (0.00–54.40; n = 10) 25.83. (0.05–55.71; n = 11) 0.5573

Cannabidiol 49.11 (30.14–56.21; n = 8) 47.58 (2.01–58.48; n = 9) 0.5877

Iodide 31.76 (27.24–54.31; n = 12) 32.69 (0.76–47.95; n = 14) 0.5952

Darbepoietin delayed treatment 41.25 (9.46–60.06; n = 11) 44.36 (2.91–66.72; n = 14) 0.6475

Metformin 44.34 (7.25–63.92; n = 14) 48.93 (13.51–66.54; n = 13) 0.7564

Sildenafil 44.84 (30.32–62.89; n = 14) 43.83 (1.39–57.40; n = 12) 0.8201

Topiramate 38.69. (0.00–54.40; n = 10) 36.83 (0.01–60.11; n = 11) 0.9725

Azithromycin 39.15 (22.73–60.24; n = 13) 43.96 (7.50–58.99; n = 14) 0.9810

Uridine 35.78 (2.58–50.99; n = 10) 43.15 (34.23–55.82; n = 11) 0.0197

Pooled 41.46 (0.00–63.92, n = 230)
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groups; non-significant probability of efficacy of 93.3% when compared to the same experiment Hi/saline group) 
(Table 3). Serving as an internal neuroprotective control, therapeutic hypothermia also significantly reduced 
brain area loss (probability of efficacy of 98.80% compared either to the individual HI/saline control or the pooled 
HI/saline control groups). Of major interest, probability of efficacy was superior to therapeutic hypothermia 
for Caffeine, SAG, Allopurinol, Melatonin, Clemastine, ß-Hydroxybutyrate, and Omegaven. None of the other 
tested candidates demonstrated statistically significant efficacy (Table 3).

Discussion
This study presents the first multi-drug neonatal preclinical randomized control trial (RCT) in P7 rats compar-
ing efficacy of putative therapeutic agents for brain protection after HI. Our goal was to perform a head-to-head 
screen of compounds previously reported to have neuroprotective activity to identify candidates for more inten-
sive future study (e.g. mechanism of action, pharmacokinetic/-dynamic relationships, and large animal models). 
Using the established and standardized Vannucci model, we identified eight therapies providing significant 
neuroprotection, based on significant reduction of global brain tissue loss after 7 days survival. We compared 
treatment efficacy against HT, the current “gold standard” therapy in our model, which has not been yet per-
formed systematically in any other study. We found strongest evidence for significant neuroprotection for the 
following compounds: Caffeine, SAG, Allopurinol, Melatonin, Clemastine and Omegaven. ß-Hydroxybutyrate 
and Iodide were found to be significantly neuroprotective only comparing against the pooled HI/saline group, 
but failed to be significantly neuroprotective against the matched control group.

The unique aim of this study was to use a standardized pre-clinical animal model with proven hypothermic 
neuroprotection and to test the currently available potential neuroprotective treatment compounds described 
in the literature in a standardized experimental set-up. Therefore, a list of 25 treatment candidates was selected 
based on a scoring system, including pre-clinical and clinical evidence, best representing the currently available 
neuroprotective treatment compounds following neonatal hypoxic-ischemic brain injury. Eight agents displayed 
notable activity in our screen.
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Figure 1.  Individual box plots of percentage of brain area loss for experimental treatments and the pooled HI/
saline group. In red is the data for all HI/Saline treated animals while green indicates the eight drugs which 
significant reduced brain area loss. Blue corresponds to the standard neuroprotective treatment (therapeutic 
hypothermia).
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Caffeine. Caffeine, a non-specific adenosine-receptor antagonist, is widely used in neonates to treat  apnoea24. 
The neuroprotective potency of caffeine has already been suggested in a clinical randomized controlled study 
treating apnoea of  prematurity25. In the secondary analysis of the study, newborns from the caffeine treatment 
group showed reduced cerebral palsy and cognitive delay. In the context of neonatal HI, caffeine has shown 
neuroprotection in small and large preclinical animal  models26. Caffeine has proven long term neuroprotection 
when administered before and after neonatal HI in preclinical models in different  dosages26. We found that 
40 mg/kg administered intraperitoneal in three doses (Table 1) (before HI, 24 h and 48 h after HI) significantly 
reduced global brain tissue loss. Compared to the literature and clinical standard dosing regimens in neonates, 
our dosing was higher. However, studies in preterm infants have shown that higher doses of caffeine are effec-
tive without reporting significant side effects when compared to the standard  treatment27–29. In our study, we 
did not note any adverse effects, like increased seizure rates, weight loss or death, in the animals treated with 
caffeine when we used a dose of 40 mg/kg/dose. Of note, we administered caffeine intraperitoneal and not intra-
venous, as per standard in neonates. The primary mode of action for caffeine includes reduction of excitotoxicity, 
reduction of inflammation and reduction of astrogliosis, all resulting in improved long term neurocognitive and 
motor outcome in pre-clinical  studies30–32. In our multi-drug study caffeine showed superior neuroprotection 
compared to all other compounds used in this study. Especially when comparing the neuroprotective potency 
against therapeutic hypothermia, caffeine significantly demonstrated a further reduction in brain area loss. Caf-
feine treated animals showed a significantly reduced variability of brain injury. In general, the variability of brain 
injury in this model is known to be  high15, but caffeine treatment was able to reduce the variability even though 
the wide variability was still observed in the matched control group.

Table 3.  Probability of efficacy for all 25 tested candidates. We found that eight drug components significantly 
reduced brain area loss compared to the pooled HI/saline group with the strongest treatment effect for 
Caffeine, sonic hedgehog agonist and Allopurinol, followed by Melatonin, Clemastine, ß-Hydroxybutyrate, 
Omegaven, and Iodide. Probability of efficacy was superior to therapeutic hypothermia for Caffeine, Sonic 
Hedgehog Agonist, Allopurinol, Melatonin, Clemastine, ß-Hydroxybutyrate, and Omegaven. Left two columns 
present effect estimates compared to the individual experimental control group. Right two columns present 
effect estimates compared to the pooled HI/saline group. Significant values are in bold.

Treatment

Vs. Concurrent control Vs. Pooled HI/saline

Effect estimate (95% CrI) individual control 
group Pr (efficacy) (%)

Effect estimate (95% CrI) pooled HI/saline 
group Pr (efficacy) (%)

Caffeine  − 21.5 (− 28.5; − 14.6) 100.00  − 22.3 (− 31.9; − 12.7) 100.00

Sonic Hedgehog Agonist  − 18.9 (− 27.9; − 9.8) 100.00  − 25.7 (− 34.8; − 16.1) 100.00

Allopurinol  − 18.3 (− 35.1; − 1.4) 98.30  − 19.5 (− 30; − 9) 100.00

Melatonin  − 19.2 (− 31.2; − 7) 99.80  − 13.8 (− 23.2; − 4.8) 99.90

Clemastine  − 18.4 (− 33.6; − 2.8) 99.80  − 13.9 (− 24.3; − 3.9) 99.70

ß-Hydroxybutyrate  − 9.1 (− 26.4; 7.7) 86.00  − 12.9 (− 22.2; − 3.2) 99.50

Omegaven 1 dose  − 9.3 (− 19.1; 0.5) 96.80  − 10.8 (− 19.9; − 1.7) 98.90

Therapeutic hypothermia  − 14 (− 23.9; − 4.3) 99.50  − 11.1 (− 21; − 1.5) 98.80

Iodide  − 7.1 (− 16.6; 2.5) 93.30  − 9.2 (− 17.9; − 0.4) 98.00

Mitoquinol  − 6 (− 25.6; 13.1) 73.60  − 9.7 (− 19.6; 0.4) 97.10

Omegaven 2 doses  − 7 (− 16.5; 2.3) 93.00  − 8.5 (− 17.9; 0.9) 96.20

Tetrahydrobiopterin  − 9.3 (− 23.5; 4.6) 90.40  − 7.4 (− 17.3; 2.3) 93.10

Erythropoietin delayed treatment  − 7.1 (− 16.5; 2.2) 93.50  − 8.7 (− 20.2; 2.9) 92.90

Erythropoietin immediate treatment  − 4.3 (− 15.6; 6.9) 78.00  − 6 (− 16.8; 5.1) 85.80

Topiramate  − 1.4 (− 20.1; 17.2) 55.70  − 5 (− 14.8; 5) 83.60

N-Acetylcystein  − 10.8 (− 22.3; 0.9) 96.70  − 3.6 (− 13.5; 5.7) 76.00

Azithromycin  − 1.9 (− 13; 8.9) 63.70  − 0.5 (− 9.2; 8.1) 54.10

Magnesiumsulfate  − 5.5 (− 17.1; 5.9) 83.80  − 0.4 (− 11.1; 9.9) 52.70

Cannabidiol  − 5.8 (− 20.4; 8.7) 79.30  − 0.4 (− 11.4; 10.4) 52.60

Darbepoietin delayed treatment 0.6 (− 13.6; 14.9) 46.50 0.1 (− 8.8; 9) 49.20

Edaravone 5.2 (− 12.1; 22) 26.60 0.3 (− 9.6; 10.7) 48.20

Sildenafil  − 1.6 (− 11.6; 8.2) 62.80 1.8 (− 7.7; 11.1) 34.80

Phenobarbital 7.4 (− 10.9; 25.7) 20.50 2.4 (− 8.2; 13.4) 33.50

Levetirazetam 7.9 (− 7.9; 23.8) 15.60 2.9 (− 7.2; 13.5) 28.40

Carnitine 3.9 (− 9.1; 17) 27.00 2.6 (− − 6.2; 11.6) 28.00

Darbepoietin immediate treatment 3.8 (− 7.8; 15.6) 25.50 3.3 (− 5.7; 12.3) 23.20

Metformin 1.9 (− 14; 17.9) 40.4 3.6 (− 5.8; 12.9) 21.7

Uridine 8.9 (1.3; 16.4) 1.00 7.4 (− 2; 16.9) 6.20

2-Iminobiotin 4.2 (− 9.4; 17.5) 26.10 8.8 (− 1.6; 18.6) 4.80
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Sonic Hedgehog Agonist (SAG). SAG is an agonist of the Sonic Hedgehog signalling pathway which 
regulates many processes of development during central nervous system (CNS) maturation. Specifically, 
it has been shown to be crucial for neuronal circuit and synapse  formation33, brain  vascularisation33 and 
 oligodendrogenesis34. Recently, it has also been shown that SAG treatment prevents cerebellar injury and is 
neuroprotective using a neonatal stroke model without interfering with CNS  development35. Therefore, although 
SAG did not meet all of our initial selection criteria, it was tested in the HIE model. Of importance, a single 
dose treatment was used in a neonatal stroke model and showed significant neuroprotection with long-term 
beneficial effects in newborn  rats35. We confirm in this current study, that a single dose of 50 mg/kg (Table 1) 
after hypoxia is sufficient for significant neuroprotection in our standardized model following neonatal hypoxic-
ischemic brain injury.

Allopurinol. Allopurinol, a xanthine oxidase inhibitor and free radical scavenger, has been shown to be neu-
roprotective following neonatal hypoxic-ischemic brain injury in many small and large animal  studies36. Allopu-
rinol reduces oxidative stress and therefore early administration appears to be extremely important regard-
ing its activity following neonatal hypoxic-ischemic brain  injury10. Currently, a randomized-controlled clinical 
trial (ALBINO study, clinical trials gov: NCT03162653) is investigating the additional neuroprotective effects 
of allopurinol in combination with therapeutic hypothermia; pre-clinical data is still lacking to prove additional 
neuroprotection of allopurinol in combination with therapeutic hypothermia. We found that allopurinol at a 
concentration of 100 mg/kg significantly reduced brain area loss following pre-hypoxia administration, followed 
by four maintenance doses after HI every twelve hours (Table 1).

Melatonin. Melatonin significantly reduces brain area loss following post-hypoxia treatment at a concentra-
tion of 25 mg/kg, followed by a single maintenance dose at the same concentration every 12 h for two consecu-
tive days in our P7 model (Table 1). Melatonin (N-acetyl-5-methoxytryptamine), an indolamine hormone, is 
considered one of the most promising neuroprotective agents for NE, with preclinical studies confirming safety 
and efficacy as a single agent and as an adjunct with  HT37. Melatonin’s diverse neuroprotective properties include 
antioxidant, anti-inflammatory, and anti-apoptotic  effects38,39. Its strong safety profile, ability to cross the blood 
brain barrier and its diverse pleiotropic properties has led to a large number of preclinical animal studies sup-
porting its neuroprotective efficacy (for review of neonatal studies  see37). While the preclinical data are compel-
ling, clinical studies in infants with NE are  limited38. Over the past decade, the ability of melatonin to augment 
HT has been studied in the neonatal piglet model of perinatal  asphyxia40–43. From this model, it is apparent that 
the neuroprotective effects of melatonin are time-critical and dose dependent. Therapeutic melatonin levels are 
likely to be 15–30 mg/L and for optimal effect, these need to be achieved within the first 6 h after birth.

As melatonin is sparingly soluble in aqueous vehicles, solubility enhancers are needed, such as ethanol or 
other excipients, to obtain a solution with the desired concentration. In our study, a melatonin formulation with 
sulfobutylether beta-cyclodextrin was used as an excipient. There are, however, safety concerns around the use 
of beta-cyclodextrin products in children and other formulations would need to be developed for clinical  use44. 
Currently, there are melatonin/ethanol formulations under investigation which both achieve therapeutic levels 
of melatonin whilst limiting the blood alcohol concentration in line with FDA guidance on ethanol excipients 
for neonates (< 0.25 g/L).

Clemastine. Clemastine is a widely used histamine H1 receptor antagonist which has been shown to be 
neuroprotective following experimental hypoxic brain injury in adult  rodents45. The neuroprotective effects are 
mainly due to its anti-inflammatory properties in addition to an improvement of myelination and oligodendro-
cyte  differentiation46. Clemastine has lately become a promising treatment option for patients suffering multiple 
 sclerosis47. In an experimental neonatal study of chronic hypoxic brain injury, Clemastine was shown to rescue 
myelination defects and to promote functional  recovery48. To date, Clemastine has never been used in neonatal 
hypoxic-ischemic brain injury studies; however, it has been demonstrated to play a key role in myelination and 
white matter regeneration after  stroke48,49. Our study shows that Clemastine administration at a concentration 
of 10 mg/kg followed by a single daily maintenance dose at the same concentration for 6 consecutive days sig-
nificantly reduces brain area loss following daily post-hypoxic treatment (Table 1).

ß‑Hydroxybutyrate. ß-Hydroxybutyrate (BHB) is a ketone body which might serve as alternative fuel 
to glucose following neonatal hypoxic ischemic brain  injury50. During primary energy failure in the neonatal 
hypoxic-ischemic injured brain, energy demand is high and glucose supply is most likely insufficient. Therefore, 
the demand for alternative fuels is high. A benefit of BHB on improving cognitive performance as well as reduc-
tion of oxidative stress is linked to improved metabolic  efficiency51. BHB has shown significant neuroprotection 
in an preclinical rat model of hypoxic-ischemic brain injury, reducing necrosis, improving brain injury and 
improving long-term functional  outcome52. We found that BHB administration immediately after hypoxia at a 
concentration of 630 mg/kg and with a maintenance dose within the first 12 h post HI (Table 1), significantly 
improved brain area loss in our model, particularly when it is compared to the pooled HI/saline group. Of note, 
in the matched control experiment we found a non-significant probability of efficacy. However, compared to the 
pooled HI/saline control, we found a significant neuroprotective treatment effect with a probability of efficacy 
of more than 97%. As explained in the statistical methods, this difference can be explained by the individual 
variability of treatment efficacy in the original experiment compared to the widespread variability of the pooled 
HI/saline  group20,53,54.
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Omegaven. Omegaven, an Omega-3 triglyceride emulsion, has been shown to be neuroprotective in dif-
ferent preclinical animal models of newborn brain  injury55. Docosahexaenoic acid (DHA) is one of the major 
omega-3 polyunsaturated fatty acids and it has been shown to be essential for development and function of the 
brain. It reduces excitotoxicity, inflammation and free radical production following neonatal hypoxic-ischemic 
brain injury in different animal  models55. We found that a single dose of Omegaven (0.75  mg/kg) (Table  1) 
administered immediately after hypoxia–ischemia was superior to a repetitive dosing regimen and significantly 
reduced brain area loss in our standardized model. We adopted the same treatment regimen as previously 
 described56,57 to promote a neuroprotective effect. Using a comparable animal model, it was shown that DHA 
did not augment neuroprotection when combined with therapeutic  hypothermia58. Omegaven is widely used in 
neonates and pediatric patients and has a safe drug profile in these  patients59,60.

Iodide. The experience using Iodide as a neuroprotectant following experimental brain injury is sparse. 
Iodide is an essential micronutrient. Being an integral component of thyroid hormone, it mediates the effects of 
thyroid hormone on brain  development61. In addition, it has been shown to reduce inflammation and oxidative 
stress in experimental  studies61. Therefore, it is of interest as neuroprotective treatment option following neo-
natal HI. We show here that Iodide at a concentration of 3 mg/kg administrated after ligation followed by two 
more maintenance doses every 24 h (Table 1) is neuroprotective following our well-established HI brain injury 
model, when compared against the pooled HI/saline group, with a probability of efficacy of 98.0%, whilst it was 
not considered neuroprotective when compared to the matched control group. Again, as explained in the statis-
tical methods this difference can be explained by the individual variability of treatment efficacy in the original 
experiment compared to the widespread variability of the pooled HI/saline  group20,53,54. Further experimental 
studies are needed to investigate the neuroprotective potency of Iodide.

Other drug candidates. The goal of this study was to perform a head-to-head screen of compounds previ-
ously reported to have neuroprotective activity to identify candidates for more intensive future studies. Based 
on the published literature, all 25 putative therapeutic agents had shown promise as a therapy following experi-
mental neonatal HI brain injury. Seventeen candidates failed to be neuroprotective in our study. This is most 
likely not due to the administration protocols, as we chose the best available treatment regiments based on 
the published literature. Reproducibility of research findings is crucial when aiming for translational treatment 
options. However, there are many examples showing failed reproducibility in  research14. One aim to improve the 
robustness and reproducibility of research findings is experimental rigor and the report of experimental details, 
as presented in this study and often missing in the published literature. We have used the Vannucci model of uni-
lateral HI brain injury in many studies and proven the therapeutic efficacy of HT in different studies, as shown by 
different labs in the last two  decades15. Additionally, we used adequate group sizes for each individual treatment 
group, which should be sufficient to detect neuroprotective efficacy. Therefore, we believe that the experimental 
setup was not the reason for our failure to reproduce neuroprotection of the 17 candidates.

One of the candidates that failed to show neuroprotection in our study was erythropoietin (Epos). Indeed, 
neither erythropoietin nor darbepoietin significantly reduced brain injury in our study. Of notice, although Epo 
has shown benefit in rodent models in combination with HT, there was no augmentation of HT protection in the 
fetal sheep  model62 or in the neonatal  piglet43. In 2022, the Phase III Heal study did not show benefit of Epo as 
an adjunct to HT in 500 NE  babies13. Whether Epo will remain to be a potential neuroprotective drug candidate 
in asphyxiated newborns in LMICs, remains unclear.

Another candidate that failed to show neuroprotection in our study is Azithromycin. Azithromycin, an anti-
biotic with wide use in neonates for many decades, has been reported to be neuroprotective following neonatal 
hypoxic-ischemic brain injury and inflammation-sensitized hypoxic–ischemic brain injury in newborn  rats63,64. 
Several clinical trials demonstrated that Azithromycin crosses the placenta and accumulates in the fetus, reducing 
the risk of clinical infection and  death65–67. Therefore, Azithromycin might be a potential neuroprotective treat-
ment option, especially in LMIC, as it is safe, easy to deliver and cheap in cost. However, as we failed to prove 
efficacy in this study, additional experiments, including pharmacokinetics and dynamics using large animal 
models of hypoxic-ischemic brain injury are  needed68, before it can be transferred to clinical studies in LMICs.

Limitations. We aimed to administer treatment drug candidates based on the best available published evi-
dence regarding time and dose of administration. The first treatment dose was administered before the initia-
tion of hypoxia for drugs that were known to cross the placental barrier and could potentially be administered 
perinatally. In certain clinical scenarios this may not be feasible, especially in LMIC. However, our results reflect 
a primary screening of potential neuroprotective agents in the most optimal scenario (pre-hypoxia treatment). 
Subsequent studies may aim to investigate those pre-screened neuroprotective agents, to be administered in 
a more amenable clinical translation scenery. In addition, we did not investigate pharmacokinetics (PK) or 
-dynamics (PD) of the potential neuroprotective compounds in our model yet. These studies need to be per-
formed before moving into large animal models and clinical trials optimizing the dosing regimen for each indi-
vidual neuroprotective compound. Also, we did not test the drug candidates in combination with HT. As HT is 
not routinely available and failed to show neuroprotection in clinical studies 5 centres in India, Sri Lanka and 
 Bangladesh5, we did not investigate the drug candidates in combination with HT. However, these future stud-
ies will need to be performed, before any promising treatment options (e.g., caffeine) can be offered to cooled 
asphyxiated newborns. Furthermore, we did not investigate long-term follow-up in the animals. This would 
have not been feasible for a study of this scale. Additionally, analysing brain area loss seven days after the insult 
might have failed to demonstrate neuroprotection of drug candidates that operate via alternative mechanisms of 
neuroregeneration. This might have been the case e.g., for cannabinoids, as they have been shown to be neuro-
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protective following long-term experimental outcome studies, even though early brain area loss is not  reduced69. 
Lastly, we did not find a clear pattern of mechanism of action which might offer the best neuroprotection. Most 
of the used treatment drugs do have multiple mechanisms of action, such as reducing inflammation or oxidate 
stress. Due to the large number of treatment drugs used and because this was not the aim of this current study.

Next steps. The overall aim of this large scale multi-drug randomized controlled animal screening trial was 
to compare different neuroprotective treatments using a standardized model. We have identified eight neuropro-
tective agents, of which seven showed superior neuroprotection compared to the currently available standard of 
care (HT). A priority in future research is to characterize the exact mechanisms of action of the most promis-
ing agents to identify potential combinatory treatment options. In addition, these eight candidates need to be 
investigated using large neonatal animal models (sheep and neonatal piglet) to demonstrate safety and efficacy 
before initiating their clinical use. We believe that these studies can be performed in a short time frame, leading 
to clinical studies within the next few years, especially in LMIC where HT appears to be not safe and the efficacy 
is uncertain.

Summary. This first published large multi-drug randomized controlled preclinical screening trial confirms 
neuroprotection of eight therapeutic agents. The most promising candidates were caffeine and SAG, showing 
significantly high neuroprotection after HI. This screening trial provides sufficient evidence for progression to 
large animal models where safety, efficacy, pharmacokinetics and dynamics can be tested, before their use can be 
translated to clinical trials. Additionally, it is of high importance to further screen alternative treatments as mela-
tonin which is being assessed in the inflammation sensitized HI models (rat and piglet), for its high relevance in 
LMIC as a readily accessible treatment.
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All data can be accessed via the corresponding author.

Received: 17 February 2023; Accepted: 7 June 2023

References
 1. Liu, L. et al. Global, regional, and national causes of under-5 mortality in 2000–15: An updated systematic analysis with implica-

tions for the sustainable development goals. Lancet 388(10063), 3027–3035 (2016).
 2. Jacobs, S. E. et al. Cooling for newborns with hypoxic ischaemic encephalopathy. Cochrane Database Syst. Rev. 1, CD003311 (2013).
 3. McIntyre, S. et al. Neonatal encephalopathy: Focus on epidemiology and underexplored aspects of etiology. Semin. Fetal Neonatal 

Med. 26(4), 101265 (2021).
 4. Lee, A. C. et al. Intrapartum-related neonatal encephalopathy incidence and impairment at regional and global levels for 2010 

with trends from 1990. Pediatr. Res. 74(Suppl 1), 50–72 (2013).
 5. Thayyil, S. et al. Hypothermia for moderate or severe neonatal encephalopathy in low-income and middle-income countries 

(HELIX): A randomised controlled trial in India, Sri Lanka, and Bangladesh. Lancet Glob. Health 9(9), e1273–e1285 (2021).
 6. Tann, C. J. et al. Perinatal risk factors for neonatal encephalopathy: An unmatched case-control study. Arch. Dis. Child Fetal Neo-

natal Ed. 103, 250 (2017).
 7. Johnston, M. V., Trescher, W. H., Ishida, A. & Nakajima, W. Neurobiology of hypoxic-ischemic injury in the developing brain. 

Pediatr. Res. 49(6), 735–741 (2001).
 8. Lorek, A. et al. Delayed (“secondary”) cerebral energy failure after acute hypoxia-ischemia in the newborn piglet: Continuous 

48-hour studies by phosphorus magnetic resonance spectroscopy. Pediatr. Res. 36(6), 699–706 (1994).
 9. Fleiss, B. & Gressens, P. Tertiary mechanisms of brain damage: A new hope for treatment of cerebral palsy? Lancet Neurol. 11(6), 

556–566 (2012).
 10. Juul, S. E. & Ferriero, D. M. Pharmacologic neuroprotective strategies in neonatal brain injury. Clin. Perinatol. 41(1), 119–131 

(2014).
 11. Gunn, A. J. & Thoresen, M. Neonatal encephalopathy and hypoxic-ischemic encephalopathy. Handb. Clin. Neurol. 162, 217–237 

(2019).
 12. Azzopardi, D. et al. Prospective qualification of early cerebral biomarkers in a randomised trial of treatment with xenon combined 

with moderate hypothermia after birth asphyxia. EBioMedicine 47, 484–491 (2019).
 13. Wu, Y. W. et al. Trial of erythropoietin for hypoxic-ischemic encephalopathy in newborns. N. Engl. J. Med. 387(2), 148–159 (2022).
 14. Macleod, M. & Mohan, S. Reproducibility and rigor in animal-based research. Ilar J. 60(1), 17–23 (2019).
 15. Vannucci, S. J. & Back, S. A. The Vannucci model of hypoxic-ischemic injury in the neonatal rodent: 40 years later. Dev. Neurosci. 

44, 186 (2022).
 16. Galinsky, R. et al. In the era of therapeutic hypothermia, how well do studies of perinatal neuroprotection control temperature? 

Dev. Neurosci. 39(1–4), 7–22 (2017).
 17. Sabir, H., Scull-Brown, E., Liu, X. & Thoresen, M. Immediate hypothermia is not neuroprotective after severe hypoxia-ischemia 

and is deleterious when delayed by 12 hours in neonatal rats. Stroke 43, 3364–3370 (2012).
 18. Serdar, M. et al. Early pro-inflammatory microglia activation after inflammation-sensitized hypoxic-ischemic brain injury in 

neonatal rats. Front. Cell Neurosci. 13, 237 (2019).
 19. Wood, T. et al. Treatment temperature and insult severity influence the neuroprotective effects of therapeutic hypothermia. Sci. 

Rep. 6, 23430 (2016).
 20. Ehlting, A. et al. Impact of hypoxia-ischemia on neurogenesis and structural and functional outcomes in a mild–moderate neonatal 

hypoxia-ischemia brain injury model. Life 12(8), 1164 (2022).
 21. Bernis, M. E. et al. Temporal characterization of microglia-associated pro- and anti-inflammatory genes in a neonatal inflamma-

tion-sensitized hypoxic-ischemic brain injury model. Oxid. Med. Cell Longev. 2022, 2479626 (2022).
 22. Jiang, J. & Nguyen, T. Linear and Generalized Linear Mixed Models and Their Applications Vol. 1 (Springer, 2007).
 23. Bürkner, P. C. & Charpentier, E. Modelling monotonic effects of ordinal predictors in Bayesian regression models. Br. J. Math. Stat. 

Psychol. 73(3), 420–451 (2020).
 24. Moschino, L. et al. Caffeine in preterm infants: Where are we in 2020? ERJ Open Res. 6, 1 (2020).
 25. Schmidt, B. Methylxanthine therapy for apnea of prematurity: Evaluation of treatment benefits and risks at age 5 years in the 

international caffeine for apnea of prematurity (CAP) trial. Biol. Neonate 88(3), 208–213 (2005).



12

Vol:.(1234567890)

Scientific Reports |         (2023) 13:9467  | https://doi.org/10.1038/s41598-023-36653-9

www.nature.com/scientificreports/

 26. Bruschettini, M., Moreira, A., Pizarro, A. B., Mustafa, S. & Romantisik, O. The effects of caffeine following hypoxic-ischemic 
encephalopathy: A systematic review of animal studies. Brain Res. 1790, 147990 (2022).

 27. Dobson, N. R. & Hunt, C. E. Pharmacology review: Caffeine use in neonates: Indications, pharmacokinetics, clinical effects, 
outcomes. NeoReviews 14(11), e540–e550 (2013).

 28. Yang, L. et al. Encephalopathy in preterm infants: Advances in neuroprotection with caffeine. Front. Pediatr. 9, 724161 (2021).
 29. Mohammed, S. et al. High versus low-dose caffeine for apnea of prematurity: A randomized controlled trial. Eur. J. Pediatr. 174(7), 

949–956 (2015).
 30. Yang, L. et al. Caffeine treatment started before injury reduces hypoxic–ischemic white-matter damage in neonatal rats by regulat-

ing phenotypic microglia polarization. Pediatr. Res. 92, 1543 (2022).
 31. Saiki, S. et al. Caffeine induces apoptosis by enhancement of autophagy via PI3K/Akt/mTOR/p70S6K inhibition. Autophagy 7(2), 

176–187 (2014).
 32. Back, S. A. et al. Protective effects of caffeine on chronic hypoxia-induced perinatal white matter injury. Ann. Neurol. 60(6), 696–705 

(2006).
 33. Alvarez, J. I. et al. The Hedgehog pathway promotes blood–brain barrier integrity and CNS immune quiescence. Science 334(6063), 

1727–1731 (2011).
 34. Falcón-Urrutia, P., Carrasco, C. M., Lois, P., Palma, V. & Roth, A. D. Shh signaling through the primary cilium modulates rat 

oligodendrocyte differentiation. PLoS ONE 10(7), e0133567 (2015).
 35. Nguyen, V. et al. Neuroprotective effects of sonic hedgehog agonist SAG in a rat model of neonatal stroke. Pediatr. Res. 90(6), 

1161–1170 (2021).
 36. Annink, K. V. et al. Allopurinol: Old drug, new indication in neonates? Curr. Pharm. Des. 23(38), 5935–5942 (2017).
 37. Pang, R. et al. Melatonin for neonatal encephalopathy: From bench to bedside. Int. J. Mol. Sci. 22(11), 5481 (2021).
 38. Ahmed, J., Pullattayil, S. A., Robertson, N. J. & More, K. Melatonin for neuroprotection in neonatal encephalopathy: A systematic 

review & meta-analysis of clinical trials. Eur. J. Paediatr. Neurol. 31, 38–45 (2021).
 39. Tarocco, A. et al. Melatonin as a master regulator of cell death and inflammation: Molecular mechanisms and clinical implications 

for newborn care. Cell Death Dis. 10(4), 7 (2019).
 40. Robertson, N. J. et al. Melatonin augments hypothermic neuroprotection in a perinatal asphyxia model. Brain 136(Pt 1), 90–105 

(2013).
 41. Robertson, N. J. et al. Melatonin as an adjunct to therapeutic hypothermia in a piglet model of neonatal encephalopathy: A trans-

lational study. Neurobiol. Dis. 121, 240–251 (2019).
 42. Robertson, N. J. et al. High-dose melatonin and ethanol excipient combined with therapeutic hypothermia in a newborn piglet 

asphyxia model. Sci. Rep. 10(1), 3898 (2020).
 43. Pang, R. et al. Melatonin and/or erythropoietin combined with hypothermia in a piglet model of perinatal asphyxia. Brain Com-

mun. 3(1), 211 (2021).
 44. Crumling, M. A., King, K. A. & Duncan, R. K. Cyclodextrins and iatrogenic hearing loss: New drugs with significant risk. Front. 

Cell Neurosci. 11, 355 (2017).
 45. Xie, D. et al. Clemastine improves hypomyelination in rats with hypoxic-ischemic brain injury by reducing microglia-derived 

IL-1β via P38 signaling pathway. J. Neuroinflamm. 17(1), 57 (2020).
 46. Zhi, C. et al. Clemastine promotes recovery of neural function and suppresses neuronal apoptosis by restoring balance of pro-

inflammatory mediators in an experimental model of intracerebral hemorrhage. Int. J. Med. Sci. 18(3), 639–645 (2021).
 47. Sapko, K., Jamroz-Wiśniewska, A. & Rejdak, K. Novel drugs in a pipeline for progressive multiple sclerosis. J. Clin. Med. 11(12), 

3342 (2022).
 48. Cree, B. A. C. et al. Clemastine rescues myelination defects and promotes functional recovery in hypoxic brain injury. Brain 141(1), 

85–98 (2018).
 49. Xie, D. et al. Clemastine improves hypomyelination in rats with hypoxic–ischemic brain injury by reducing microglia-derived 

IL-1β via P38 signaling pathway. J. Neuroinflamm. 17(1), 6 (2020).
 50. Odorcyk, F. K. et al. Differential glucose and beta-hydroxybutyrate metabolism confers an intrinsic neuroprotection to the imma-

ture brain in a rat model of neonatal hypoxia ischemia. Exp. Neurol. 330, 113317 (2020).
 51. Puchowicz, M. A. et al. Neuroprotection in diet-induced ketotic rat brain after focal ischemia. J. Cereb. Blood Flow Metab. 28(12), 

1907–1916 (2008).
 52. Lee, B. S., Woo, D. C., Woo, C. W. & Kim, K. S. Exogenous β-hydroxybutyrate treatment and neuroprotection in a suckling rat 

model of hypoxic-ischemic encephalopathy. Dev. Neurosci. 40(1), 73–83 (2018).
 53. Bernis, M. E. et al. Temporal characterization of microglia-associated pro- and anti-inflammatory genes in a neonatal inflamma-

tion-sensitized hypoxic-ischemic brain injury model. Oxid. Med. Cell. Longev. 2022, 1–16 (2022).
 54. Bernis, M. E., Zweyer, M., Maes, E., Schleehuber, Y. & Sabir, H. Neutrophil extracellular traps release following hypoxic-ischemic 

brain injury in newborn rats treated with therapeutic hypothermia. Int. J. Mol. Sci. 24(4), 3598 (2023).
 55. Manlapaz-Mann, A. et al. Effects of omega 3 polyunsaturated fatty acids, antioxidants, and/or non-steroidal inflammatory drugs 

in the brain of neonatal rats exposed to intermittent hypoxia. Int. J. Dev. Neurosci. 81(5), 448–460 (2021).
 56. Williams, J. J. et al. N-3 fatty acid rich triglyceride emulsions are neuroprotective after cerebral hypoxic-ischemic injury in neonatal 

mice. PLoS ONE 8(2), e56233 (2013).
 57. Manual Kollareth, D. J. et al. Acute injection of a DHA triglyceride emulsion after hypoxic–ischemic brain injury in mice increases 

both DHA and EPA levels in blood and brain. Prostagland. Leukotrienes Essent. Fatty Acids 162, 102176 (2020).
 58. Huun, M. U. et al. DHA and therapeutic hypothermia in a short-term follow-up piglet model of hypoxia–ischemia: Effects on 

H+MRS biomarkers. PLoS ONE 13(8), e0201895 (2018).
 59. Lilja, H. E., Finkel, Y., Paulsson, M. & Lucas, S. Prevention and reversal of intestinal failure-associated liver disease in premature 

infants with short bowel syndrome using intravenous fish oil in combination with omega-6/9 lipid emulsions. J. Pediatr. Surg. 
46(7), 1361–1367 (2011).

 60. Lam, H. S. et al. A double-blind randomised controlled trial of fish oil-based versus soy-based lipid preparations in the treatment 
of infants with parenteral nutrition-associated cholestasis. Neonatology 105(4), 290–296 (2014).

 61. Redman, K., Ruffman, T., Fitzgerald, P. & Skeaff, S. Iodine deficiency and the brain: Effects and mechanisms. Crit. Rev. Food Sci. 
Nutr. 56(16), 2695–2713 (2016).

 62. Wassink, G. et al. Recombinant erythropoietin does not augment hypothermic white matter protection after global cerebral 
ischaemia in near-term fetal sheep. Brain Commun. 3(3), 172 (2021).

 63. Barks, J. D. E., Liu, Y., Dopp, I. A. & Silverstein, F. S. Azithromycin reduces inflammation-amplified hypoxic-ischemic brain injury 
in neonatal rats. Pediatr. Res. 92(2), 415–423 (2022).

 64. Barks, J. D. E., Liu, Y., Wang, L., Pai, M. P. & Silverstein, F. S. Repurposing azithromycin for neonatal neuroprotection. Pediatr. Res. 
86(4), 444–451 (2019).

 65. Oluwalana, C. et al. Azithromycin in labor lowers clinical infections in mothers and newborns: A double-blind trial. Pediatrics 
139(2), e20162281 (2017).

 66. Sutton, A. L. et al. Perinatal pharmacokinetics of azithromycin for cesarean prophylaxis. Am. J. Obstet. Gynecol. 212(6), 812–816 
(2015).

 67. Tita, A. T. et al. Adjunctive azithromycin prophylaxis for cesarean delivery. N. Engl. J. Med. 375(13), 1231–1241 (2016).



13

Vol.:(0123456789)

Scientific Reports |         (2023) 13:9467  | https://doi.org/10.1038/s41598-023-36653-9

www.nature.com/scientificreports/

 68. Kemp, M. W. et al. Maternal intravenous administration of azithromycin results in significant fetal uptake in a sheep model of 
second trimester pregnancy. Antimicrob. Agents Chemother. 58(11), 6581–6591 (2014).

 69. Ceprián, M. et al. Cannabidiol reduces brain damage and improves functional recovery in a neonatal rat model of arterial ischemic 
stroke. Neuropharmacology 116, 151–159 (2017).

Acknowledgements
This study was carried out as part of the Neuroprotection Preclinical Pipeline, a collaborative project supported 
by the Bill & Melinda Gates Foundation. The authors thank the staff and participants of the Neuroprotection 
Preclinical Pipeline for their important contributions.

Author contributions
H.S., F.I., J.S. have planned the experiments. H.S., E.M., M.Z., Y.S. and M.B. have performed all experiments. All 
authors have reviewed and analyzed the data. All authors reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL. This study was funded by the Bill and Melinda 
Gates Foundation.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 36653-9.

Correspondence and requests for materials should be addressed to H.S.

Reprints and permissions information is available at www.nature.com/reprints.

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

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 Author(s) 2023

https://doi.org/10.1038/s41598-023-36653-9
https://doi.org/10.1038/s41598-023-36653-9
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Comparing the efficacy in reducing brain injury of different neuroprotective agents following neonatal hypoxia–ischemia in newborn rats: a multi-drug randomized controlled screening trial
	Materials and methods
	Literature search strategy and prioritization of drug candidates. 
	Scoring and ranking of drug candidates. 
	Protocol for individual drug candidates. 
	Vannucci rat model of unilateral hypoxic–ischemic brain injury. 
	Histopathology and area measurement. 
	Statistical modelling. 
	Exclusion of outlier experiments. 
	Use of experimental animals. 

	Results
	Scoring and ranking of drug candidates. 
	Results from the Vannucci rat model. 

	Discussion
	Caffeine. 
	Sonic Hedgehog Agonist (SAG). 
	Allopurinol. 
	Melatonin. 
	Clemastine. 
	ß-Hydroxybutyrate. 
	Omegaven. 
	Iodide. 
	Other drug candidates. 
	Limitations. 
	Next steps. 
	Summary. 

	References
	Acknowledgements


