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 Summary 3

Intrapartum-related complications are one of three leading causes of 
neonatal mortality world-wide1. Hypoxic-ischemic insults are part of 
the intrapartum-related spectrum and the insults may clinically 
progress to the clinically observed neonatal encephalopathy (NE). 
Depending on severity of the NE the long term consequences range 
from mild to severe disability for the child involved and profound 
psychosocial and economic consequences for families and society. 
Preventing neonatal brain injury is a global health priority. 

Treatment of NE is today restricted to therapeutic hypothermia. 
Although being the established treatment, still 50 % have adverse 
outcomes2 and there is need for adjuvant treatments which is 
currently extensively researched throughout the neonatal community. 

Docosahexaenoic acid (DHA) is an omega-3 polyunsaturated fatty acid 
highly enriched in the brain and thought to be a modulator of oxidative 
stress, apoptosis and neuroinflammation.  

In this thesis, we have used a well established piglet model of perinatal 
hypoxia-ischemia to investigate potential neuroprotective effects of 
DHA through oxidative stress and spectroscopic biomarkers. We aimed 
to investigate the effect of DHA on different biochemical markers with 
and without the established treatment of therapeutic hypothermia.  

The results have shown that DHA has neuroprotective potential in 
reducing oxidative stress and important spectroscopic biomarkers, but 
the results are not uniform encouraging further studies with longer 
recovery periods. 
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 Introduction 4

Labor and birth of a child is commonly applauded and the family is 
filled with joy. The gap between the expected healthy newborn and 
the severely sick newborn elicits a spectrum of feelings for the families 
(and health workers) involved. Enhancing intrapartum care for mother 
and child still ranks high on scales of important interventions to keep 
child mortality and morbidity low. Nevertheless, labor is a high-risk 
task and the medical community is daily faced with newborns requiring 
acute medical attention and treatment.  

4.1 Intrapartum-related neonatal death/event 

 Definition 4.1.1

Intrapartum-related neonatal death/event (IRND) comprises the 
previous terminology of “birth asphyxia” which comes from greek 
meaning no pulse at birth. Birth asphyxia was previously used as a 
term where the deprivation of oxygen sustained long enough to 
produce neurological damage. The paradigm shift of terminology 
occurred because the pervious term of perinatal asphyxia did not 
comprise causality or indicate diagnosis3.  
IRND is a mortality outcome that includes neonatal deaths of term 
infants with neonatal encephalopathy (NE), those who cannot be 
resuscitated and a small group of infants who die from birth injury i.e. 
organ rupture. Other causes like lethal congenital malformation and 
preterm birth should be excluded if possible. NE is defined as “a 
disturbance of neurologic function in the earliest days of life in the 
term infant manifested by difficulty in initiation and maintaining 
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respiration, depression of tone and reflexes, abnormal level of 
consciousness an often by seizures”4. This may be due to an 
intrapartum hypoxic insult or not. NE is clinically separated into 3 
grades (mild, moderate and severe). 
When IRND is used as a measure of morbidity the outcomes are 
divided in NE and hypoxic-ischemic encephalopathy (HIE). HIE is 
defined as “a syndrome of abnormal neurological behavior in the 
neonate, which is frequently associated with multi-system dysfunction 
and follows severe injury before or during delivery”5. HIE is also graded 
as mild, moderate or severe.   

 Epidemiology 4.1.2

In 2016 24 % of the global 2.6 million neonatal deaths were due to 
intra-partum-related events6. It is estimated that complications around 
the time of birth annually contribute to one million infants with 
neonatal encephalopathy and half of these survive with neurological 
impairment7. Globally, 4.8/1000 neonates suffer intrapartum-related 
death1. In high-income countries NE estimates to 3/1000 newborns ≥ 
36 week gestation8 and in low income countries the rate increases to 
26/1000 term newborns9. 

 Aetiology 4.1.3

The shift in terminology from “perinatal asphyxia” to “intrapartum-
related neonatal event/death” is in order to better clarify the aetiology 
of the term. Measures of intrapartum-related hypoxia can be divided 
into three clusters: obstetric issues like obstructed labor or breech 
position; clinical based indicators like low apgar scores or fetal 
acidosis; and outcome-based indicators like fetal mortality and 
morbidity7. Intra-partum-related neonatal events typically present 
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clinically as neonatal encephalopathy10. In recent years it has become 
evident that hypoxia-ischemia is not the sole contributor to NE, 
although acute hypoxic ischemia still accounts for 50-80 % of NE based 
on clinical, EEG and magnetic resonance imaging criteria7. There is 
growing evidence that sepsis and chorioamnionitis have a sensitizing 
effect on inflammation and this is of importance for treatment.  

 Diagnosis 4.1.4

The diagnosis of an intrauterine-related event is a combination of 
clinical presentation and biochemical findings. NE is a descriptive term 
for neurological dysfunctions in a newborn.  The clinical presentation 
of NE was first defined by Sarnat and Sarnats clinical assessment of 
encephalopathy 4 determining level of consciousness, neuromuscular 
tone, alertness, reflexes, autonomic function and seizures. Today, the 
Thompson Encephalopathy score11 is more often used as it gives a 
specific number instead of the Sarnat scoring which divides the 
encephalopathy into one out of three categories (mild, moderate, 
severe). The national guidelines in Norway are based on Thompson 
scoring. Biochemical measures are of acidosis in the umbilical artery, 
increased lactate and decreased Base excess (BE). Therapeutic 
hypothermia is the standard of care if the NE is found moderate to 
severe. Norwegian guidelines are based on the british TOBY 
guidelines12 and require whole body hypothermia and monitoring by 
aEEG. 

TOBY guidelines: 
A. Infants ≥ 36 weeks gestation and with at least one of the following:  
- Apgar score ≤5 at 10 minutes after birth 
- Continued need for assisted ventilation at 10 minutes after birth 
- Acidosis within 60 minutes after birth (umbilical, arterial or capillary 
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pH ≤7.0) 
- BE ≤ -16 mmol/L within 60 minutes after birth (in umbilical, arterial or 
capillary blood.) 
Infants who meet criteria A are further assessed clinically for signs of 
neurological impairment:  
B. seizures or moderate to severe encephalopathy, consisting of: 
- suppressed level of consciousness 
- abnormally reduced muscular tone  
- weak or absent primitive reflexes  
American guidelines have similar criteria, but specify the use of EEG or 
aEEG if selective head cooling is the chosen hypothermic method.  
 

 Mechanisms 4.1.5

Acute hypoxia ischemia and secondary energy failure 
The three phases of injury after HI are shown in Figure 110. Under 
physiological conditions oxygen is transported into the mitochondria 
and undergo oxidative phosphorylation through which electrons are 
passed along proteins in the inner mitochondrial membrane through a 
series of reduction-oxidation reactions, ultimately producing 
adenosine triphosphate (ATP) and water13. Exogenous energy like 
glucose and fatty acids are converted into ATP which is a usable form 
of energy for the cell. Hypoxia-ischemia (HI) is one of the major 
reasons for the development of NE, though the sensitizing role of 
inflammation on the development of encephalopathy is yet to be 
determined. The brain is a highly oxidative organ and in vertebrates it 
consumes 20-25 % of the body’s basal metabolism14. During HI the 
neurons are subject to strongly reduced levels of substrates like 
oxygen and glucose.  In the absence of oxygen, oxidative 
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phosphorylation in order to produce ATP will fail and will not be able 
to supply energy to the cell through aerobic respiration. If the cell is no 
longer able to maintain homeostasis, it will undergo paths of 
destruction. These are classically determined as apoptosis or necrosis, 
but research over the last decades has shown that there is a 
continuum of cell degeneration ranging from apoptosis through 
autophagy, necroptosis and ultimately to necrosis 15. These processes 
will be discussed in more detail later in the chapter.  
 
Latent phase  
Successful resuscitation will restore circulation and the brain will be 
reperfused and reoxygenated. Usually within one hour there will be 
apparent recovery of the cerebral oxidative metabolism as cell swelling 
and overflowing of excitatory amino acids commence10. During the 
latent phase there is thought to be endogenous inhibition of the 
oxidative metabolism leaving this period optimal for therapeutic 
intervention before the deleterious cell mechanisms responsible for 
the development of neurodevelopmental impairment take place. The 
latent phase thus comprises the “therapeutic window” and it is 
believed that the length of the latent phase is inversely related to the 
severity and intensity of the initial hypoxic insult16. 
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Figure 1. Phases of cerebral injury following hypoxia-ischemia.  
Adapted from K Jane Hassell et al, Arch Dis Fetal Neonatal Ed 2015; 100; F541-F552. 
Reprinted with permission. 

 
Secondary phase 
Magnetic resonance spectroscopy (MRS) studies have shown that 
there is an intracellular secondary energy failure 6-24 hours to days 



19 
 

after HI17. During this period seizures may be apparent. There is 
secondary cytotoxic edema and mitochondrial failure which depending 
on the degree of energy failure, will lead to cell responses ranging from 
apoptosis to necrosis. The pathophysiological mechanisms starting 
during the latent phase and continuing onto the secondary energy 
failure are briefly discussed below.  
 
Apoptosis 
If irreparable damage is done to the cell it will undergo apoptosis i.e. 
programmed cell death which is one of several mechanisms of 
regulated death15. These processes as opposed to immediate cell 
death by necrosis can be modulated by pharmacological interventions. 
Once apoptosis is commenced, it cannot be stopped. There are 
classically two ways in order to initiate apoptosis, the intrinsic and 
extrinsic pathway18. 

The intrinsic pathway is activated by intracellular signaling substances 
from mitochondria when aerobic respiration no longer can be carried 
out sufficiently19. It is activated by permeabilization of the 
mitochondrial membrane which again is dependent on the activation 
of B-cell lymphoma 2 (BCL2) assosiated proteins (Figure 2).  When a 
mitochondrial pore consisting of BCL2-assosiated X protein (BAX) and 
BCL2-antagoinst/killer1 (BAK1) is opened, pro-apoptotic proteins like 
cytochrome C (Cyt c) will be released from the mitochondrial 
membrane and into the cytosol. The BAX/BAK1 pore is regulated by 
anti-apoptotic BCL2-family proteins. Cyt c will together with other pro-
apoptotic proteins form the apoptosome complex that again will 
activate the key regulator caspase-3 responsible for the initiation of 
DNA-fragmentation and apoptosis20,21. 
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 The extrinsic pathway is activated by extracellular ligands binding to 
specific receptors in the cell membrane which again catalyzes the 
apoptosis. One of these ligands is the death receptor ligand tumor 
necrosis factor (TNF). Once the receptor is activated, it will induce 
activation of caspase-8 which directly activates the executioner 
caspase-3.  

 

 

Figure 2. Overview of apoptosis.  
Adapted from Artem Kondratskyi et al, Biomembranes 2015; Vol 1848, Issue 10, Part 
B, p2532-2546.  

Whereas apoptosis is crucial for normal brain development and key 
caspases are upregulated in the postnatal brain, HI can induce 
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unfavorable apoptosis22,23. Cell death in the developing brain following 
hypoxia-ischemia can be different than that of the adult as caspases 
seem to be more activated in the immature brain24,25. Mitochondrial 
permeabilization is thought to be the point of no return in terms of the 
apoptotic cascade. Once beyond this point, apoptosis is imminent. 
Evidence suggests that mitochondrial permeabilization occurs 3-24 
hours after HI, comprising both the latent and secondary energy failure 
phase, making this a clinically manageable point of intervention23.  

Necrosis and necroptosis 
Necrosis is defined as a rapid, uncontrolled cell death caused by cell 
swelling and membrane rupture which results in further inflammatory 
response26. The necrotic lysis can either affect individual or groups of 
cells and occurs when there is rapid change in the intracellular ability 
to sustain control of cell volume15.  When the cell is depleted of ATP 
due to hypoxia, the Na+/K+- ATPase will seize to function and 
intracellular Ca2+ and water will cause the cell to swell18. The plasma 
membrane will ultimately burst thereby releasing cell contents into 
extacellular space initiating further inflammatory responses.  

Over the last decades, there is growing evidence of a more controlled 
form of necrosis. Necroptosis, or programmed necrosis, can occur 
when there is massive depletion of ATP27,28. There seems to be a 
continuum ranging from apoptosis through necroptosis to necrosis29. 
Endoplasmic reticulum (ER) stress seems to be important in the 
necroptotic process and recently, Necrostatin-1, a drug inhibiting the 
key proteins in the necroptotic cascade, has reversed the ER-stress 
process30. This represents an exciting angle for therapeutic 
intervention following HI. 19 
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Autophagy 
Autophagy is the process in which the cell recycles cellular 
components in an orderly and controlled fashion and is classically 
thought of as the third morphologically distinct appearance next to 
apoptosis and necrosis 20. Autophagic cell death will microscopically 
show vacuoles originating from lysosomes 21. Autophagy is activated 
by autophagy-related genes 22. The main pathway of autophagy is 
macroautophagy where damaged cell organelles or proteins are 
eradicated 23. An autophagosome is made up of a double membrane 
wrapped around the cell debris marked for destruction 24. The 
autophagosome transports the debris to the lysosome where it is 
broken down in an orderly fashion. There is a minor pathway called 
microautophagy where the lysosome engulfs the damaged cytoplasmic 
material directly by invagination of the lysosomal membrane and 
without the formation of the autophagosome25. Growth factors and 
ROS can regulate the activity of key protein kinases like mTOR and 
AMP kinase which regulate autophagy (Alers, 2012, role of AMPK-
mTOR-ULK ½).  

In experimental models of neonatal HI it has been shown that 
autophagy is dependent on insult-severity, time and brain region26. 
The CA3 region of the hippocampus contained significantly more 
autophagic cells than the CA1 region, where apoptosis was the 
dominant form of cell death. Another neonatal rat model has shown 
neuroprotection by pharmaceutical induction of autophagy 
immediately following HI. Pups had increased levels of Beclin-1, a 
protein coding for regulatory autophagy genes, after treatment with 
rapamycin. This reduced necrotic neuronal cell death, increased 
autophagy and decreased brain injury 27. When blocking a key 
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regulator gene, Atg 7, mice deficient of this gene were nearly 
completely protected from HI-induced caspase-3 activation and 
subsequent neuronal death. 28 This suggested Atg 7 to have a key 
regulatory function over death executioner pathways following HI and 
represents another possibility for therapeutic targeting.  
 
Excitotoxicity 
ATP is needed for intracellular energy transfer, and key membrane 
transport systems like the Na+/K+-pump are dependent on ATP. When 
the Na+/K+ ATP-dependent pump fails, the action-potential across the 
membrane falls and neuronal depolarization occurs. There is an 
excessive release of the major excitatory neurotransmitter glutamate, 
and the flooding of glutamate will cause excitotoxicity, a pathological 
process which occurs when receptors are excessively stimulated by 
neurotransmitters like glutamate. Receptors stimulated by glutamate 
are NMDA-receptors, AMPA-receptors and voltage dependent Ca2+ 
channels. The flood of glutamate will allow Ca2+ to enter the cells in 
large volumes, triggering numerous proteases and enzymes which 
again will damage cell structures such as membranes, cytoskeleton and 
ultimately DNA.  
Mitochondria are key structures in the cell as they provide energy, cell-
cycle regulation and respond to oxidative stress. In the inner 
mitochondrial membrane there is a pore forming complex called 
Mitochondrial Calcium Uniporter (Mcu) which calibrates the 
mitochondrial membrane potential 29. If the NMDA-receptor is 
triggered by excitotoxicity, the Mcu will allow massive Ca2+ influx into 
the mitochondria, initiating the apoptotic cascade 30. By blocking 
rodent Mcu with Nelfinavir, an antiretroviral agent, the mitochondrial 
membrane is resistant to excitotoxicity by inhibiting intramitochondrial 
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Ca2+ flux 31.  
Astrocytes are responsible for maintaining optimal brain bioenergetics 
in addition to release and re-uptake of neurotransmitters including 
glutamate. Recently, it was shown that astrocytes recover from HI 
much more rapid than neurons, as astrocytic mitochondrial function is 
restored already after 30-60 minutes following HI32. This represents a 
new target for intervention as the quick recovery of astrocytes can 
help limit excitotoxicity and the degree of secondary energy failure.  

Reactive oxygen species/oxidative stress 
During aerobic respiration oxygen accepts electrons to produce water 
(Figure 3).  

 
Figure 3. Schematic illustration of the reduction of molecular oxygen to water. 

The first and third reduction produces free radicals like the superoxide 
radical (O2

-) and hydroxyl radical (OH-). Hydrogen peroxide (H2O2) is 
not a free radical with a free valence electron in the outer shell, but a 
precursor and a reactive oxygen species (ROS). Hydrogen peroxide 
reacts with transition metals like iron (Fe2+ and Fe3+). Lack of oxygen 
during HI will cause oxidative stress in the cell, reflecting the imbalance 
between the reactive oxygen species (ROS) and the anti-oxidative 
capacity of the cell33. Sources of ROS production are oxidative 
phosphorylation in the mitochondria, hypoxanthine/xanthine oxidase, 
NADPH oxidase, arachidonic acid metabolic pathways and nitric oxide 
synthase. ROS are chemical reactive compounds containing oxygen 
and are normally produced in small amounts during physiologic 
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processes of cell metabolism and oxidative phosphorylation. ROS and 
reactive nitrogen species (RNS) are essential components in normal 
neuronal signaling and is essential to the cell in transmission of 
appropriate intracellular responses, including synaptic plasticity 34,35. 
The duality of the oxidative stress species in both physiological stress 
signaling and as stress molecules toxic to the cells is exemplified by 
neuronal plasticity. At physiological levels ROS and RNS like hydrogen 
peroxide and superoxide, strengthen synaptic neurotransmission 
initiating cascades of downstream events with activation of proteins 
important for long-term potentiation and synaptic plasticity. If ROS and 
RNS increase exponentially, like during oxidative bursts as a response 
to hypoxia-ischemia, they can inhibit neuronal signal transmission and 
attenuate long-term potentiation. This is thought to partially be due to 
the inhibition of the glutamatergic NMDA receptor through excessive 
oxidation of the receptors with redox-sensitive sites34,36. There are 
different hypotheses involved when trying to explain the mechanisms 
for the selective vulnerability in the central nervous system. Pre-
existing high levels of oxidative stress in the cells makes the threshold 
lower for switching from physiological to pathological levels37. The 
levels of superoxide were found to be higher in hippocampal CA1 than 
hippocampal CA3 cells coinciding with the CA1 regions susceptibility to 
oxidative stress over the more resilient CA3 region. Transcriptome 
studies also show that the levels of oxidative stress genes are higher in 
the CA1 than in the CA3 region37. Intracellular lower levels of ATP 
make the neurons more vulnerable to oxidative stress38. Cerebellar 
granule neurons had 25 % lower ATP levels compared to cortical 
neurons at physiological levels, when exposed to oxidative stress the 
ATP levels in both cell populations dropped in order to maintain redox 
balance, but the drop was more pronounced in the cerebellar granule 
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cells.  
The most potent ROS is superoxide (●O2

-) resulting from the reduction 
of oxygen by one electron. Further reductions of oxygen by 2 and 3 
electrons yield hydrogen peroxide (H2O2) and the hydroxyl radical 
(●OH) respectively39. Molecular oxygen is not a free radical in itself, 
although it does have two unpaired electrons in the outer orbitals. It 
reacts rapidly with other radicals creating new free radicals with more 
oxidative potential40. In addition nitric oxide (NO●) may react with 
superoxide to peroxynitrate (ONOO-) to form reactive nitrogen species 
(RNS). Under physiological conditions ROS are neutralized by anti-
oxidant systems like catalase and superoxide-dismutase. When the 
anti-oxidative capacity is overrun, reactive nitrous and oxygen species 
(RONS) will start to attack proteins, lipids, DNA and RNA in order to be 
stabilized. The highly unstable RONS like the hydroxyl radical will react 
with anything in its path, often proteins and lipids, while hydrogen 
peroxide will be able to travel a longer distance, representing a greater 
threat to DNA and RNA40.  
 
Lipid peroxidation 
Organelles and the cell membrane are composed of large amounts of 
lipids. The brain is especially rich in unsaturated lipids many of which 
also have a high count of double bonds, like docosahexaenoic acid 
(DHA) which contains 6 double bonds. The more unsaturated the lipid, 
the more susceptible it is to oxidation and free radical attack. When a 
lipid is encountered by an oxygen radical, lipid peroxidation occurs 
through three steps: initiation, propagation and termination (Figure 4). 
 
In initiation the first step where a free radical steals a weak hydrogen 
atom from the lipid, stabilizing the free radical in producing water, but 
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leaving the fatty acid as a fatty acid radical and initiating a chain 
reaction.  
During propagation, the unstable fatty acid radical will react further 
with molecular oxygen thereby creating a peroxyl-fatty acid radical. 
This radical is also unstable and a chain reaction will occur as the 
peroxyl-fatty acid radical will react with other free fatty-acid, 
stabililzing itself but creating a new peroxyl-fatty acid radical.  

 
  
Figure 4. Three steps of lipid peroxidation: initiation, propagation and termination. 

Termination occurs when the concentration of peroxyl-fatty acid 
radicals is so high that they react with each other creating a non-
radical species. Termination is also initiated by anti-oxidants which are 
the body’s protective mechanism against ROS. Anti-oxidants are 
ingested through the diet like Vitamin E and Vitamin C, but are also 
produced endogenously as the enzymes peroxidase, superoxide 



28 
 

dismutase, catalase and glutathione.  
The end products of lipid peroxidation are reactive aldehydes like 
malondialdehyde (MDA) and 4-hydroxynonenal. These are possible to 
measure in CSF, blood and tissue but they do not reveal the original 
fatty acid subject to peroxidation41 . During the recent decade there 
have emerged methods to detect peroxidation products that can be 
traced back to its original fatty acid. For instance, Isoprostanes are 
products from peroxidation of arachidonic acid (AA)42. The major 
neuronal fatty acid DHA is peroxidized to neuroprostanes and adrenic 
acid is peroxidized to dihomo-isoprostane43,44. These peroxides can 
also be measured in blood, urine, CSF or tissue, best detected by 
techniques of spectrometry and chromatography45.  
 
Neuroinflammation 
When necrosis occurs as a consequence of the massive deprivation of 
oxygen and glucose during hypoxia-ischemia, cellular danger signals 
are released to the extracellular space. Microglia and astrocytes detect 
these danger signals through Toll-like Receptors (TRLs) and cytokine 
receptors46. The activation of these receptors results in inflammatory 
activation of both the microglia and astrocytes that have a neurotoxic 
effect by inducing apoptosis through the release of pro-inflammatory 
cytokines, NO and ROS47. Glia also affect the blood-brain barrier (BBB) 
by releasing matrix metalloproteinases (MMPs) and chemochines. The 
BBB is made more permeable by the activation of MMPs and 
chemochines and this allows peripheral inflammatory cells like 
neutrophils and monocytes to enter the CNS and further aggravate 
inflammation which in turn can lead to neuronal death48. Activated 
microglia will produce ROS and NO which further aggravate the 
oxidative injury in the immature brain49.  
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Neuroinflammation starts within hours after the insult and can 
commence into the secondary energy phase of hours to days and also 
into a chronic phase lasting perhaps years after the initial insult.  

The immune system of the brain can cause extensive damage through 
neuroinflammation, but there is emerging evidence how the same cells 
involved in pro-inflammation also can modulate the inflammatory 
process and switch to protective mode by producing growth factors 
essential for axonal sprouting and neurogenesis50.  

Microglias are the first line of defence against pathogens and insults in 
the CNS. They have different responses depending on severity of the 
insult. Microglia can change their morphology and become phagocytic 
in the presence of a large insult, or they can initiate the inflammatory 
cascade by activating pro-inflammatory cytokines (TNFα, IL-1β, IL-6) 
and MMPs responsible for reduced BBB permeability51,52.  Activated 
microglia release TNF-α and interferone-γ that are toxic to the 
oligodendrocyte lineage and together they can have a synergistic 
toxicity which may result in diffuse periventricular white matter 
injury53. During the latent phase following neonatal stroke, activated 
microglia will clean up the damaged cells in the brain by phagocytosis 
thereby reducing inflammatory triggers54. To date, there is not enough 
knowledge of how to break the pro-inflammatory response following 
HI and switch to anti-inflammatory action by microglia.  
 
Tertiary phase 
Epigenetic changes and sustained neuroinflammation are thought to 
be the culprits of the tertiary brain injury55. This phase can last from 
weeks to years after the insult and represents a new target period for 
therapy.  
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 Long term impact of neonatal encephalopathy 4.1.6

An infant who has suffered from neonatal encephalopathy may have 
sequelaes ranging from mild learning disability to cerebral palsy (CP) 
with severe gross motor, verbal and cognitive implications. The 
childrens disabilities will most often have pronounced effects on the 
family’s economy, independence, ability to follow up siblings, career-
choices and even probability of parental divorce. In addition to the 
personal implications the sequelaes following a severe encephalopathy 
may have, there are also gross economy implications. Disabled 
children require extensive follow-up from the health community and 
often they require multiple surgeries with long term physiotherapy. 
They also need appropriate pedagogic resources throughout 
kindergarden and school to help optimize their potential, just like all 
other children. A newly published meta-analysis found a strong 
positive relationship between CP severity and expenditure56.  The still 
devastating consequences of CP emphasize the importance of 
minimizing the effects of the initial insult through neuroprotective 
strategies. 

 

4.2 Therapeutic hypothermia 

 History 4.2.1

The use of cold as a therapeutic agent dates back to 3500 B.C. in the 
oldest medical text known, The Edwin Smith Papyrus from ancient 
Egypt57. Hippocrates recommended snow and ice packing to reduce 
hemorrhage and total body cooling was used 400-300 B.C. in treating 
tetanus57. On a cold December day 1650 in Oxford, 22-year old Anne 
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Greene charged with infanticide was sentenced to death by hanging. 
When she was taken down half an hour later, she showed signs of life 
and regained full recovery.  
Hypothermia was then “rediscovered” as a neuroprotective treatment 
and systematically used during neurosurgery from the late 1950s and 
on. The first report on the use of hypothermia on neonatal asphyxia is 
from Westin 1959 where they used running water and cooled infants 
to 23-32 °C58. Major challenges regarding ICU facilities with ventilation 
treatment, possibility to maintain a stable core temperature and pain 
management all together contributed to decades of delay of 
implementation of therapeutic hypothermia. After promising pre-
clinical studies in the 1990s59,60, therapeutic hypothermia was offered 
as experimental treatment for infants suffering from encephalopathy 
in the late 1990s. Major clinical trials were carried out in the early 
2000s and meta-analyses showing significantly beneficial effects in 
neurodevelopmental outcome have today made therapeutic 
hypothermia the standard of care for NE 12,61-63.  
 

4.2.2. Mechanisms of therapeutic hypothermia 
Therapeutic hypothermia has become the standard of care for treating 
moderate and severe NE in high-income countries 64. A meta-analysis 
of multi-center randomized controlled trials has shown that mild 
hypothermia with core temperature of 33.5 °C commenced within 6 
hours of birth (prior to secondary energy failure) in the moderately to 
severely encephalopatic newborns, has neuroprotective effects 2,12,61-

63.  
 
The definition of hypothermia is core body temperature below 35°C. 
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Lowering body temperature will also lower energy expenditure, 
especially important in high-oxygen demanding tissues like the heart 
and brain. There is a 5 % reduction in cerebral metabolism for every 1 
degree decline in temperature 65. In piglet studies of post-hypoxic 
hypothermia excitatory amino acids (EAA) and ROS were found to be 
reduced in the cerebrocortex 66,67. Hypothermia is also found to reduce 
brain lactate and oxidative stress by measures of glutathione in rats 68.  
 
Most studies have applied TH during the latent phase within the 
“therapeutic window”. Recently, Laptook et al. induced hypothermia 
between 6-24 hours in the secondary energy failure-period, but could 
not show significant effect on neurodevelopmental outcome at 18 
months 69. It has also been tried to cool for a deeper and longer period 
of time respectively 32.0 °C and 120 hours, but the trial was 
interrupted due to increased mortality 70. 
Hypothermia for NE is an effective therapy with a number needed to 
treat (NNT) of only 7-8 infants, but has limitations as 50% of the 
treated still have adverse outcomes 2. It has also been tried out in low 
and middle income countries, and is in a review from 2013 not 
recommended as a routine treatment due to lacking rigorous results 
on safety and efficacy of cooling71. Major challenges are summarized 
as low technology cooling devices, inadequate intensive care, sedation 
and ventilatory support and the overuse of oxygen.  

In the future it may be possible to customize therapy according to 
inflammatory status, gestational age and biomarker status. The depth 
and duration of cooling also needs further investigations in 
combination with adjuvant neuroprotective drugs.   
It also remains to investigate whether therapeutic hypothermia should 
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be applied in the cases of mild encephalopathy. A UK 2017 survey 
detected that therapeutic hypothermia was quite often offered to 
infants with mild encephalopathy72. They conclude that further 
research is necessary to optimize neuroprotection in infants with mild 
encephalopathy. 

4.3 Adjuvant treatments/neuroprotection 

Therapeutic hypothermia is the mainstay in the treatment of NE. It is 
offered as treatment to infants with moderate and severe 
encephalopathy who fulfill certain criteria, but will only improve 
outcome in about 50 % of cases2. There is extensive research in the 
field to reveal additional neuroprotective treatment. Some of these 
therapies will be briefly summarized below. 

Erythropoietin (Epo) 
Epo is a glycoprotein and a primary hematopoietic growth factor, but 
also a cytokine having antiapoptotic, antioxidative, and anti-
inflammatory properties 73,74. It is produced endogenously in the brain 
in addition to its main area of function: initiating red cell maturation. 
Epo promotes differentiation of neurons from stem cells with resulting 
axonal regrowth, neurite formation, dendritic sprouting and 
neurotransmitter synthesis 75. Epo decreased white matter injury 
(WMI) in models of neonatal brain injury76,77. Pre-clinical experimental 
models of neonatal brain injury have documented how Epo has 
neuroprotective and neuroregenerative effects78-80. There have been 
small clinical studies with Epo in addition to TH but there is still 
insufficient evidence to support the clinical use of Epo for 
neuroprotection in NE 81. There are ongoing large phase III trials (the 
American HEAL trial and the european NEUREPO trial) where Epo is 
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combined with TH82. Results from these trials are not yet published. 
There is also an ongoing trial which investigates Epo as a 
neuroprotectant for the extremely premature (PENUT trial).  
 
Allopurinol 
Allopurinol is a xanthine-oxidase inhibitor which reduces the formation 
of free radicals, thereby limiting the amount of hypoxia-reperfusion 
damage. It has been studied preclinically and proven safe 83,84. In a 
clinical trial, allopurinol alone did not offer neuroprotection at 
assessment at 18 months, but at follow-up at 4-8 years, the allopurinol 
intervention group with moderate NE showed benefit on mortality and 
severe disability 85,86. There is an ongoing large clinical trial (ALBINO) 
aiming to assess allopurinol in combination with TH, but results from 
this trial are not yet published.  
 
Melatonin 
Melatonin is an endogenously produced hormone which entrains the 
circadian rhythm at physiological doses. Used pharmaceutically at high 
doses melatonin is a powerful antioxidant, anti-inflammatory and 
antiapoptotic agent87. Melatonin is a safe drug and has the ability to 
cross both the placenta and the blood-brain barrier making it 
applicable to antenatal administration in order to prevent fetal brain 
damage. It has been shown to elicit neuroprotection both in a piglet 
study and also in a clinical pilot study, though the latter had a shorter 
outcome where they assessed neurodevelopment at 6 months 88,89.  

 Stem cell therapy 
Stem cells are broadly defined as cells with self-renewing and 
differentiation capacity. Nucleated umbilical cord blood cells can 



35 
 

differentiate in vitro into brain cells like neurons, oligodendrocytes, 
astrocytes, and microglial cells 90,91. Mesenchymal stromal cells can be 
isolated from placental membranes and tissues, amniotic fluid, 
umbilical cord blood, and Wharton’s jelly. The mechanisms involve 
anti-apoptotic and pro-mitotic capacities leading to neovascularization 
through angiogenesis and anti-inflammatory responses. Further, 
stimulation of neuro- and gliogenesis, synaptogenesis, and neurite 
outgrowth are crucial 92. Stem cell therapy holds great promise to 
future therapies. It has been found feasible and safe in a small group of 
infants (N=23) with NE 93. There are ongoing large RCTs (NCT02434965, 
NCT01506258).  

Cannabinoids 
Cannabidiol (CBD) is a non-psychoactive cannabinoid and has over the 
last decade emerged as a promising neuroprotectant in animal models 
of stroke, neurodegenerative disease and neurotoxicity 94-96. Meta-
analysis on experimental stroke found that CBD reduced infarct 
volume and improved functional outcome 97. CBD has been found to 
reduce brain damage and improve functional recovery after acute 
hypoxia-ischemia in newborn pigs 98, although we could not reproduce 
the same neuroprotective effect of CBD in our short-term model of HI 
99.  

Additional adjuvant strategies 
There are other treatments that have been tried out in addition to 
therapeutic hypothermia. These include noble gasses like Xenon and 
Argon, remote ischemic post-conditioning and the free-radical 
scavengers N-acetylcystein and N-acetylcystein amide 100-105.  
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4.4 Docosahexaenoic acid  

Docosahexaenoic acid (DHA, 22:6(n-3)) is an essential omega-3 
polyunsaturated fatty acid with six double bonds (Figure 5). DHA is a 
primary structural component of phospholipids in brain, retina, semen 
and skin. Chemically it is called all-cis-4, 7, 10, 13, 16, 19-
docosahexaenoic acid with the numbering indication the site of the 
double bonds in the acyl chain.  

 

Figure 5. Chemical structure of DHA 

DHA is metabolically related to other n-3 fatty acids and can be 
synthesized from the essential α-linolenic acid (ALA), which is plant 
derived and can be obtained from the diet mainly from green leaves, 
seeds, nuts and vegetable oils. ALA is an 18-carbon fatty acid and has 
to be elongated to DHA which contains 22-carbons. This occurs 
through a series of enzymes and elongases (Figure 6). This mainly 
presides in the liver, but also brain cells like astrocytes, but not 
neurons, can convert ALA to DHA though at a lower rate 106. The 
enzymes involved in the elongation of ALA to DHA are the same as the 
ones involved in the metabolism of n-6 fatty acids, thus there is a 
competition. Given the greater ingestion of n-6 than n-3 fatty acids the 
rate-limiting enzyme will favor metabolism of the n-6 family.  
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DHA is in physiology mainly found linked through its carboxyl group to 
other chemical structures forming triglycerides, phospholipids or 
cholesterol esters.  

 

  

 

Figure 6. Elongation of DHA from the precursor α-linoleic acid. 

 Diet and development of the large human brain 4.4.1

Seafood in the diet is believed to have had a key role in the 
development of the large human brain. Isotopes from bone collagen of 
human remains have been tested for the proportion of proteins of 
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aquatic vs. terrestrial descent107. The homo sapiens species had higher 
amounts of aquatic protein than the Neanderthals in their bone 
collagen. We know that the Neanderthals became extinct as the 
modern humans expanded across Eurasia, and that the modern human 
had a larger brain than the Neanderthals. Humans today descend from 
the early humans who based 10-50 % of their diet on freshwater or 
marine protein sources108.Anthropologists link the diet with brain size 
and that inclusion of sea food in the diet coincides with the rapid 
expansion of the cerebral cortex which is unique to the modern 
human109. Contrary to dietary recommendations, humans today do not 
ingest sufficient amounts of marine fatty acids.  

DHA is in higher volumes, primarily found in fatty fish like mackerel, 
salmon and herring. The Norwegian Directorate of Health does not 
have recommendations of daily allowance of DHA and EPA, but 
recommend at least 1 % E from ω-3 fatty acids. This transfers to about 
22-25 kcal/day from ω-3 fatty acids, or 2.4 – 2.7 g. The Food and 
Agriculture Organization of the United Nations gives global guidelines 
for children and for newborns they recommend 0.1 % E from DHA, 
whereas pregnant and lactating women should have at least 0.3 g /day 
from EPA + DHA where 0.2 g should come from DHA110.  
Human breast milk contains DHA and in a meta-analysis of 2474 
women worldwide breast milk contained 0.32 ± 0.22 % DHA per weight 
111. The highest concentrations were found in coastal areas where 
marine foods were highly consumed. Approximately 0.1% of dietary 
ALA is converted to DHA in healthy adults with a westernized diet 112. 
This underlines the importance of every-day dietary intake of DHA 
especially during periods of high DHA demand, such as in pregnancy 
and during lactation. 
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 Neurological development and DHA consumption 4.4.2

DHA is transported in the bloodstream as a component of lipoproteins 
(triglycerides and cholesterol esters) or as “free” fatty acids from 
release from adipose tissue where it can be stored in an esterified 
form connected to triglycerides, or it is found in the blood in an 
unesterified form from hydrolysis of circulating lipoproteins. DHA is a 
part of all cell membranes and is found esterified into phospholipids. It 
is the most abundant n−3 fatty acid in cell membranes and contributes 
more than 30% of the entire phospholipid content in neural 
membranes 113. DHA is particularly abundant in neural tissue. 
Arterburn et al have presented distribution patterns of four PUFAs in 
different organs of adults 114. The retina (22 g/100 g of total fatty acid) 
has the highest presence of DHA, followed by sperm (14 g/100 g total 
fatty acid) and cerebral cortex (13 g/100 g of total fatty acid). Over 50 
% of the dry weight of the brain consists of lipids, mainly in the form of 
phospholipids. DHA is together with arachidonic acid (AA) and adrenic 
acid the most abundant fatty acids in the brain 115. In the retina, 50-70 
% of the lipids in the outer rods (photoreceptors) are DHA 116.  
During gestation the brain increases dramatically from the end of the 
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second trimester till 18-20 months after birth (Figure 7). 

  

Figure 7. Adapted from Martinez M. Tissue levels of polyunsaturated fatty acids during early 
human development, J. Pediat. 1992; 120: S129-138. Reprint with permission. 

There is an almost linear relationship between the maternal plasma 
levels of DHA and the umbilical cord levels, meaning that maternal 
DHA levels will reflect fetal brain accretion. The increase in maternal 
plasma DHA precedes the accretion of DHA in the fetal brain which 
starts from late second trimester 117 (Fig above). The brain increases 
from about 100g in gestational week 30 to about 1,100 g at 18 months 
and DHA increases from 900 μg/g to 3,000 μg/g 118. The large accretion 
of brain DHA coincides with the extensive brain growth that takes 
place during the last trimester and first two years after birth. It is thus 
believed that DHA must be adequately supplied in this period in order 
to ensure normal brain growth with optimal neurological and visual 
development.   
DHA accumulates in the brain at a rate of about 5 mg/day during the 
first 6 months of life, and to achieve this the infant needs to consume a 
minimum of 20 mg DHA per day 119. Virtually all breast milk will supply 
the infant with about 60 mg/day, but this does not apply for the 
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formula-fed infant where measures have to be taken to optimize DHA 
content in the formulas. For example, NAN 1 which is the leading 
formula on the Norwegian market contains 7.9 mg of DHA/100 ml 
formula.  Women who have twins or triplets or who have given birth in 
rapid succession are at risk of depleting their DHA storage and are in 
need of additional supplementation to be able to optimally supply the 
fetus or breast-fed infant with their high demands of DHA 120. For 
healty infants >6 months of age, the Nordic dietary council 
recommends that 1 % of the energy comes from omega-3 fatty acids. A 
table spoon of cod liver oil contains 1.2 mg of omega-3, which 
sufficiently covers the infant and child’s needs121.  

4.4.3 DHA and neuroprotection 
All cell membranes in the body contain DHA incorporated as a 
phospholipid. DHA is especially abundant in the brain where it is a 
large component of neuronal membranes. The structured environment 
of fatty acids in the phospholipid membrane ensures membrane 
protein function, fluidity and acts as signal transducers further into the 
cell organelles 122.  
Furthermore, DHA suppressed the increases in the levels of lipid 
peroxide and reactive oxygen species in the cerebral cortex and the 
hippocampus of Aβ-infused rats 123.  
The exact mechanisms by which DHA exerts its neuroprotective effects 
are not fully understood, but it is believed to affect multiple pathways. 
The following section is based on review articles from Mayurasakorn et 
al 124 and Salem et al 125.  The effects are summarized in table 1. 
Under physiological conditions, the amount of free DHA is low and its 
level controlled by phospholipase A2 (PLA2). When facing brain 
ischemia-reperfusion, DHA is cleaved from the phospholipid 
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membrane to free DHA. Unesterified DHA is further catabolized into 
neuroprotectin D1 (NPD1) which is thought to exert the 
neuroprotective effects. NPD1 is endogenously produced in the 
ischemic brain and the production peaks 8 hours after reperfusion, but 
is present for up to 24 h following reperfusion 126. Factors like 
ischemia-reperfusion, oxidative stress (H2O2), TNFα, increased Ca2+, 
and IL-β will upregulate the formation of NPD1. The neuroprotective 
effect is thought to be both due to an antinecrotic and antiapoptotic 
effect. The antinecrotic effect may be mediated through enhancing the 
function of the Na+/K+ channels, Na+/Ca 2+ channels and N-methyl-D-
aspartate (NMDA) receptors thereby stabilizing the electrochemical 
potential across the phospholipid membrane with less influx of 
positively charged ions and also improved glutamateric synaptic 
activity (Figure 8) . There will be a reduced osmotic gradient 
preventing water from diffusing into the cell and causing oedema, thus 
giving the antinecrotic effect. NPD1 can elicit antiapoptotic functions 
through inducing anti-apoptotic proteins and inhibiting pro-apoptotic 
proteins. DHA and NPD1 will regulate the transcription of the BCL-2 
family gene, thereby regulating the release of the pro-apoptotic 
cytochrome C from the mitochondrial membrane. Increased BCL-2 
protein will decrease apoptotic pathways. 
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Figure 8. Adapted from Mayurasakorn et al. Docosahexaenoic acid: brain 
accretion and roles in neuroprotection after brain hypoxia and ischemia. 
Current opinion in clinical nutrition and metabolic care 2011;14:158-67. 
Reprinted with permission. 
 
Pro-apoptotic pathways like Cytochrome C and the pro-apoptotic 
signaling proteins like Bax, Bad and Bik are inhibited on both a 
transcriptional and on a protein level. Chronic, but not acute 
administration of DHA influenced the expression of the BCL-2 family in 
response to hypoxia127. 
But when measuring caspase-3 activity, the same researchers found 
reduced caspase-3 when DHA was administered both acutely and 
chronically in relation to a hypoxic insult.  Reduced neuroinflammation 
occurs through inhibition of proinflammatory cytokines like IL-1β and 
cyclooxygenase-2, and by improving mitochondrial function through 
upregulation of antioxidants to combat ROS. DHA and arachidonic acid 
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compete for the incorporation in the phospholipid membrane. High 
concentrations of DHA will displace arachidonic acid and hence in the 
face of hypoxia and lipid degeneration, the potential proinflammatory 
AA metabolites will be diminished. Increased dietary DHA was found to 
be increasingly esterified into brain phospholipid membranes in 
gerbils, thereby producing less AA-derived pro-inflammatory 
eicosanoids after ischemia-reperfusion 128.  

Arachidonic acid and DHA both compete for the same sites in the 
phospholipid membrane. PLA2 will cleave AA from the membrane 
phospholipids at the same rate as a new acid is incorporated, keeping 
the intracellular level of the pro-inflammatory AA derived eicosanoids 
low129. By increasing dietary intake of DHA one can increase n-3 
esterification in the phospholipid membrane thereby diminishing pro-
inflammatory AA-derived eicosanoid production associated with 
reduced cerebral oedema 129. A summary of the potential 
neuroprotective effects of DHA are summarized in Table 1. 

In physiology, ROS will rapidly be controlled by different anti-oxidant 
systems in the cell. During hypoxia-ischemia the amount of ROS will 
supersede the anti-oxidant capacity of the cell. ROS will cause 
deleterious injury to the tissues by lipid peroxidation130. And because 
anti-oxidant buffers like reduced glutathione (GSH) and superoxide 
dismutase (SOD) are depleted, the free radicals will do more harm. 
DHA supplementation over a long period of time has been shown to 
reduce lipid peroxidation by measures of MDA and enhance SOD 
activity after a hypoxic-ischemic insult to the rat brain 127. Pre-
supplementation with DHA has in cellular experiments reduced 
dopaminergic neuronal cell loss by directly enhancing GSH-
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homeostasis 131.   
 

Neuroprotective effects of DHA 
 Mechanism Effect of DHA 
Anti-apoptotic Cytochrome C 

Pro-apoptotic caspases 
BCL-2 family gene 
transcription 
Caspase-3 

↓ 
↓ 
↑↓ 

 
↓ 

Anti-necrotic Na+/K+ ATPase 
Intracellular Ca2+  
Glutamatergic activity 
(NMDA) 
Cell edema 

↑ 
↓ 
↓ 
↓ 

Free radicals  ROS production 
Anti-oxidant systems 

↓ 
↑ 

Neuroinflammation IL-1β 
COX-2 
Leukocyte infiltration 
NF-кB 
Microglial activation 
Eicosanoid production 

↓ 
↓ 
↓ 
↓ 
↓ 
↓ 

Production of AA Cleaved AA from the 
phospholipid membrane 
Free AA 

↓ 
 
↓ 

Lipid peroxidation MDA 
Superoxide dismutase 

↓ 
↑ 

Table 1. Summary of neuroprotective effects of DHA.  

 

4.4.4 Therapeutic use in experimental neonatology and pediatrics 
DHA has been examined as a therapeutic drug in pre-clinical trials of 
hypoxia-ischemia both in rodents and piglets 127,129,132-137. The majority 
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of trials have been on rodents. Berman et al have studied both 
pretreatment and post-ischemic treatment of DHA in rats subjected to 
HI trough carotid ligation and 8% oxygen 132,133. They found that both 
models significantly improved motor function in the DHA treated 
group, but attenuated hippocampal damage was only present in the 
rats pretreated with DHA. The same group has also shown DHA to 
augment the neuroprotective effect of TH by sustained functional 
improvement and reduced brain damage in the hypothermic DHA 
treated rats compared to solely hypothermia 138.  
Belayev et al have conducted dose-response trial and found doses 
below 35 mg/kg to elicit neuroprotection in rats 134. The same group 
also investigated the therapeutic window following focal hypoxia-
ischemia in rats and found a single dose of 5 mg/kg DHA to be 
significantly effective up to 5 hours post insult 139.  
In a model of traumatic brain injury (TBI), DHA has been administered 
together with neonatal neural stem cells (NSC) into the brain injured 
mouse, and results show that pretreatment with DHA may be a 
desirable strategy to improve the therapeutic efficacy of NSC 
transplantation in TBI 140.  
There are some studies on DHA dietary supplementation in infants and 
children with and without neurological disability 141,142. Helland et al 
found that breast-fed infants whose mothers received fish oil 
supplementation during pregnancy and until 3 months after delivery, 
had a significantly higher IQ at 4-years of age than those infants whose 
mothers received corn-oil 142. There was a follow-up on this study 
where the IQs of the same children were assessed at 7-years of age. 
The effect of DHA was then not significant, though the authors did see 
a correlation between maternal plasma levels of DHA and the child’s 
ability of sequential prosessing143. A study that compared early and 
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late pregnancy DHA status with the children’s IQs found no association 
with cognitive performance at 4 and 7 years144.  
DHA supplementation did not show statistically significant 
improvement on motor scores on a cerebral palsy population, but the 
authors saw clinical improvements on language and motor skills 
though without statistical significance 141.   
The Cochrane databases have done systematic reviews on both 
preterm and term infants who receive formula supplementation with 
PUFAs 145,146. The reviews conclude that there were no benefits (nor 
harms) from PUFA supplemented formula milk on 
neurodevelopmental outcome or visual acuity (trials reporting 
biochemical outcomes were not included). This is the same conclusion 
as previous Cochrane reviews 147-149. The 2017 review could thus not 
recommend routine PUFA supplementation to formula-fed term 
infants.  

Long chain PUFA (LCPUFA) has been supplemented to pregnant and 
lactating women in order to assess the effect on allergic disease. The 
latest meta-analysis on this concludes that there is limited evidence to 
recommend maternal supplementation during pregnancy and lactation 
in order to reduce allergic disease150. There has been a large children 
cohort investigating the relationship between LCPUFA 
supplementation and the development of persistent wheeze, astma 
and lower respiratory tract infections151. The conclusion from the study 
was a 7 % reduction in these conditions in infants whose mothers were 
supplemented with LCPUFAs. There are concerns regarding the 
potentially increased risk of hemorrhage if there should be a 
premature delivery as LCPUFA may suppress platelet function152. On 
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the other hand, a large meta-analysis has shown that supplementation 
with LCPUFAs reduces preterm delivery by 22 %153.  

 Aims of the study 5

DHA has in pre-clinical trials shown great potential for neuroprotection 
and could theoretically be an adjuvant candidate to therapeutic 
hypothermia following neonatal encephalopathy. Our group had done 
one pilot study where administration of DHA showed significantly 
reduced lipid peroxidation in the cortex and hippocampus of hypoxic-
ischemic piglets136. This was the first study that we know where DHA 
was administered in a large-animal model.  

We wanted to investigate the following in our well established piglet 
model:  

1. Is there a synergistic effect of DHA and therapeutic 
hypothermia on neuroprotection? (Paper I, II and III) 

2. Will DHA and therapeutic hypothermia reduce oxidative stress 
following hypoxia-ischemia (Paper I, II and III)? 

3. Is it possible to detect reduced lipid peroxidation peripherally 
through non-invasive procedures? Do peripheral measures of 
lipid peroxidation indicate neuroprotection? (Paper I) 

4. Can we reproduce the reduced levels of lipid peroxides in 
cortex and hippocampus, and how does therapeutic 
hypothermia affect lipid peroxidation? (Paper I and II).  

5. Does DHA administration affect clinically relevant biochemical 
markers and is there an additive effect of therapeutic 
hypothermia on these biomarkers? (Paper III) 
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 Materials and Methods 6

6.1 Background 

 The animal model 6.1.1

Preclinical models of hypoxic-ischemic injury involve a range from in-
vitro studies of cell cultures154 and brain slices155 to animal models 
ranging from rodents133,138 to larger lamb156,157 and piglet 
models59,89,103 and even to non-human primates158. 
 
The piglet is similar to the human term infant in size, white/grey 
matter distribution, myelinization and is more similar in developmental 
stage at the time of birth than rodents159. This makes the piglet a 
favorable animal when wanting to investigate brain injury in relation to 
birth, for example in terms of neuroimaging where piglets have a 
gyrencephalic brain that develops similar to the human infant. They 
express similar neurometabolic changes on EEG and H+MRS as the 
asphyxiated infant160. On a more practical level, it is easy to work with 
piglets due to their maturation level, size and also due to their 
response pattern when facing hypoxia-ischemia and the subsequent 
development for secondary energy failure161,162.  
 
There are different models for the induction on hypoxia-ischemia in 
newborn piglets from reducing the fractional concentration of inspired 
oxygen (FiO2) without carotid ligation like in our model, to 
combinations of low FiO2 and ligation89,163 . The monitoring protocols 
also differ from biochemical and blood pressure cut-offs like in our 
model, to a flat trace amplitude integrated EEG as sign of cerebral 
hypoxia164 or like more recently MRI spectroscopy quantitation of 



50 
 

cerebral energy depletion89. The models also differ in follow-up time. 
From short-term follow-ups (6-10 hours post hypoxia)163,165 to longer 
follow-ups of 48-72 hours89,98.  
 

 Ethics 6.1.2

The Norwegian Council for Animal Research approved the 
experimental protocol, No 5723. The animals were cared for and 
handled in accordance with the European Guidelines for Use of 
Experimental Animals, by certified FELASA (Federation of European 
Laboratory Animals Science Associations) Category C researchers.  
The study is classified as a non-recovery, meaning procedures are 
performed entirely under general anesthesia from which the animal 
shall not recover consciousness. This is the least severe category in 
animal research. Additionally, we applied the principles of reduction, 
refinement and replacement (3Rs) as a basis when planning and 
executing the animal protocol166.  
 
 

6.2 Experimental set up/randomization 

Inclusion criteria 
The piglets were of age of 12–36 h with hemoglobin levels >5 g/dl and 
were in good general condition. The general condition was assessed 
subjectively by looking at general appearance (skin color, effort of 
breathing, muscle tone) and level of activity.  

Exclusion criteria  
The piglets were excluded if they did not meet the above criteria or if 
there was protocol breech.  
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Anesthesia and procedures 
The newborn piglets have been removed from their mother and it is 
important to minimize stress prior to anesthesia. The piglets were 
transported two and two together in a thermo-neutral container. It 
was important to minimize noise, light and movements. Adequate 
anesthesia is essential in animal experiments to minimize stress, pain 
and discomfort. Piglets were removed from their container, held 
calmly and gently whilst an ear vein was cannulated and anesthesia 
induced by administration of fentanyl 50 μg/kg, midazolam 1 mg/kg, 
and pentobarbital 15 mg/kg. Anesthesia was maintained by a 
continuous infusion of fentanyl 50 μg/kg/hour and midazolam 0.25 
mg/kg/h, yielding 1 ml/kg/hour for each drug. These modalities have 
been used extensively on newborn piglets in our research group 
103,163,167,168. The drugs have been thoroughly tested in newborn 
piglets169,170 and we are aware of the alterations in cerebral blood flow 
that fentanyl171, phenobarbital172, and midazolam173 exert. Though 
there is evidence of sustained autoregulation when fentanyl and 
midazolam are used compared to inhaled anesthetics 174. In rodents 
there is also evidence of phenobarbital augmenting the 
neuroprotective effect of therapeutic hypothermia175 and it has shown 
neuroprotective effects in humans176. In our experiment we saw 
effects on the outcome parameters also in the sham (normoxic) piglets 
meaning that the anesthetic drugs could have had a confounding 
effect together with the effects from mechanical ventilation and 
invasive surgery. The strict randomization to the different treatment 
groups was therefore eminent to minimize potential confounding 
effects.    
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Randomization 
The animals were randomized twice by sealed envelopes. First they 
were randomized to hypoxia or sham. The second randomization took 
place immediately after the piglets were resuscitated from hypoxia. 
This was the randomization to the different treatments: vehicle (VEH), 
VEH + Hypothermia, DHA or DHA + Hypothermia, representing a 2 by 2 
factorial design (Figure 9). 

 

Figure 9. Schematic illustration of the experimental design. 

To reduce the number of animals needed, the study was designed to 
share the control groups sham (n=7), VEH (n=12) and VEH + 
hypothermia (n=12) with another experiment evaluating CBD as a 
potential neuroprotectant 99. The vehicles in the two studies were 
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different. Half of the shared groups received 0.4 ml vehicle of 
ethanol:solutol:saline at a ratio of 2:1:17 which was the vehicle in the 
CBD study. The other half received 0.9% NaCl which was the vehicle in 
the DHA study. As described in the Garberg study99, the vehicle mainly 
contains saline (85%) as equivalent with the dissolvent for DHA. We 
have done statistical analysis accordingly, and compared those piglets 
who did not receive vehicle to the vehicle group, and there were no 
statistical differences regarding physiology or in any analysis. The 
groups were then pooled. We did not do power calculations for this 
pooling as the study was not designed for this. The numerical 
differences were small and non-significant. The Sham group did not 
receive any intervention or vehicle.  

 

6.3 Protocol  

 Hypoxia-ischemia 6.3.1

Hypoxia was induced by 8 % O2 through the endotracheal tube. To 
mimic physiological hypoxia-ischemia we added CO2 to the inspiration 
gas, aiming for a pCO2 level of 8-9.5 kPa. The fraction of inspired CO2 

was corrected according to blood gas analysis during hypoxia. The 
piglets were resuscitated with 21 % O2 when base excess reached -20 
mmol/L or mean arterial blood pressure (MABP) dropped below 20 
mmHg. We did not increase FiO2 more than 0.21 in resuscitation to 
limit additional oxidative stress on the asphyxiated brain167,177.  

 Monitoring and sampling 6.3.2

Throughout the experiments, there was a continuous surveillance of 
blood pressure (measured through the indwelling carotid artery-
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catheter), saturation (Masimo Pulsoxymeter), pulse (BioPac ECG) and 
temperature (measured by electronic thermometer). Further, 
temperature-corrected arterial acid/base status, glucose and 
hemoglobin were regularly measured throughout the experiment on a 
Blood Gas Analyzer 860 (Ciba Corning Diagnostics, Midfield, Mass., 
USA) at twelve set time points. These were at start experiment, start 
hypoxia, end hypoxia, and after reoxygenation at 15 min, 30 min, 60 
min, 90 min, 120 min, 210 min, 360 min, 510 min, and at the end of 
the experiment at 570 min. 0.4 ml of blood was drawn each time and 
replaced with saline. Additional blood gases were taken if the piglet 
displayed signs of distress or hemodynamic instability outside of the 
set time points.  A healthy newborn piglet has a blood volume of 70-80 
ml/kg178, meaning the total blood draw estimates to 3-4 %. We did not 
consider this to aggravate post-hypoxic challenges in the circulation. 
 
Urine was harvested through a bladder puncture at 3.5 hours after the 
end of hypoxia, just prior to DHA administration and repeated again 
just prior to euthanization. The bladder was emptied, and a sample of 
urine was snap frozen in liquid nitrogen.  
 
Cerebrospinal fluid was collected through a lumbar puncture just prior 
to euthanization and it was then snap frozen.  
 
Death was verified by lack of blood pressure and asystoli. All 
instrumentations were removed and the piglets were placed on plates 
of dry ice (-70ºC) in preparation for autopsy. We are aware of the rapid 
changes in metabolism that take place post mortem. The brain was 
immediately removed. The left half was put on formaldehyde while the 
right half of the brain was dissected. We prepared sections from 
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prefrontal cortex, hippocampus, striatum, cerebellum and white 
matter which immediately were snap frozen in liquid nitrogen.  

 DHA 6.3.3

1 g CIS-4, 7, 10, 13, 16, 19- docosahexaenoic acid (DHA) (Baxter 
Pharmaceuticals, USA) was diluted in 0.9 % NaCl to 10 mg/ml and given 
intravenously 210 minutes after end of hypoxia. The dose of 5 mg/kg 
was chosen based on rodent experiments where doses between 3.5 
mg/kg and 35 mg/kg were found to reduce infarction volume and be 
neuroprotective134. The time point of 3.5 hours after hypoxia to give 
DHA was also based on rodent experiments where there was 
significantly reduced brain infarction volume when DHA was 
administered 3, 4 or 5 hours after the onset of hypoxia, peaking at 4 
hours with 66 % reduction of infarction volume139. Based on these 
studies our group did a pilot study with 5 mg/kg DHA given at 4 hours 
post hypoxia and found significantly reduced lipid peroxidation in the 
brains of DHA treated piglets136. These results led to the present study 
where we wanted to add therapeutic hypothermia.  

 Hypothermia 6.3.4

Piglets randomized to therapeutic hypothermia, commenced cooling 
when they were stable from resuscitation, usually within 30 minutes. 
Hypothermia was achieved by turning off all heat and using a cooling 
mattress (Tecotherms TSmed 200; TecCo, Halle, Germany) to maintain 
target rectal temperature of 34.5 °C.  
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6.4 Analysis 

 Lipid peroxidation (Paper I-II) 6.4.1

In the first paper lipid peroxidation was measured in urine and plasma 
at time points prior to DHA administration and again in samples taken 
just prior to euthanization. The samples were blinded and analyzed by 
ultra-performance liquid chromatography – tandem mass 
spectrometry (UPLC-MS/MS) in Valencia, Spain. When measuring lipid 
peroxidation we assessed F2-isoprostanes (8-iso-15(R)-PGF2α, 1a, 1b-
dihomo-PGF2α, 2, 3-dinor-IsoPsF2α-III, 8-iso-15-keto-PGE2, 8-iso-15-
keto-PGF2α, 8-iso-PGE2, 5-IsoPsF2α-VI, 8-iso-PGF2α), isofuranes, F4-
neuroprostanes and neurofuranes.  
In the second paper lipid peroxidation was measured by F2-
isoprostanes, F4-neuroprostanes, neurofuranes and F2-Dihomo-
isoprostanes in brain tissues of prefrontal cortex, hippocampus and 
white matter. These samples were also blinded and analyzed by liquid 
chromatography triple quadrupole mass spectrometry technique (LC-
MS/MS) in Siena, Italy. Triple quadrupole mass spectrometry allows for 
improved specificity and sensitivity in order to detect smaller 
compounds. The technique is used in pharmacokinetics and for 
structural elucidation giving information about fragmentation 
patterns. The details on methodology are found in paper I and II and in 
the publications of Chafer-Pericas et.al179and Casetta et.al180. 
 

 Proton magnetic resonance spectroscopy (H+MRS) (Paper III) 6.4.2

Cerebral H+MRS with lactate to N-acetylaspartate ratio (Lac/NAA) is 
together with EEG181 currently considered the best predictor of 
neurodevelopemental outcome at 18 months following neonatal 
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encephalopathy182. Recently a Swedish study presents a novel MRI 
scoring system where the grey matter subscore can be used 
independently apart from white matter and cerebellum scores, in 
predicting neurodevelopmental outcome at 18 months183.  
NAA is considered to be a predictor for sustained neuron function. 
Cheung et al published how H+MRS absolute quantitation of NAA 
concentration provided a more sensitive and specific biomarker on 
outcome in neonatal encephalopathy than Lac/NAA peak area ratio184. 
NAA levels in the hippocampus are closely correlated to neuronal loss 
and were concluded to be a valuable marker of brain injury, given that 
the ischemia was global and not focal185. 
In the current study we performed ex-vivo H+MRS to use the same 
method as in previous experiments on CBD and neuroprotection in 
piglets165,186. 
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Figure 10. H+MRS spectra from the prefrontal cortex of a hypoxic piglet with low NAA 
and high lactate. N-acetylaspartate (NAA) resonates at 2.0 ppm, 
glutamine/glutamate resonates at 2.2-2.4 ppm and lactate resonates at 1.3 ppm. 
GSH resonates at 3.8 ppm.  
 

These studies were conducted in MRI Unit of the Instituto 
Pluridisciplinar (Universidad Complutense, Madrid, Spain). H+MRS on 
intact frozen tissue is considered a good surrogate for in vivo 
imaging187. Details on methodology can be found in paper III and in the 
publications of Lafuente et al165 and Pazos et al186. An example of the 
H+MRS spectra is shown in Figure 10. 

 Protein expression (Paper III) 6.4.3

For measurement of cytokines in the brain (paper III) we used the 
enzyme-linked immunosorbent assay (ELISA). ELISA works by an 
antibody-antigen reaction. The antibody can then be made visible 
through a bond to an additionally added antibody, generating a signal 
that is detectable by photometry188. 

 Neuropathology (Paper III) 6.4.4

Hematoxylin and eosin (H&E) staining is an established method for 
assessing morphological changes in neuronal tissue. Martin et al have 
shown how the necrotic process is starting from 3 hours after 
hypoxia.189 Evidence of neuronal damages assessed by H&E staining 
can be detectable at 7 hours post hypoxia163. In our experiment, an 
experienced pathologist blinded to the mode of treatment analyzed 
the sections using a modified version of a validated scoring 
system59,190. Six regions (prefrontal, parietal and dorsal cortex, 
hippocampus, white matter and cerebellum) were analyzed and 
summarized to a total score ranging from 0 to 4 (Table 2). Zero 
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representing no damage; 1: mild/moderate; 2: moderate/severe; 3: 
severe; and 4: massive damage with autolysis of the cerebrum. 

  

Grade 1 <10 %     affected area Individual necrotic neurons, 
small patchy infarcts 

Grade 2 20-30 %  affected area Partly confluent, complete or 
incomplete infarcts 

Grade 3 40-60 %  affected area Large confluent complete 
infarcts 

Grade 4 >70 %     affected area Autolysis 

 
Table 2. Scoring of neuropathological brain damage. 

We considered shrunken eosinofilic neurons and pycnotic nuclei to be 
markers of early neuronal damage. The Purkinje cells of the cerebellum 
were used as controls as they are sensitive to hypoxia. The section was 
graded more severe if there was involvement of the cerebellum. 

Cell death is pleiomorphic within the same brain and we thus chose a 
semi-quantitative approach rather than direct cell-counting 15. In 
piglets as in physiology, the damage pattern of the brain varies 
considerably and choosing one set area to evaluate could result in 
considerable bias. We thus chose to evaluate the whole section of the 
brain within each slide as this method has been validated in piglets190. 

 

 Biomarkers in CSF and blood (Paper III) 6.4.5

We chose well established biomarkers of glial and myocardial origin to 
analyze in CSF and in plasma.  
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S100B 
S100b is a calcium-binding protein and acts as a marker of glial damage 
in the central nervous system (although it is present outside the CNS in 
extra-neural cell types)191. It is primarily expressed by astrocytes. In 
newborns there is a correlation between the severity of 
encephalopathy and the degree of protein released into the CSF192.  
This makes S100b a promising marker of early perinatal brain 
damage193. 
We measured S100b using an electrochemiluminescent immunometric 
assay on the Cobas e601 platform (Roche Diagnostics, Mannheim, 
Germany). 

Troponin-T 
Cardiac troponin-T is a well-established marker of myocardial ischemia 
both in adults and in asphyxiated infants 194,195. Troponin levels 
increase in line with the severity of the asphyxia 196. Troponin I at 72 
hours after the insult has also been shown to be a predictor of 
mortality in neonatal encephalopathy197. We measured plasma 
troponin-T using electrochemiluminescent immunometric assay on the 
Cobas e601 immunoassay platform (Roche Diagnostics, Mannheim, 
Germany) similarly to what is used in clinics as this was easily available. 

6.5 Statistics 

Statistical analyses were performed in SPSS 21 and in GraphPad Prism 
7. We did not perform a power calculation for this specific experiment. 
Our group has done power calculations on the same model, but not 
the same outcome. This has resulted in N=30 in each group making it 
challenging to fulfill with regards to resources. We are thus aware of 
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the risk of type II errors and have considered this when interpreting 
our results.  

We have used both one-way (paper I) and two-way ANOVA (paper II-
III). We initially used one-way ANOVA and had consulted several 
statisticians regarding methods. After the review of the second paper 
we elaborated to two-way ANOVA according to the reviewer’s 
recommendations. This also allowed us to more precisely calculate 
whether the effect on the parameter was due to DHA or hypothermia 
or if there was an interaction between the two, and we chose to 
continue using this method throughout paper III.  
Due to few piglets in each group and multiple comparisons we chose p 
≤0.10 for the interaction level of the two-way ANOVA. This was to 
allow for more subtle interactions to be revealed, since they are more 
difficult to detect than main effects which the study was originally 
intended for. The alfa level for all other tests was p≤0.05.   

The data were not always normally distributed and we used log-
transformation in order to obtain a more Gaussian distribution. When 
this was not possible, non-parametric statistics were used.  

 Summary of study Results 7

Paper I: DHA reduces oxidative stress following hypoxia-ischemia in 
newborn piglets:  
a study of lipid peroxidation products in urine and plasma. 

In the first paper we investigated peripheral and non-invasive 
measurements of oxidative stress.  
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DHA was significantly reduced F4 –neuroprostanes in urine in both 
normothermic and hypothermic piglets. Hypothermia did not affect 
the neuroprostane levels. Hypothermia reduced the isoprostane 
isomer 8-iso-PGF2α, but none of the other lipid peroxidation 
compounds were affected by therapeutic hypothermia.  
In plasma, we found that F2-isoprostanes generally increased from 210 
minutes when DHA was given, to end study at 9.5 hours. There were 
no inter-group differences at the isoprostane level. More than half of 
the neuroprostanes and neurofuranes were under the level of 
detection in plasma, and we could thus not perform analyses on these.   

Paper II: Regional differences of hypothermia on oxidative stress 
following hypoxia-ischemia: a study of DHA and hypothermia on 
brain lipid peroxidation in newborn piglets 

In the second paper we assessed brain oxidative stress and tried to 
reproduce the findings of Solberg et al 136 when combining DHA and 
therapeutic hypothermia. 

There was reduced oxidative stress in both prefrontal cortex and white 
matter (but not in hippocampus) in piglets treated with DHA, but no 
additive effect of hypothermia on DHA was found. Hypothermia 
exerted regional differences on lipid peroxidation as in white matter it 
reduced oxidative stress, but in cortex hypothermia repealed DHA’s 
reducing effect on lipid peroxidation. 

Paper III: DHA and therapeutic hypothermia in a short-term follow-up 
piglet model of hypoxia-ischemia: Effects on H+MRS biomarkers 
 
In the third paper we investigated the effects of DHA and therapeutic 
hypothermia on H+MRS biomarkers and neuropathology. We also 
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showed results from biomarkers of hypoxia from heart and brain 
(troponin T and S100b).  

Early protection by DHA is supported by biochemical improvement in 
NAA, GSH, and IL-1beta in deep grey matter. DHA significantly reduced 
cortical Lac/NAA more than hypothermia alone. Early protection by TH 
was supported by decreased Glu/NAA and Lac/NAA in deep grey 
matter, although the unexpected increases in Lac/NAA in cortex and 
CSF S100b suggest that the benefit of TH is not uniform.  

 Discussion 8

The study is the first to our knowledge to combine therapeutic 
hypothermia and DHA in a large animal model. This is an important 
step in translational medicine towards clinical studies.  

8.1 Effect of DHA and hypothermia 

Through the three papers included in the thesis we have investigated 
effects of both DHA and therapeutic hypothermia on lipid peroxidation 
in three tissues (blood, urine and brain), H+MRS biomarkers, 
neuropathology and organ-specific biomarkers of hypoxia (troponin T 
and S100b). Paper I and II investigate lipid peroxidation in urine, blood 
and brain tissues. The results were discussed in separate papers due to 
a time delay for the brain tissue results. In paper I we used one-way 
ANOVA analysis whereas in paper II we used two-way ANOVA. We 
have in retrospect conducted two-way ANOVA analysis also for the 
values in blood and urine, and they confirm what was stated in paper I: 
that DHA significantly reduces F4-NeuroPs in urine.  
Looking at the overall effect of DHA we can measure reduced lipid 



64 
 

peroxidation in urine, blood and brain tissue, although not consistently 
throughout the same metabolites (Table 3).  
The metabolites in urine will reflect the metabolic state of the piglet 
over the last hours. During hypoxia there can be organ affection of the 
kidneys as they are vulnerable to low levels of oxygen198. pO2 in the 
kidney is a result of a fine tuned interplay between renal blood flow, 
glomerular filtration rate (GFR), oxygen consumption and intra-renal 
shunting. During the severe hypoxia inflicted on the piglets, they 
produced urine in which we measured markers of lipid peroxidation.  

Effects of DHA and TH on lipid peroxidation 
   DHA TH 
  IsoPs  + 

Urine  IsoFs   
  NeuroPs + + 
  NeuroFs   

Blood  IsoPs + + 
  IsoFs   

  IsoPs   
Brain PF Cortex NeuoPs   
  NeurFs +  

  DH-IsoPs +  
  IsoPs  + 
 WM NeuoPs  + 
  NeuroFs   
   DH-IsoPs + + 
  IsoPs   
 Hippocampus NeuoPs   
  NeuroFs   
  DH-IsoPs   
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Table 3. Summary of lipid peroxidation results in blood, urine and brain tissue. 

We measured the peroxidation at two time points, the first to be prior 
to DHA administration at 210 min after end of hypoxia. We then 
emptied the bladder and measured again just prior to euthanization at 
9.5 hours after end of hypoxia. The measurements will reflect the 
metabolites released to the bloodstream and filtrated to the urine 
during this time window. We do not know however, if the GFR and 
kidney function was normal and this could have influenced the results. 
Another aspect is that the markers of lipid peroxidation can represent 
different tissues, and not only brain tissue. Arachidonic acid and DHA 
are present in all tissues, but DHA is concentrated in brain, retina, 
sperm heart and liver 114. 
F4-neuroprostane is a metabolite of DHA and considered a sensitive 
marker for neuronal damage 43. F4-neuroprostane will reflect DHA-
enriched tissues susceptible to hypoxia, predominantly reflecting the 
brain but also reflecting other extra-neural DHA containing tissues. It 
has been shown that the relative amounts of F4-neuroprostanes 
formed during oxidation of DHA was 3.4-fold higher than the amount 
of F2-isoprostanes generated from an equivalent amount of 
arachidonic acid199,200, illustrating the increased susceptibility to 
oxidation with increasing numbers of double bonds in the fatty acids. 
This also suggests that measurements of F4-neuroprostanes may be a 
more sensitive index of oxidative injury in the brain than F2-
isoprostanes, which is currently considered the most sensitive method 
of measuring oxidative stress in vivo201.  

In paper I we investigated whether DHA and therapeutic hypothermia 
would give decreased oxidative stress in general, measured by 
isoprostanes and neuroprostanes in urine and plasma. We did not find 
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any significant differences in plasma and believe the explanation for 
this might be the very high sensitivity of this snap-shot in time when 
drawing blood. The neuroprostanes were in addition low in 
concentrations and not possible to detect, leaving the comparison of 
the isoprostanes which increased from pre-DHA measurements to end 
of study, but they did not show any inter-group differences. We can 
conclude that the global oxidative stress increased between the two 
timepoints, but only collected urine samples showed significant 
differences between intervention groups. 

In paper II we wanted to investigate the oxidative stress in the brain by 
measuring lipid peroxidation in three brain regions. DHA reduced 
metabolites of lipid peroxidation in both prefrontal cortex and white 
matter. Therapeutic hypothermia reduced metabolites in white 
matter, but not in prefrontal cortex. Therapeutic hypothermia seemed 
to have regional effect with the best effect in white matter. DHA had 
best effect in prefrontal cortex in the absence of therapeutic 
hypothermia. None of the interventions significantly changed the 
levels in the hippocampus. We think this might be due to 
methodological issues where we did not standardize which part of the 
hippocampus to harvest. The hippocampus can be divided into areas 
from CA1 to CA4, where CA1 is much more susceptible to hypoxia than 
the CA3. CA1 was together with the dentate gyrus found to be the 
most vulnerable area to hypoxia202,203. Another study has shown how 
the hippocampus is less susceptible to apoptosis measured by caspase-
3, as caspase-3 in hypoxic piglets was found to be significantly 
increased in the cortex and cerebellum, but not in the hippocampus204. 
This illustrates that hippocampal response to hypoxia is not uniform 
and may help explain why we did not get inter-group differences.  
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We also found regional differences regarding the effect of DHA and 
therapeutic hypothermia on lipid peroxidation in the prefrontal cortex 
and white matter. DHA had effect on metabolites both in prefrontal 
cortex and white matter, whereas therapeutic hypothermia only had 
effect on metabolites of lipid peroxidation in white matter. There is 
regional neural vulnerability depending on gestational age and species. 
Ikeda et al showed how brain white matter was significantly more 
susceptible to hypoxic damage than grey matter in lambs205. In 
humans, the subplate neurons and oligodendrocyte precursors are the 
most vulnerable in prematurity, while in term infants the projection 
neurons are most at risk during insults of hypoxia-ischemia206. This is 
reflected in the white matter injury pattern seen in premature infants 
and the cortical and deep grey matter injuries seen in term infants. 
DHA is a substrate for neurons and needed for physiological brain 
development and can also reduce inflammation, apoptosis and lipid 
peroxidation124. We found reduced lipid peroxidation in the cerebral 
white matter of animals treated with both DHA and therapeutic 
hypothermia as investigated in paper II. This may be an indication of 
how DHA can be used post-natally after asphyxia to reduce lipid 
peroxidation which is part of the post-hypoxic pathophysiological 
processes. DHA can be both ingested through diet and can be given in 
more concentrated doses intravenously. Over the past years studies 
have shown that the pathophysiological effects following perinatal 
asphyxia may sustain for weeks, months and even years after the initial 
insult. Treatment today is concentrated on the secondary energy 
failure-phase. One may speculate if supplementary DHA in the diet 
could have a role in the long-term treatment of perinatal asphyxia, as it 
is non-invasive and easy to administer through food.  
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In paper III we focused on the effects of DHA and therapeutic 
hypothermia on H+MRS biomarkers. We found effects on Lac/NAA, 
Glu/NAA and NAA with regional effects of DHA and therapeutic 
hypothermia, like we also did for the measurements of lipid 
peroxidation in brain tissue. Both paper II and III have results with a 
patchy pattern making it difficult to finally conclude. The results show 
significant changes, but not consistently across the different brain 
regions or within the different parameters measured. The 
hippocampus is thoroughly investigated and is well known for its 
regional differences in susceptibility to hypoxia. We did not find any 
alterations in the lipid peroxidation markers in paper II in 
hippocampus, but in paper III HMRS biomarkers Lac/NAA and glu/NAA 
were significantly decreased in the hypothermia groups while the DHA 
treated animals sustained higher levels of NAA indicating intact 
neuronal functions.  

This pattern of effects makes it difficult to finally conclude, and 
perhaps illustrates how the hypoxic ischemic insult can have different 
effects in different brain regions and that the hypoxia includes several 
pathological pathways ranging from excitotoxicity, increased 
apoptosis, neuroinflammation and lipid peroxidation to DNA and 
protein damage through increased oxidative stress.  

8.2 Limitations 

There are methodological limitations to the study. The model is a 
short-term follow-up study limiting the possibility to evaluate 
neuroprotection. Euthanization 9.5 hours after hypoxia-ischemia is in 
the beginning of the secondary energy failure phase and not enough 
time to achieve neurohistological alterations beyond acute necrosis. 
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We did try to stain with TUNEL for the immunohistochemical detection 
of apoptosis, but the assay did not produce a reliable result and we 
could not analyze this.  
It is possible that the potential neuroprotective effects of DHA did not 
have time to manifest and we may speculate that the effects of DHA 
seen already after 9.5 hours could be more pronounced after 48 hours, 
which is the gold standard follow-up time for evaluating 
neuroprotection. The model in its current form makes it hard to have a 
48-hour follow up. The model produces a biochemically severe insult 
with potential multi-organ failure requiring intensive care follow-up 
and mechanical ventilation for the duration of the experiment. This is 
highly resource demanding, and we unfortunately did not have the 
opportunity for long time follow-up. There are other possibilities with 
monitoring the hypoxia with aEEG or by MR spectroscopy182,207, but we 
did not have these options in our facility. 
 
There are methodological considerations regarding the model being a 
post-natal asphyxia model, as piglets have already gone through 
transition from intra-uterine to extra-uterine life208. Responses to 
hypoxia are different in-utero compared to ex-utero, as our model 
reflects.  

8.3 Statistical considerations 
 
There are statistical limitations in the two-way ANOVA model as we 
have allowed for subsequent analysis when the interaction had p-value 
<0.10. This was to investigate more subtle interactions as the study 
does not have enough power to finally conclude, and hence the risk for 
a type II statistical error where we find false negatives and erroneously 
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reject a false null hypothesis, has been present.  
In paper I we used a one-way ANOVA as had been used in the bilateral 
project of Garberg et al99,209, whereas in paper II and III we used a two-
way ANOVA as this was suggested by reviewers in paper II.  
According to the statistical advice, both analyses can be used, but the 
strength of the two-way ANOVA is the interaction and the possibility to 
decipher which of the interventions in a factorial design (therapeutic 
hypothermia and DHA) have effects.   

 Conclusions 9

Addressing the aims of the study we conclude the following:  

1. Is there a synergistic effect of DHA and therapeutic 
hypothermia?  
 
DHA augmented the effect of therapeutic hypothermia on F4-
neuroprostanes in urine (Paper I), Lac/NAA and NAA measured 
by H+MRS (Paper III).  

2. Will DHA and therapeutic hypothermia reduce oxidative stress 
following hypoxia-ischemia (Paper I, II and III)? 

By measures of lipid peroxidation, oxidative stress was reduced 
in the DHA treated piglets (paper I and II) and somewhat in the 
hypothermia treated piglets. The results are not uniform and 
we could not conclude with an overall effect.   
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3. Is it possible to detect lipid peroxidation products peripherally 
through non-invasive procedures? Do peripheral measures of 
lipid peroxidation indicate neuroprotection? 
 
Yes, we found reduced lipid peroxidation in urine of hypoxic-
ischemic piglets treated with DHA, but we did not find any 
reductions in blood. Urine sampling reflects the metabolic state 
in the body since last micturition and it seems feasible to detect 
lipid peroxidation as a marker of oxidative stress in urine (Paper 
1). As neuropathology was non-significant between the 
intervention groups, we could not conclude if peripheral 
measures could indicate neuroprotection.  
 

4. Can we reproduce the reduced levels of lipid peroxides in 
cortex and hippocampus, and how does therapeutic 
hypothermia affect lipid peroxidation? (Paper I and II). 
 
We found reductions of neurofuranes and F2-dihomo-
isoprostanes in prefrontal cortex and of F2-dihomo-
isoprostanes in white matter of piglets treated with DHA (Paper 
II). We could not reproduce the findings in the hippocampus.  
 
Therapeutic hypothermia reduced lipid peroxidation by 
measures of isoprostanes in urine (paper I) and by reduced lipid 
peroxidation in cerebral white matter but not in prefrontal 
cortex, where there only was effect of DHA in the absence of 
therapeutic hypothermia (Paper II).  
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5. Does DHA administration affect clinically relevant biochemical 
markers and is there an additive effect of therapeutic 
hypothermia on these biomarkers? (Paper III) 
 
DHA reduced the clinically important H+MRS biomarker 
Lac/NAA and sustained the levels of NAA (Paper III). We did not 
see any effect on CSF S-100b or serum troponin T biomarkers of 
brain and cardiac injury.  On selected inflammatory proteins we 
saw that DHA significantly reduced IL-1β in the hippocampus, 
but that it increased the same parameter in prefrontal cortex.  
 

In summary we have conducted the study according to the aims and 
have gotten results which partially confirm the hypotheses and 
partially not. We have also brought new insights about the role of DHA 
on lipid peroxidation and spectroscopic parameters. The study has 
revealed several issues that need further investigation.  

 Implication for further research 10

Results from this experimental trial in newborn piglets, investigating 
DHA and therapeutic hypothermia in a hypoxia-ischemia model show 
that there are areas where these interventions have effect alone and 
where they can potentiate each other. Basic research is important as a 
first explorative step prior to clinical research. It would be interesting 
to first expand the follow-up time to 48-72 hours to be more certain 
regarding effect on neuroprotection. Further it would be highly 
interesting to investigate if DHA can offer neuroprotection alone and 
thus be a drug of choice in low income countries and in facilities that 
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cannot offer intensive care medicine required for therapeutic 
hypothermia.  
Rodent studies have shown best effect when DHA is given in diet as a 
long term treatment in addition to acute treatment. This would be 
interesting to investigate in a piglet model, although the hypoxic insult 
will have to be milder due to ethical considerations of the surviving 
animals.  
Today, the dietary DHA intake is often lower than recommended daily 
allowance, if the child or adult do not take supplements. In Norway we 
recommend cod liver oil to all infants from the age of 4 weeks both for 
vitamin D and fatty acids supplementation. It would as such be easy 
and non-invasive to administer as a post-ischemic treatment.  
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Abstract

Background: Lipid peroxidation mediated by reactive 
oxygen species is a major contributor to oxidative stress. 
Docosahexaenoic acid (DHA) has anti-oxidant and 
 neuroprotective properties. Our objective was to assess 
how oxidative stress measured by lipid peroxidation was 
modified by DHA in a newborn piglet model of hypoxia-
ischemia (HI).
Methods: Fifty-five piglets were randomized to (i) hypoxia, 
(ii) DHA, (iii) hypothermia, (iv) hypothermia + DHA or (v)
sham. All groups but sham were subjected to hypoxia by
breathing 8% O2. DHA was administered 210 min after end
of hypoxia and the piglets were euthanized 9.5 h after end
of hypoxia. Urine and blood were harvested at these two
time points and analyzed for F4-neuroprostanes, F2-isopros-
tanes, neurofuranes and isofuranes using UPLC-MS/MS.
Results: F4-neuroprostanes in urine were significantly
reduced (P = 0.006) in groups receiving DHA. Hypoxia
(median, IQR 1652 nM, 610–4557) vs. DHA (440 nM,

367–738, P = 0.016) and hypothermia (median, IQR 1338 
nM, 744–3085) vs. hypothermia + DHA (356 nM, 264–1180, 
P = 0.006). The isoprostane compound 8-iso-PGF2α was 
significantly lower (P = 0.011) in the DHA group compared 
to the hypoxia group. No significant differences were 
found between the groups in blood.
Conclusion: DHA significantly reduces oxidative stress by 
measures of lipid peroxidation following HI in both nor-
mothermic and hypothermic piglets.

Keywords: Docosahexaenoic acid (DHA); hypoxia-
ischemia (HI); isoprostanes; lipid peroxidation; neuropro-
stanes; neuroprotection; oxidative stress; reactive oxygen 
species.

Introduction
During perinatal asphyxia, the body is deprived of 
oxygen and glucose, initiating a cascade of harmful 
processes including necrosis, apoptosis, production of 
reactive oxygen species (ROS) and lipid peroxidation 
[1]. These processes can lead to the clinical condition 
of hypoxic-ischemic encephalopathy (HIE) [2]. ROS-
mediated lipid peroxidation is especially important in 
the brain due to its high content of lipids. Polyunsatu-
rated fatty acids (PUFAs) are highly susceptible to lipid 
peroxidation through oxidative stress because of their 
high content of double bonds. When major PUFAs like 
arachidonic acid and docosahexaenoic acid (DHA) are 
oxidized, they can be measured in different tissue fluids 
through their downstream metabolites F2-isoprostanes, 
F4-neuroprostanes, isofuranes and neurofurane [3]. 
These metabolites may be measured though rigorous 
ultra performance liquid chromatography- tandem mass 
spectrometry (UPLC-MS/MS) [4].

F2-isoprostanes are products of non-enzymatic free 
radical catalyzed oxidation of arachidonic acid and they 
are currently thought to be the most reliable markers of 
oxidative damage in humans [5]. Welin et al. [6] showed 
how F2-isoprostane increased in plasma, hours after 
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umbilical cord clamping in mid-gestation fetal sheep and 
how the lack of increase in the melatonin treated group 
correlated to reduced white matter injury. Recently, 
Chafer-Pericas et  al. [7] published a study on how the 
levels of total F2-isoprostanes and the compound 8-iso-
15(R)-PGF2α correlate with the severity of post-natal aci-
demia, suggesting a new potential for these metabolites 
as biomarkers of HIE.

F4-neuroprostanes are formed from lipid peroxidation 
of DHA and are considered sensitive and specific markers 
of neuronal oxidative damage [8].

DHA is the most abundant n-3 fatty acid in cell 
membranes and contributes to more than 30% of the 
entire phospholipid content in neural membranes [9]. 
DHA is present in all organs but the concentration 
varies greatly from organ to organ. Arterburn et al. [10] 
have presented distribution patterns of four PUFAs in 
different organs in adults. The retina (22 g/100 g of total 
fatty acid) has the highest presence of DHA, followed 
by sperm (14 g/100 g total fatty acid) and the cerebral 
cortex (13 g/100 g of total fatty acid). A fetus requires 
especially large amounts of DHA during the last tri-
mester and in the first 2  years of life, coinciding with 
extensive brain development during this period [11]. 
The immature brain is especially sensitive to oxidative 
damage in comparison to the mature brain because it 
has poor antioxidant capabilities and a high concentra-
tion of free iron and lipids.

Ingested DHA has improved neurogenesis and 
neuroplasticity [12] in adult hippocampal tissue. Hong 
et al. [13] found a significantly reduced cerebral infarc-
tion volume in rats supplemented with DHA following 
middle cerebral artery occlusion. It has also been shown 
that a maternal diet rich in DHA can improve motor skills 
during infancy [14] and improve the child’s IQ at 4 years 
of age [15].

Previously published papers on experimental neona-
tal hypoxia-ischemia (HI) and treatment with therapeutic 
hypothermia and DHA for neuroprotection have, to our 
knowledge, been based on the use of rodents [16, 17]. In 
this experimental piglet model, we wanted to test through 
lipid peroxidation the hypothesis that DHA reduces oxi-
dative stress following HI and that DHA also reduces 
oxidative stress during therapeutic hypothermia, the 
established treatment for HIE. Non-invasive techniques 
are important in neonatal practice and hence we primar-
ily wanted to investigate the outcome of lipid peroxidation 
in urine and also compare the urine samples to plasma 
samples. DHA peroxidation metabolites in urine and 
plasma reflect DHA distribution patterns, predominantly 
reflecting oxidative stress in the brain.

Methods
Approval

The Norwegian Council for Animal Research approved the experi-
mental protocol. The animals were cared for and handled in accord-
ance with the European Guidelines for Use of Experimental Animals, 
by certified FELASA (Federation of European Laboratory Animals 
Science Associations) Category C researchers with approval number 
5723.

Set-up

Fifty-five newborn Noroc (LyxLD) pigs were included in the study, 
with the inclusion criteria of 12–36 h of age, Hb > 5 g/dL and healthy 
appearance. Forty-eight of these were subjected to experimental 
interventions. A sham group of seven piglets went through the same 
experimental set-up (were anesthetized, sham operated and ven-
tilated) but were not subjected to hypoxia and reoxygenation. The 
study had the exclusion criteria of Hb < 5 g/dL, poor general condi-
tion or protocol breech.

Surgical preparation and anesthesia

The details of surgery and anesthesia are previously described 
in detail [18]. Briefly, piglets were initially anesthetized with i.v. 
pentobarbital, fentanyl and midazolam and orally intubated prior 
to surgical cannulation of the left jugular vein and right carotid 
artery for invasive, continuous monitoring of the mean arterial 
blood pressure (MABP), heart rate and rhythm. The inspired frac-
tion of O2 was 0.21 throughout the entire experiment, except dur-
ing hypoxia. Rectal temperature was maintained between 38.5°C 
and 39.5°C with a heating blanket. The piglets were euthanized 
with 150 mg/kg of pentobarbital, given intravenously, 9.5 h after 
end of hypoxia.

Experimental protocol

The piglets were block randomized twice. The operators were not 
blinded to the randomization. The first randomization yielded 
seven piglets for sham operation and the remaining 48 under-
went hypoxia. The experimental protocol is summarized in Figure 
1. Further details and maintenance are as previously described 
[18]. The second randomization occurred immediately following 
hypoxia and the piglets were assigned to one out of four interven-
tion groups: (i) hypoxia (ii) DHA (iii) hypothermia and (iv) hypo-
thermia + DHA. Hypothermia was induced within 15 min after end 
of hypoxia and lasted to end of study. Target rectal temperature 
was 34.5 °C. Hypothermia was achieved by turning off all heat and 
using a cooling blanket to regulate the temperature. DHA (1 g CIS-
4, 7, 10, 13, 16, 19-docosahexaenoic acid) was dissolved in 0.9% 
NaCl and diluted to 10 mg/mL. The piglets were given 5 mg/kg i.v. 
at 210 min (3.5 h) after end of hypoxia.
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Plasma and urine samples

Temperature-corrected arterial acid/base status, glucose and hemo-
globin were regularly measured throughout the experiment on a Blood 
Gas Analyzer 860 (Ciba Corning Diagnostics, Medfield, MA, USA). 
Plasma samples were drawn before initiating hypoxia and at end of 
hypoxia. After reoxygenation, plasma samples were drawn at 30 min 
and 210 min after end of hypoxia before the final samples were drawn 
at end of study, 9.5 h after end of hypoxia. Two mL of blood were drawn 
each time, replaced by 2 mL of 0.9% NaCl. Samples were immediately 
spun for 10 min at 4°C and plasma was separated from the cells. These 
samples were snap frozen in liquid nitrogen before storage at −80°C. 
Samples were shipped on dry ice to Valencia, Spain for analysis. The 
samples were blinded prior to shipment. When measuring lipid peroxi-
dation, we assessed F2-isoprostanes (8-iso-15(R)-PGF2α, 1a, 1b-dihomo-
PGF2α, 2, 3-dinor-IsoPsF2α-III, 8-iso-15-keto-PGE2, 8-iso-15-keto-PGF2α, 
8-iso-PGE2, 5-IsoPsF2α-VI, 8-iso-PGF2α), isofuranes, F4-neuroprostanes 
and neurofuranes. The samples were subject to UPLC-MS/MS [4], 
although the F4-neuroprostanes and neurofuranes are methodologi-
cally challenging to measure in plasma [19].

The bladder was emptied at 210 min and immediately prior to 
euthanization, 10  mL of urine were drawn, immediately snap fro-
zen in liquid nitrogen and then stored at –80°C before shipment to 
Valencia. The samples were blinded prior to shipment. Urine was 
analyzed for the same lipid peroxidation products as in plasma 
using UPLC-MS/MS [20].

Statistics

All statistics were done using IBM SPSS Statistics 23 and GraphPad 
Prism 6 (Prism 6.0, GraphPad Software Inc., San Diego, CA, USA). The 

physiological data were normally distributed and are expressed as 
mean ± SD. One-way ANOVA analysis was performed with LSD post-
hoc test. We have two groups eligible for comparison; the normother-
mia group and the hypothermia group, hence the use of LSD post-hoc 
test.

The data generated for lipid peroxidation analysis were all 
non-normally distributed and the log-transformation was per-
formed together with the Shapiro-Wilk’s test for normality. Where 
the log-transformed data were normally distributed, parametric 
tests were used. For the non-parametric statistics, we applied the 
Kruskal-Wallis test and the Mann-Whitney U test for analysis and 
data which are expressed as median with inter quartile range (IQR). 
Data for the experiments are displayed as box and whiskers plots 
with maximum, 75th percentile, median, 25th percentile and mini-
mum. Table data are expressed as mean with standard deviation. 
P values <0.05 were considered statistically significant with a 95% 
confidence interval.

Results

Physiology

The groups were comparable as there were no intergroup 
differences in body weight, post-natal age, hypoxia 
time or baseline physiological (heart rate, MABP) and 
biochemical measures (blood lactate, base excess and 
glucose) at the time of the first and second randomiza-
tion (Table 1). The mean hypoxia time was close to similar 

Experimental design 

Hypoxia

Be <–20,
MABP <20 mmHg

Reoxygenation (21% for 9.5 h) n = 7

55 Newborn piglets,
12–36 hours and
healthy appearance
went through surgical
procedures followed by
1 hour stabilization.
First randomization
between sham group
and piglets subjected to
hypoxia.

21% + DHA n = 12   
+

21% n = 12    

21% + Hypothermia n = 12    

21% + Hypothermia + DHA n = 12

DHA

5 mg/kg

Start hypoxia End hypoxia 210 min End study 9, 5 h

Euthanization

Timeline

1. Randomization 2. Randomization

Figure 1: Experimental design.
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Table 1: Physiology of the intervention groups throughout the experiment.

Measurements Hypoxia DHA Hypothermia Hypothermia + DHA Sham P-value

Body weight (g) 1970 (100) 2012 (136) 2006 (118) 2055 (97) 2028 (24) 0.43
Sex (male:female) 1.4 1.4 0.5 0.5 0.75 0.55
Post-natal age (h) 25.7 (2.6) 26.7 (5.1) 26.8 (3.3) 25.3 (4.2) 25.3 (2.8) 0.79
Hypoxia time (min) 41.5 (10) 42.1 (18) 41.4 (10) 41.4 (17) 0.0 1.0 
Hemoglobin (g/dL) 7.5 (1.1) 7.3 (1.4) 7.8 (1.4) 7.3 (1.3) 7.8 (1.0) 0.87
Post-natal age (h) 25.7 (2.6) 26.7 (5.1) 26.8 (3.3) 25.3 (4.2) 25.3 (2.8) 0.79
Base Excess (mmol/L)
 Start hypoxia 1.7 (2.3) 2.0 (3.0) 1.3 (3.4) 2.5 (3.0) 0.5 (2.7) 0.65
 End of hypoxia −20.2 (1.2) −20.3 (0.4) −20.0 (0.5) −19.5 (3.2) 0.3 (1.4) 0.00 
 Reox210 0.6 (2.5) −0.2 (2.7) −0.1 (2.5) 0.5 (2.2) 1.9 (2.4) 0.017 
 End of study 1.7 (2.9) −1.1 (3.5) −2.8 (3.8) 0.3 (3.0) −0.3 (3.5) 0.046 
Lactate (mmol/L)
 Start hypoxia 2.2 (0.8) 2.025 (0.6) 1.9 (0.6) 2.0 (0.8) 2.4 (1.0) 0.70
 End of hypoxia 15.7 (2.5) 16.9 (2.9) 16.2 (1.9) 15.7 (2.3) 1.7 (0.4) 0.00 
 Reox210 1.9 (0.8) 2.0 (1.6) 1.8 (0.7) 2.0 (1.5) 1.4 (0.3) 0.78
 End of study 1.3 (0.4) 1.5 (2.0) 2.0 (1.6) 1.3 (0.4) 1.1 (0.3) 0.48
Temperature (°C)
 Start hypoxia 39.3 (0.7) 39.3 (0.7) 39.3 (0.5) 39.4 (0.8) 39.6 (0.6) 0.90
 End of hypoxia 38.6 (0.5) 38.4 (0.5) 38.2 (0.5) 38.5 (0.3) 39.5 (0.8) 0.000 
 Reox210 39.5 (0.7) 39.0 (0.6) 35.1 (0.4) 35.2 (0.7) 39.6 (0.7) 0.000 
 End of study 39.2 (0.6) 38.9 (0.8) 35.0 (0.5) 35.1 (0.4) 39.1 (0.5) 0.000 
Mean arterial blood pressure (mm Hg)
 Start hypoxia 65.4 (11.4) 62.6 (11.5) 68.5 (7.5) 60.5 (9.7) 69.3 (10.8) 0.33
 End of hypoxia 43.1 (18.4) 47.1 (21.4) 39.6 (18.4) 48.3 (24.7) 71.4 (13.9) 0.017
 Reox210 58.3 (10.9) 54.5 (9.1) 61.9 (10.4) 53.4 (10.5) 59.6 (7.5) 0.44
 End of study 56.3 (7.5) 51.3 (13.1) 49.9 (9.7) 51.6 (13.0) 56.1 (3.6) 0.49
pO2 (kPa)
 Start hypoxia 9.3 (0.22) 9.77 (0.56) 9.36 (0.68) 10.29 (0.37) 9.65 (0.40) 0.59
 End of hypoxia 4.69 (0.99) 4.32 (0.5) 4.67 (0.5) 4.46 (0.59) 10.6 (1.3) 0.001
 Reox210 9.9 (1.0) 10.3 (1.9) 8.4 (0.86) 8.9 (1.4) 10.4 (1.2) 0.003
 End of study 9.9 (1.1) 9.4 (1.3) 9.4 (1.5) 9.8 (1.9) 10.5 (1.9) 0.51
pCO2 (kPa)
 Start hypoxia 5.14 (0.71) 5.7 (2.0) 5.6 (0.6) 5.2 (0.6) 5.6 (0.6) 0.59
 End of hypoxia 8.8 (1.4) 9.3 (1.3) 9.2 (0.8) 9.2 (1.3) 5.5 (1.9) 0.000
 Reox210 5.0 (0.8) 4.3 (0.7) 5.7 (0.7) 4.7 (0.5) 4.8 (0.7) 0.000
 End of study 4.5 (0.6) 4.9 (0.6) 5.1 (0.9) 4.5 (0.6) 4.7 (0.5) 0.088
Glucose (mmol/L)
 Start hypoxia 7.0 (1.4) 7.4 (1.1) 7.5 (1.8) 6.7 (1.6) 7.5 (0.9) 0.61
 End of hypoxia 11.1 (5.3) 10.3 (3.5) 11.5 (5.0) 10.2 (5.8) 6.6 (1.1) 0.25
 Reox210 5.7 (1.6) 5.5 (1.1) 5.5 (0.9) 5.5 (2.3) 5.7 (0.6) 0.99
 End of study 5.1 (1.0) 5.5 (0.9) 5.6 (1.1) 5.3 (1.3) 5.3 (0.7) 0.86
pH 
 Start hypoxia 7.44 (0.05) 7.44 (0.06) 7.4 (0.06) 7.44 (0.06) 7.4 (0.06) 0.11
 End of hypoxia 6.86 (0.05) 6.84 (0.04) 6.85 (0.03) 6.86 (0.08) 7.43 (0.04) 0.00
 Reox210 7.43 (0.07) 7.47 (0.08) 7.38 (0.06) 7.45 (0.06) 7.47 (0.08) 0.017
 End of study 7.43 (0.07) 7.41 (0.08) 7.38 (0.09) 7.46 (0.06) 7.44 (0.04) 0.046
HR (bpm)
 Start hypoxia 177 (52) 168 (30) 153 (28) 163 (28) 152 (35) 0.50
 End of hypoxia 190 (34) 173 (25) 185 (52) 188 (27) 158 (40) 0.35
 Reox210 214 (50) 208 (66) 163 (29) 178 (37) 162 (31) 0.027 
 End of study 197 (53) 208 (53) 144 (30) 170 (46) 168 (42) 0.019 

Values as mean (SD). ANOVA p-values <0.05 in bold typing. Sham piglets in italic typing did not go through hypoxia.

in all the groups: 41–42 min. During hypoxia, there were 
no significant differences between the groups when 
measuring pO2, pCO2, pH and lactate at nadir. Significant 

differences were found between hypoxia groups and the 
sham group only, as the sham group was kept normoxic 
for the entire experiment.
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Blood pressure

Globally, the ANOVA analysis did not show any signifi-
cant differences (P = 0.10) between the groups at 210 min, 
but nominally, there was a significant difference between 
hypothermia vs. hypothermia + DHA, P = 0.041. From 
210 min to end of study, the hypothermia group dropped 
from 61.9 (±10.4) to 49.9 (±9.7) mm Hg compared to the 
hypothermia + DHA which dropped from 53.4 (±10.5) to 
51.6 (±13.0) mm Hg). This gave a significant fall in blood 
pressure in the hypothermia group compared to the hypo-
thermia + DHA group (mean 10.2 ± 4.1 mm Hg, 95% CI: 1.8–
18.6, P = 0.020). No statistically significant blood pressure 
changes were detected in the normothermia groups.

Urine samples

F4-neuroprostanes, F2-isoprostanes, neurofuranes and 
isofuranes were measured in urine at 210 min after end of 
hypoxia and at end of study.

There were no significant differences between any of 
the intervention groups at 210  min immediately prior to 
DHA administration.

At end of study, the F4-neuroprostanes were sig-
nificantly reduced (Kruskal-Wallis test, P = 0.006) in the 
groups receiving DHA compared to those not receiving 
DHA (Figure 2). F4-neuroprostanes were significantly 
lower in the DHA group (median, IQR 440 nM, 367–738) 
compared to the hypoxia group (1652 nM, 610–4557, 
P = 0.016). For the hypothermia treated animals, the 
F4-neuroprostanes were also reduced in the hypother-
mia + DHA group (median, IQR 356 nM, 264–1180) com-
pared to the hypothermia group (median, IQR 1338 nM, 
744–3085, P = 0.006). There was no significant difference 
in F4-neuroprostanes when comparing hypoxia (median, 
IQR 1652 nM, 610–4557) to hypothermia (median, IQR 1338 
nM, 744–3085, P = 0.91) (Figure 3).

The isoprostane compound 8-iso-PGF2α was signifi-
cantly reduced in the DHA group compared to the hypoxia 
group (mean difference 2.34 nM, 95% CI: 0.58–4.1, P = 0.011) 
(Table 2). There was no significant difference between the 
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Figure 2: Peroxidation metabolites at end of study.
Box and whiskers plots showing measurements of F4-neuroprostane, neurofurane, F2-isoprostane and isofurane in urine at end of study.
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hypothermia groups. Overall F2-isoprostanes including the 
seven other isoprostane compounds showed no significant 
differences between the groups at end of study. Also for 
isofuranes and neurofuranes, there were no significant dif-
ferences between the groups at end of study.

Plasma samples

Sixty-nine percent of the F4-neuroprostane samples and 
56% of the neurofurane samples were under the level of 

detection (LOD) in plasma. We were therefore unable to 
perform a subgroup analysis of these metabolites.

The F2-isoprostanes were by contrast, easily detect-
able at both timepoints. When we pooled the groups, 
we found that F2-isoprostanes generally increased from 
210 min (median, IQR 75,323 nmol, 42,268–147,771) to end  
of study (117,453  nmol, 55,144–204,425, P = 0.005). There 
were however, no significant differences in any of the iso-
prostane compounds or total F2-isoprostanes between the 
intervention groups (ANOVA, P = 0.30).

Exclusions and mortality

We had to exclude two piglets from the study. One was due 
to massive cerebral edema and autolysis upon autopsy (as 
noted in the manuscript), the brain was not possible to 
extract as a whole. The piglet also had an anemic liver and 
pulmonary bleedings. It had shown signs of severe hemo-
dynamic alterations (acidosis and hypotension) for several 
hours prior to euthanization. The other piglet was excluded 
just following hypoxia as by mistake, the piglet was resusci-
tated with 100% O2 for 15 min before the error was detected.

We had a mortality of 8% in the study, all but one 
related to hypoxia where the piglets developed hypoten-
sion and arrhythmia and did not respond to resuscitation. 
One piglet was very difficult to intubate (probably sub-
glottic stenosis) and the piglet died due to complications 
with intubation.

Discussion
In our neonatal asphyxia model, we found significantly 
reduced F4-neuroprostanes in both normothermic and 
hypothermic piglets that were treated with DHA, indi-
cating decreased lipid peroxidation. We also found a 
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Figure 3: Time development of F4-neuroprostanes.
Graph shows development of F4-neuroprostanes from 210 min until 
end of study (mean values). Lipid peroxidation increases in non-DHA 
receiving intervention groups whereas it decreases in sham and DHA 
groups (P = 0.019 ANOVA, repeated measures). *Hypoxia vs. DHA, 
P = 0.020 and **Hypothermia vs. Hypothermia + DHA, P = 0.012 for 
mean difference in F4-neuroprostanes from 210 min to end of study.

Table 2: Lipid peroxidation in urine at end of study.

  Group

Hypoxia 
 

DHA 
 

Hypothermia 
 

DHA + Hypothermia 
 

Sham

Mean  SD Mean  SD Mean  SD Mean  SD Mean  SD

F4-neuroprostanesa   2522  2979  624  351  2876  3832  623  447  1087  698
F2-isoprostanes   1281  1271  1554  1001  1542  1055  1425  1333  2325  2571
8-iso-PGF2b   3.44  3.37  1.09  0.77  1.50  0.91  1.78  1.11  1.16  0.85
Neurofuranes   128  88  194  134  158  110  314  298  163  29
Isofuranes   902  619  773  209  995  389  899  326  1150  418

Bold values refer to the statistically significant comparisons. aDHA is significantly reduced compared to Hypoxia. DHA + Hypothermia is 
significantly reduced compared to Hypothermia, bBoth DHA and Hypothermia are significantly reduced compared to control.
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significantly reduced level of the most abundant isomer 
8-iso-PGF2α in the DHA treated group.

The combination of hypothermia and DHA has to our
knowledge previously only been described in rodents. 
Berman et al. [17] have shown that post-HI treatment with 
therapeutic hypothermia and DHA reduced brain damage in 
rats. That finding is supported by results from this study in 
terms of reduced oxidative stress in piglets receiving DHA.

Lipid peroxidation

Prior to DHA administration, there was no difference 
between the groups when measuring urine F4-neuro-
prostane (P = 0.24). The bladder was emptied at 210 min 
through a bladder tap, so the results found at end of study 
suggest effect of DHA. We could not confirm a reduced level 
of F4-neuroprostane in plasma at end of study because the 
majority of samples were under the level of detection.

F4-neuroprostanes are considered to be a marker of 
brain oxidative stress as DHA is largely found in the cer-
ebral cortex and retina [21]. Solberg et al. [22] found signif-
icantly reduced F2-isoprostanes and F4-neuroprostanes in 
the prefrontal cortex of HI piglets treated with DHA. DHA 
is, however, also present in tissues outside the central 
nervous system (CNS) like red blood cells, spleen and liver, 
so we cannot exclude the possibility of our results reflect-
ing reduced lipid peroxidation in other organs as well. It 
has been questioned whether supplementary PUFA can 
actually increase lipid peroxidation. In a clinical RCT by 
Shichiri et al. [23], they found reduced lipid peroxidation 
in the plasma and red blood cells of hypertricgyceridemic 
men when the concentration of ingested DHA increased. 
On the other hand, Dupuy et  al. [24] found that supple-
mentation of DHA to atherosclerotic mice gave increased 
levels of F4-neuroprostanes in brain tissue, though this 
was in part thought to be due to the replacement of ara-
chidonic acid by DHA in the membrane phospholipids.

8-iso-PGF2α, a member of the F2-isoprostane family,
has been well-accepted as a valuable biomarker for 
the assessment of oxidative stress [25]. Ahola et  al. [26] 
found elevated levels of 8-epi-PGF2α in plasma samples 
of extremely low birth weight infants who later developed 
periventricular leukomalasia. We found significantly 
reduced levels of 8-iso-PGF2α in urine in both the DHA and 
the hypothermia group compared to the hypoxia group. 
This indicates DHA and hypothermia having a significant 
effect on reducing oxidative stress following HI. Other 
isomers have also been suggested as biomarkers of peri-
natal asphyxia. In a recent study by Chafer-Pericas et al. 
[7], they suggest the potential of 8-iso-15(R)-PGF2α as a 

biomarker of neonatal encephalopathy. This is based on 
them finding a significant increase in total F2-isoprostanes 
and this isomer (but no increase for the 8-iso-PGF2α com-
pound) in the cord blood serum of acidemic infants. We 
did not find reduced F2-isoprostanes in plasma following 
DHA administration in our study.

Both neurofuranes and isofuranes contain a tetrahy-
drofurane ring and they are generated by a reaction with 
molecular oxygen. Solberg et  al. [27] found significantly 
increased levels of both neurofuranes and isofuranes 
when newborn piglets were resuscitated with 40% and 
100% O2. In our set-up, all intervention groups were resus-
citated without supplementary oxygen to minimize the 
oxidative stress after HI. This may be the reason for no 
significant differences in the iso- and neurofurane groups.

Hypothermia

When assessing the effect of hypothermia on lipid peroxi-
dation, we found only significance between the hypoxia 
group and the hypothermia group when measuring 
8-iso-PGF2α. Significant findings could not be reproduced
between the hypothermia group and the hypoxia group for
any of the other peroxidation products. The effect of hypo-
thermia on lipid peroxidation is not fully established in the
literature and we could not find any meta-analysis on the
subject. Some studies [28–30] have shown that hypother-
mia in fact increases lipid peroxidation, one of the mecha-
nisms being that the hemoglobin dissociation curve shifts
to the left during hypothermia giving less oxygen to the
tissues and increasing ROS production. Another aspect is
that the cerebral circulation is lowered in response to the
reduced metabolic demands in the hypothermic brain and
this can both induce and reduce ROS production. On the
other hand, a study by Bayir et al. [31] showed a marked
gender effect of hypothermia on lipid peroxidation fol-
lowing traumatic brain injury where cooled male subjects
had reduced levels of F2-Isoprostanes in CSF, but females
did not. We could not find any gender differences in our
study. Then again Maier et al. [32] showed reduced ROS and 
markers of oxidative stress in rats during hypothermia. The
present study finds that hypothermia reduces 8-iso-PGF2α

in urine, but for the other compounds measured, hypother-
mia neither decreases nor increases lipid peroxidation.

Physiology

Non-significant physiological differences between the 
groups indicate that they were statistically comparable 
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when they were randomized to different interventions and 
strengthen our findings. The hypothermia groups had, 
however, significantly different blood pressure levels at 
210 min but not at end of study, suggesting that DHA had 
no impact on blood pressure. Hypothermia is known to 
both increase and decrease blood pressure [33, 34] and the 
significant difference between the hypothermia groups in 
this study is most likely random.

Limitations

There is a short follow-up time in our model as the piglets 
were euthanized 9.5 h after end of hypoxia. This limits the 
possibility to evaluate neuroprotective effects in the brain 
as these take time to develop. The operators were not 
blinded to the intervention groups during the experiment 
itself, but all samples were blinded prior to analysis.

Conclusion
DHA significantly reduces oxidative stress following 
HI by measures of F4 –neuroprostanes in both normo-
thermic and hypothermic piglets. Hypothermia reduces 
8-iso-PGF2α, but none of the other lipid peroxidation com-
pounds are affected by the hypothermia treatment. To
assess whether DHA may have neuroprotective properties
and be a tool in the search for additional treatment of HIE, 
more studies are required.
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Abstract

Background: Oxidative stress plays an important part in the 
pathophysiology of hypoxic-ischemic encephalopathy (HIE) 
and is reliably measured through prostanoids following 
lipid peroxidation of polyunsaturated fatty acids (PUFAs).
Objective: The aim of the study is to measure oxidative 
stress in the prefrontal cortex, white matter and hip-
pocampus in the brains of hypoxic-ischemic piglets 
treated with docosahexaenoic acid (DHA) and therapeutic 
hypothermia (TH) and investigate the additive effects of 
DHA on hypothermia by factorial design.
Methods: Fifty-five piglets were randomized as having 
severe global hypoxia (n = 48) or not (sham, n = 7). 
Hypoxic piglets were further randomized: vehicle (VEH), 
DHA, VEH + hypothermia (HT) or HT + DHA. A total of 
5  mg/kg DHA was given intravenously 210  min after the 
end of hypoxia. Brain tissues were analyzed using liquid 
chromatography triple quadrupole mass spectrometry 
technique (LC-MS). A two-way analysis of variance 
(ANOVA) was performed with DHA and HT as main effects.
Results: In the white matter, we found main effects of DHA 
on DH-isoprostanes (P = 0.030) and a main effect of HT on 
F4-neuroprostanes (F4-NeuroPs) (P = 0.007), F2-isoprostanes 
(F2-IsoPs) (P = 0.043) and DH-isoprostanes (P = 0.023).

In the cortex, the ANOVA analysis showed the 
 interactions of main effects between DHA and HT for 
neurofuranes (NeuroFs) (P = 0.092) and DH-isoprostanes 
(P = 0.015) as DHA significantly reduced lipid peroxida-
tion in the absence of HT. DHA compared to VEH signifi-
cantly reduced NeuroFs (P = 0.019) and DH-isoprostanes 
(P = 0.010). No differences were found in the hippocampus.
Conclusion: After severe hypoxia, HT reduced lipid per-
oxidation in the white matter but not in the cortical gray 
matter. HT attenuated the reducing effect of DHA on lipid 
peroxidation in the cortex. Further studies are needed to 
determine whether DHA can be an effective add-on ther-
apy for TH.

Keywords: DHA; isoprostanes; lipid peroxidation; neu-
roprostanes; oxidative stress; therapeutic hypothermia; 
white matter injury.

Introduction
Hypoxic-ischemic encephalopathy (HIE) affects 1.5 
per 1000  newborns in industrialized countries and the 
pathophysiology encompasses a primary and secondary 
energy failure where oxidative stress and reactive oxygen 
species play an important part on the latter [1, 2]. Thera-
peutic hypothermia (TH) has become the standard of 
care for moderate and severe HIE, but because the patho-
genesis of HIE involves multiple post-ischemic cascades 
leading to cell death, effective treatment of ischemic brain 
injury is likely to require intervention at multiple effect 
sites like anti-inflammatory, anti-apoptotic and anti-oxi-
dative treatment.

Docosahexaenoic acid (DHA) is an Ω-3 polyunsatu-
rated fatty acid (PUFA) highly expressed in the develop-
ing brain and contributing more than 30% of the entire 
phospholipid membrane content [3]. The Ω-6 PUFA 
adrenate is abundant in myelin and white matter. When 
exposed to free radicals from ROS production PUFAs are 
nonenzymatically peroxidized to prostanoids, which are 
prostaglandin-like compounds. Arachidonic acid (AA) is 
peroxidized to F2-isoprostanes (F2-IsoPs), DHA to F4-neu-
roprostanes (F4-NeuroPs) or neurofuranes (NeuroFs) and 
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adrenic acid (AdA) to di-homo-isoprostanes (DH-IsoPs) 
[4, 5]. The F2-IsoPs are considered as some of the most 
reliable markers of oxidative stress in humans [6]. AA is 
evenly distributed in the brain, whereas DHA and AdA 
are mainly confined to the neurons and white matter, 
respectively, and hence the prostanoids are region-spe-
cific markers of damage [7]. The liquid chromatography 
triple quadrupole mass spectrometry (LC-MS) analysis 
is a sensitive and specific method for quantifying pros-
tanoids which strengthen their position as biomarkers of 
in vivo oxidative stress [8].

DHA has been used therapeutically and acts as a 
neuroprotectant following traumatic brain and spinal 
cord injuries in adults [9] and augments TH in a rodent 
model of newborn hypoxia-ischemia where rats treated 
with therapeutic hypothermia combined with DHA had 
reduced brain loss after hypoxia-ischemia compared to 
control animals [10]. We recently published how DHA 
significantly reduced F4-NeuroPs and the isoprostane 
compound 8-iso-PGF2α in urine after severe hypoxia [11]. 
Histopathology showed that there was a significant dif-
ference between hypoxic and normoxic piglets, but there 
were no differences between the intervention groups.

Here, we present the results from brain tissues. We 
wanted to confirm our previous findings of reduced lipid 
peroxidation in the prefrontal cortex and hippocampus 
of DHA-treated piglets [12] and further expand this model 
to include tissue from the white matter and also include 
treatment with hypothermia (HT). We hypothesize that 
both DHA and HT will reduce brain lipid peroxidation and 
that the treatments will positively interact.

Methods
Approval

The Norwegian Council for Animal Research approved the experi-
mental protocol, No 5723. The animals were cared for and handled 
in accordance with the European Guidelines for Use of Experimental 
Animals, by certified Federation of European Laboratory Animal Sci-
ence Associations (FELASA) Category C researchers.

Experimental design

The current study is one half of a larger experimental design of 81 
newborn Noroc (LyxLD) pigs randomized to interventions of DHA, 
cannabidiol (CBD) or TH. The two studies have three shared groups 
[vehicle (VEH), HT and sham] in order to spare animal lives. The CBD 
part of the study has been published [13]. The complete experimental 
design is presented in Supplementary Material, Figure S1. The piglets 
had inclusion criteria of 12–36 h of age, Hb >5 g/dL and good general 

condition. Exclusion criteria were a hemoglobin level below 5 g/dL, 
signs of sickness or protocol breach.

Fifty-five piglets were part of the present study. Forty-eight of 
these were subjected to experimental interventions. A sham group 
of seven piglets did not receive hypoxia. The methods are have been 
described previously in detail [13]. Briefly, piglets were anesthe-
tized, intubated and kept on mechanical ventilation throughout the 
experiment. The left jugular vein and right carotid artery were can-
nulated for venous access and hemodynamic monitoring. Hypoxia 
was induced by ventilation with 8% O2 until base excess −20 mmol/L 
or mean arterial blood pressure (MABP) <20 mm Hg before resuscita-
tion with 21% O2. After reoxygenation, the piglets were randomized to 
one of four intervention groups: (i) VEH (n = 12), (ii) DHA (n = 12), (iii) 
VEH +  HT (n = 12) and (iv) HT + DHA, (n = 12).

DHA (1 g cis-4, 7, 10, 13, 16, 19-DHA) was dissolved in 0.9% NaCl 
and diluted to 10 mg/mL. Piglets randomized to DHA received 5 mg/
kg intravenously 3.5 h after the end of hypoxia. Piglets randomized 
to TH were cooled with a cooling mattress (Tecotherms TSmed 200; 
TecCo, Halle, Germany) with a target rectal temperature of 34.5°C. All 
the other piglets were maintained normothermic at 39°C (±0.5). The 
piglets were euthanized with 150 mg/kg intravenous pentobarbital, 
9.5 h after end of hypoxia.

LC-MS

The brain was immediately removed, and samples from the prefrontal 
cortex and subcortical white matter tracts of the cerebrum were har-
vested and snap frozen in liquid nitrogen before storage at −80°C. The 
hippocampus was extracted as a whole and 1/3 was sent for analysis. A 
total of 100 mg of frozen cortical, hippocampal and white matter tissue 
was prepared by methods previously described by Casetta et al. and 
was subjected to liquid chromatography-mass spectrometry (LC-MS) 
[12, 14]. All samples were blinded prior to the analysis.

Statistics

Statistics were done using GraphPad Prism 6 (GraphPad Software 
Inc., San Diego, CA, USA) and SPSS 23 (SPSS, Chicago, IL, USA). The 
physiological data were normally distributed and are expressed as 
mean ± standard deviation (SD). Shapiro-Wilk’s test was applied to 
test for normality on the lipid peroxidation data, and log-transforma-
tion was performed on non-normally distributed data. If log-trans-
formation did not produce a normal distribution, non-parametric 
statistics were applied. Lipid peroxidation measurements were tested 
using a two-way analysis of variance (ANOVA) with HT and DHA 
as main factors, meaning groups treated with DHA were DHA and 
DHA + HT and groups treated with HT were VEH + HT and HT + DHA. 
The reciprocal groups were non-DHA (VEH and HT) and non-hypo-
thermia (VEH and DHA). Sham piglets are not included in the main 
model. First, we tested for interactions between the two main factors, 
if found significant at P ≤ 0.10 post hoc two-by-two group compari-
sons were made. P-values were adjusted by Fisher’s least significant 
difference (LSD) post hoc test. However, if interactions were not pre-
sent, only main effects were maintained in the model.

Data for the experiments are displayed as box and whisker plots 
with maximum, 75th percentile, median, 25th percentile and mini-
mum. P-values <0.05  were considered statistically significant and 
given together with a 95% confidence interval of the mean  difference.
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Results

Animals and groups

One pig in the DHA group was eliminated from the study 
upon autopsy due to massive cerebral edema making the 
brain impossible to harvest. Physiology of the groups is 
shown in Table  1. The target hypothermic temperature 
was attained after 105 min in the VEH + HT group and after 
96 min in the DHA + HT group.

Lipid peroxidation

Table  2 shows descriptive statistics and P-values of the 
main effects. Untransformed mean ± SD values for the ran-
domized groups are shown in Supplementary Material, 
Table S1.

Cortex

One extreme outlier in the group HT + DHA was excluded 
(sample value of DH-IsoP = 120 ng/g, 5 SD above mean).

The two-way ANOVA analysis revealed interactions 
for NeuroFs (P = 0.092) and DH-IsoPs (P = 0.015) (values 
shown in Table 2, profile plots in Supplementary Mate-
rial, Figure S2). A separate one-way ANOVA analysis was 
then performed on the randomized groups. NeuroFs 
and DH-IsoPs were significantly reduced in DHA-treated 
animals compared to VEH when HT was not present 
(Figure 1, values in Supplementary Material, Table S1): 
NeuroFs (mean ± SD: 0.19 ± 0.18 vs. 0.33 ± 0.11 log ng/g; 
P = 0.019) and DH-IsoPs (28.8 ± 13.9 vs. 45.1 ± 13.3 ng/g; 
P = 0.010). No effect of HT was found on the cortical gray 
matter.

White matter

There were no interactions between DHA and HT 
(Table  2). There were significant main effects of HT on 
F2-IsoPs (HT vs. non-HT: 7.5 ± 0.81 vs. 9.9 ± 0.86 log ng/g; 
P = 0.043), F4-NeuroPs (240 ± 3.7 vs. 463 ± 91.3; P = 0.007) 
and DH-IsoPs (105 ± 10.1 vs. 144 ± 13.9 ng/g; P = 0.023). 
DHA had a main effect on DH-IsoPs (DHA vs. non-DHA: 
105 ± 9.1 vs. 143 ± 14.4 ng/g; P = 0.030) and tended to be 
associated with reduced levels of F4-NeuroPs, but did not 
reach a significance level of P < 0.05 (Figure 2).

Hippocampus

No interactions or significant main effects were found in 
the hippocampal tissues.

Discussion
The present study shows how HT and DHA significantly 
reduced lipid peroxidation in the white matter, but we 
could not find a positive interaction effect. In the corti-
cal tissue, HT did not reduce NeuroFs and DH-IsoPs when 
combined with DHA. We could only partly confirm our 
previous findings of significantly reduced lipid peroxida-
tion in the prefrontal cortex of piglets treated with DHA, 
given the absence of HT.

Hypothermia

We recently published results from lipid peroxidation in 
urine of the same hypoxic piglets as in the present paper, 
where we found that HT reduced 8-Iso-PGF2α, but none of 
the other measured compounds [11]. In the results from 
the brain tissue we found that TH had a main effect in 
the white matter where it significantly reduced lipid 
peroxidation in three of the four measured compounds. 
Interestingly, HT seemed to inhibit DHA’s reduction on 
lipid peroxidation in the cortical tissue at 9.5 h after end 
hypoxia. This may be due to a negative interaction or the 
result of small numbers in the study. In addition, it is 
not known whether lipid peroxidation would increase or 
decrease towards 48 h post hypoxia. Van Rollins et al. [5] 
have shown isoprostanes to peak at 16 h after exposure to 
oxidative stress in the gray matter and still be increasing 
after 24 h in the white matter. They did not investigate the 
relationship between HT and lipid peroxidation, nor did 
they measure at 48 h after hypoxia.

The effect of HT on lipid peroxidation is not fully  
established in the literature. Some small studies have 
shown that HT in fact increases lipid peroxidation [15] and 
this was also the conclusion of a review article by Alva 
et al. [16] but methods of measuring lipid peroxidation was 
differerent from ours. On the contrary, Hasegawa et al. [17] 
showed how cooling PC12 cells to 32°C again reduced lipid 
peroxidation. In concordance with our findings, Bayir 
et al. [18] found no effect of HT on lipid peroxidation in the 
cortex after traumatic brain injuries in adults. In the same 
study, hypothermic males but not females had increased 
F2-IsoPs in CSF and it was advised to exhibit caution in 
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Table 1: Physiology of the intervention groups throughout the experiment.

Measurements VEH DHA VEH + HT DHA + HT Sham P-value

Body weight (g) 1970 (100) 2012 (136) 2006 (118) 2055 (97) 2028 (24) 0.43
Sex (male:female) 1.4 1.4 0.5 0.5 0.75 0.55
Post-natal age (h) 25.7 (2.6) 26.7 (5.1) 26.8 (3.3) 25.3 (4.2) 25.3 (2.8) 0.79
Hypoxia time (min) 41.5 (10) 42.1 (18) 41.4 (10) 41.4 (17) 0.0 1.0
Cooling time (min of 34.5°C) 0 0 465 474 0 0.00
Hemoglobin (g/dL) 7.5 (1.1) 7.3 (1.4) 7.8 (1.4) 7.3 (1.3) 7.8 (1.0) 0.87
Base excess (mmol/L)
 Start hypoxia 1.7 (2.3) 2.0 (3.0) 1.3 (3.4) 2.5 (3.0) 0.5 (2.7) 0.65
 End hypoxia −20.2 (1.2) −20.3 (0.4) −20.0 (0.5) −19.5 (3.2) 0.3 (1.4) 0.00
 Reox210 0.6 (2.5) −0.2 (2.7) −0.1 (2.5) 0.5 (2.2) 1.9 (2.4) 0.017
 End study 1.7 (2.9) −1.1 (3.5) −2.8 (3.8) 0.3 (3.0) −0.3 (3.5) 0.046
Lactate (mmol/L)
 Start hypoxia 2.2 (0.8) 2.025 (0.6) 1.9 (0.6) 2.0 (0.8) 2.4 (1.0) 0.70
 End hypoxia 15.7 (2.5) 16.9 (2.9) 16.2 (1.9) 15.7 (2.3) 1.7 (0.4) 0.00
 Reox210 1.9 (0.8) 2.0 (1.6) 1.8 (0.7) 2.0 (1.5) 1.4 (0.3) 0.78
 End study 1.3 (0.4) 1.5 (2.0) 2.0 (1.6) 1.3 (0.4) 1.1 (0.3) 0.48
Temperature (°C)
 Start hypoxia 39.3 (0.7) 39.3 (0.7) 39.3 (0.5) 39.4 (0.8) 39.6 (0.6) 0.90
 End hypoxia 38.6 (0.5) 38.4 (0.5) 38.2 (0.5) 38.5 (0.3) 39.5 (0.8) 0.000
 Reox210 39.5 (0.7) 39.0 (0.6) 35.1 (0.4) 35.2 (0.7) 39.6 (0.7) 0.000
 End study 39.2 (0.6) 38.9 (0.8) 35.0 (0.5) 35.1 (0.4) 39.1 (0.5) 0.000
Mean arterial blood pressure (mm Hg)
 Start hypoxia 65.4 (11.4) 62.6 (11.5) 68.5 (7.5) 60.5 (9.7) 69.3 (10.8) 0.33
 End hypoxia 43.1 (18.4) 47.1 (21.4) 39.6 (18.4) 48.3 (24.7) 71.4 (13.9) 0.017
 Reox210 58.3 (10.9) 54.5 (9.1) 61.9 (10.4) 53.4 (10.5) 59.6 (7.5) 0.44
 End study 56.3 (7.5) 51.3 (13.1) 49.9 (9.7) 51.6 (13.0) 56.1 (3.6) 0.49
pO2 (kPa)
 Start hypoxia 9.3 (0.22) 9.77 (0.56) 9.36 (0.68) 10.29 (0.37) 9.65 (0.40) 0.59
 End hypoxia 4.69 (0.99) 4.32 (0.5) 4.67 (0.5) 4.46 (0.59) 10.6 (1.3) 0.001
 Reox210 9.9 (1.0) 10.3 (1.9) 8.4 (0.86) 8.9 (1.4) 10.4 (1.2) 0.003
 End study 9.9 (1.1) 9.4 (1.3) 9.4 (1.5) 9.8 (1.9) 10.5 (1.9) 0.51
pCO2 (kPa)
 Start hypoxia 5.14 (0.71) 5.7 (2.0) 5.6 (0.6) 5.2 (0.6) 5.6 (0.6) 0.59
 End hypoxia 8.8 (1.4) 9.3 (1.3) 9.2 (0.8) 9.2 (1.3) 5.5 (1.9) 0.000
 Reox210 5.0 (0.8) 4.3 (0.7) 5.7 (0.7) 4.7 (0.5) 4.8 (0.7) 0.000
 End study 4.5 (0.6) 4.9 (0.6) 5.1 (0.9) 4.5 (0.6) 4.7 (0.5) 0.088
Glucose (mmol/L)
 Start hypoxia 7.0 (1.4) 7.4 (1.1) 7.5 (1.8) 6.7 (1.6) 7.5 (0.9) 0.61
 End hypoxia 11.1 (5.3) 10.3 (3.5) 11.5 (5.0) 10.2 (5.8) 6.6 (1.1) 0.25
 Reox210 5.7 (1.6) 5.5 (1.1) 5.5 (0.9) 5.5 (2.3) 5.7 (0.6) 0.99
 End study 5.1 (1.0) 5.5 (0.9) 5.6 (1.1) 5.3 (1.3) 5.3 (0.7) 0.86
pH
 Start hypoxia 7.44 (0.05) 7.44 (0.06) 7.4 (0.06) 7.44 (0.06) 7.4 (0.06) 0.11
 End hypoxia 6.86 (0.05) 6.84 (0.04) 6.85 (0.03) 6.86 (0.08) 7.43 (0.04) 0.00
 Reox210 7.43 (0.07) 7.47 (0.08) 7.38 (0.06) 7.45 (0.06) 7.47 (0.08) 0.017
 End study 7.43 (0.07) 7.41 (0.08) 7.38 (0.09) 7.46 (0.06) 7.44 (0.04) 0.046
HR (bpm)
 Start hypoxia 177 (52) 168 (30) 153 (28) 163 (28) 152 (35) 0.50
 End hypoxia 190 (34) 173 (25) 185 (52) 188 (27) 158 (40) 0.35
 Reox210 214 (50) 208 (66) 163 (29) 178 (37) 162 (31) 0.027
 End study 197 (53) 208 (53) 144 (30) 170 (46) 168 (42) 0.019

Values listed as mean (±SD). Significant group differences (one-way ANOVA): P-values in bold. The groups were comparable as there were no 
intergroup differences in body weight, post-natal age, hypoxia time or baseline physiological (heart rate, mean arterial blood  pressure) and 
biochemical measures (blood lactate, base excess and glucose).
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Table 2: Descriptive statistics of pooled groups and P-values of main effects.

DHA  Non-DHA  HT  Non-HT  ANOVA  Main DHA  Hypothermia effects

Cortex
 F2-IsoPsa 3.9 (.29)  4.4 (.28)  4.1 (.24)  4.2 (.34)  0.25  0.106  0.74
 F4-NeuroPs 135 (16.5)  165 (17.9)  148 (16.2)  153 (18.9)  0.31  0.24  0.85
 NeuroFsa 7.7 (1.1)  9.8 (1.2)  9.5 (1.3)  8.1 (.92)  0.092b  –  –
 DH-IsoPs 38.4 (4.9)  40.6 (2.9)  41.7 (4.6)  37.3 (3.3)  0.015b  –  –
White matter
 F2-IsoPsa 8.7 (0.97)  8.6 (0.78)  7.5 (0.81)  9.9 (0.86)  0.69  0.85  0.043
 F4-NeuroPsa   267 (28)  428 (89)  240 (23.7)  463 (91.3)  0.69  0.087  0.007
 NeuroFsa 17.1 (2.3)  23.6 (3.1)  18.6 (2.9)  22.3 (2.6)  0.32  0.094  0.11
 DH-IsoPs 105 (9.1)  143 (14.4)  105 (10.1)  144 (13.9)  0.78  0.030  0.023
Hippocampus
 F2-IsoPs 5.0 (.62)  5.2 (.71)  5.1 (.66)  5.1 (.69)  0.91  0.87  0.99
 F4-NeuroPs 322 (68.3)  336 (82.8)  372 (85.9)  284 (62.5)  0.63  0.98  0.37
 NeuroFs 11.5 (2.0)  11.8 (2.1)  12.6 (2.2)  10.6 (1.9)  0.23  0.91  0.50
 DH-IsoPs 86.2 

(16.7)
  86.1 

(15.3)
  90.9 

(16.7)
  81.2 

(15.0)
  0.64  0.99  0.67

Values given as mean (standard error). Pooled groups are: DHA = DHA and DHA + HT (n = 23), non-DHA = VEH and HT (n = 24), HT = VEH + HT 
and HT + DHA (n = 24), non-HT = VEH and DHA (n = 23).
aANOVA analysis performed on log-transformed data.
Significant findings in bold. bThe overall two-way ANOVA interaction test used a somewhat significance level of P < 0.10 to allow a lower 
threshold for detecting interactions and P < 0.05 for main effects. NeuroFs and DH-IsoPs in the cortex show significant interactions and a 
one-way ANOVA with LSD post hoc tests were performed on data from the randomized groups (values in text, not shown in table).
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Figure 1: Prostanoids in the cortex.
Non-parametric data distributions are converted and displayed as log-transformations to enable parametric analysis. The bottom two 
figures of NeuroFs and DH-IsoPs showed interactions in the overall ANOVA analysis (P < 0.10). Further one-way ANOVA was done on the 
randomized groups as shown in the figure. *P < 0.05, **P < 0.01.
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combining anti-oxidant treatment with TH. We found no 
gender effect in our study.

Hippocampus

Belayev et al. [19] have shown DHA to be neuroprotective 
and have treatment potential following brain ischemia in 
rats. We recently published how DHA reduces F2-IsoPs and 
F4-NeuroPs in the cortex and F2-IsoPs and DH-IsoPs in hip-
pocampus [12]. The present study partly supports these 
findings of reduced prostanoids in the cortex. We found 
no differences in the hippocampus.

There is region-specific vulnerability to lipid peroxi-
dation and oxidative stress in the human brain [20]. In the 
hippocampus, the majority of neurons are densely packed 
into a single layer divided into regions CA1 through CA4. 
Despite the physical proximity and cell morphological 
similarity, CA1 and CA3 neurons respond to oxidative 
stress very differently. Wilde et  al. [21] found that the 
pyramidal neurons in the CA1 region suffer massive cell 
death by 64% while in CA3 there is only 6% cell death 
when exposed to oxidative stress-generating agents 

like superoxide. In a newborn piglet study, CA1 and the 
dentate gyrus were the regions that were most vulnerable 
to hypoxia-ischemia [22]. In the present study, we did not 
standardize which areas of the hippocampus to analyze, 
and this may be the reason no differences were found.

White matter

White matter of the developing brain is especially vul-
nerable to hypoxia-ischemia. Ikeda et  al. [23] showed 
how lipid peroxidation displayed regional distribution 
as the white matter was significantly more susceptible 
to damage than the gray matter. They have also shown 
that thiobarbituric acid reactive substances in the white 
matter correlate with morphological changes 72  h post 
hypoxia in fetal lambs.

White matter injuries are prominent in both preterm 
and full-term asphyxiated infants. Back et al. [24] found 
increased F2-IsoPs as a marker of early periventricular 
white matter injury and early HIE. Recent developments 
in lipidomics have shown DH-isoprostanes to be an even 
more sensitive marker of the white matter injury [25]. 
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Figure 2: Prostanoids in the white matter.
No interactions were found in the white matter. Main effects of DHA and hypothermia on lipid peroxidation products as shown in figure. 
*P < 0.05, **P < 0.01.
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Preterm infants are at additional risk of damage from 
oxidative stress as they have low antioxidant defenses 
and the transplacental surge of DHA does not occur until 
the last trimester. A 1% increase in postnatal DHA-levels 
gave a four-fold reduction of intraventricular hemorrhage 
in premature infants [26]. Premature infants may hence 
benefit from DHA supplementation to combat intraven-
tricular hemorrhage and improve microstructural brain 
development.

Dietary supplementation of DHA has reduced lipid 
peroxidation and decreased white matter injury on 
MRI screening in rat pups subjected to controlled cor-
tical impact [27]. We found DHA to have a main effect 
on reducing DH-IsoPs, the major PUFA in the white 
matter.

DHA

To our knowledge, ours is the first study to investigate 
DHA and TH in a piglet model of hypoxia-ischemia. We 
found that DHA reduced DH-IsoPs in the white matter 
and that it reduced NeuroFs and DH-IsoPs in the cortical 
gray matter in the absence of HT. These results support 
the neuroprotective findings of Berman et  al. [10] on 
hypothermic DHA-supplemented rats. But we could not, 
unlike Berman, find a positive interaction between DHA 
and HT at this early time point after end hypoxia. TH 
requires intensive care facilities and is the only estab-
lished treatment for HIE. Worldwide, a majority of chil-
dren are not born in a hospital with a neonatal intensive 
care unit. There is mounting evidence supporting the 
beneficial effects of DHA on neurodegenerative and 
neurological conditions [28]. DHA accumulates in the 
brain starting in utero through toddlerhood coinciding 
with the extensive brain development in this period [29]. 
Berman et al. [30, 31] have shown how both pre-hypoxic 
and post-hypoxic treatments with DHA in a neonatal rat 
model improve functional outcome on forepaw placing. 
Our results show how DHA selectively reduces oxida-
tive stress in the normothermic gray matter and white 
matter in the piglet brain. Future studies should explore 
DHA’s potential as a neuroprotective drug after hypoxia-
ischemia outside the neonatal intensive care unit.

Strengths and limitations

Our model inflicts severe hypoxia-ischemia by bio-
chemical measures and MABP, but does not provide EEG 

readings. The model is supported by Domoki et al.’s [32] 
recommendations of utilizing hypoxic ventilation with 
systemic hypotension to reproduce the ischemic aspect of 
HIE in piglets.

The model is a newborn model of asphyxia as piglets 
have gone through perinatal transition. The dosage and 
timing of DHA administration are based on previous rat 
studies and it is not studied whether this is optimal in 
piglets, but delayed timing of DHA administration is clini-
cally relevant.

The model does not include rewarming, and the 
metabolic effects from HT and the subsequent rewarming 
process have not been investigated.

Due to few piglets in each group and multiple compar-
isons, we chose an α-level ≤0.10 for the interaction level 
of the two-way ANOVA. This was to allow for more subtle 
interactions to be revealed, as they are more difficult to 
detect than main effects which the study was originally 
intended for.

Our model has a short follow-up time of 9.5 h post end 
hypoxia limiting the possibility to assess neuroprotection 
by DHA. The model gives insight to processes occurring in 
the latent and early second-injury phase of the HIE devel-
opment with high levels of oxidative stress.

Conclusion
We found reduced oxidative stress in both prefrontal 
cortex and white matter (but not in the hippocampus) in 
piglets treated with DHA, but we could not find any addi-
tive effect of HT on DHA. HT exerted regional differences 
on lipid peroxidation; as in the white matter it reduced oxi-
dative stress, but in the cortex HT negated DHA’s reducing 
effect on lipid peroxidation. Further studies are needed 
to determine DHA’s potential neuroprotective properties 
with and without TH.
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Abstract

Background
Therapeutic hypothermia has become the standard of care for newborns with hypoxic-ische-

mic encephalopathy in high and middle income countries. Docosahexaenoic acid (DHA)

has neuroprotective properties of reducing excitotoxicity, neuroinflammation and apoptosis

in rodent models. We aim to study whether post hypoxic administration of i.v. DHA will

reduce H+MRS biomarkers and gene expression of inflammation and apoptosis both with

and without hypothermia in a large animal model.

Methods
Fifty-five piglets were randomized to severe global hypoxia (N = 48) or not (Sham, N = 7).

Hypoxic piglets were further randomized by factorial design: Vehicle (VEH), DHA, VEH +

Hypothermia (HT), or DHA + HT. 5 mg/kg DHA was given intravenously 210 min after end of

hypoxia. Two-way ANOVA analyses were performed with DHA and hypothermia as main

effects.

Results
Cortical lactate/N-acetylaspartate (Lac/NAA) was significantly reduced in DHA + HT com-

pared to HT. DHA had significant main effects on increasing N-acetylaspartate and glutathi-

one in hippocampus. Therapeutic hypothermia significantly reduced the Lac/NAA ratio and

protein expression of IL-1 and TNF in hippocampus and reduced Troponin T in serum.

Neuropathology showed significant differences between sham and hypoxia, but no differ-

ences between intervention groups.
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Conclusion
DHA and therapeutic hypothermia significantly improve specific H+MRS biomarkers in this

short-term follow up model of hypoxia-ischemia. Longer recovery periods are needed to

evaluate whether DHA can offer translational neuroprotection.

Introduction
Perinatal asphyxia is a major cause of infant and pediatric disability projecting into adulthood.

Therapeutic hypothermia is the only established treatment for moderate to severe encephalop-

athy. However, there is need for adjuvant strategies.

Docosahexaeonic acid (DHA) is an omega-3 fatty acid highly concentrated in the develop-

ing brain [1]. It is a constituent of neuronal membranes in grey matter, white matter and also

in glial cells. DHA has antioxidant properties and acts as a therapeutic agent. It has been

shown to reduce inflammation, excitotoxicity and prevent brain volume loss in animal models

of stroke [2–4]. Post-insult injected and dietary DHA has elicited neuroprotection in experi-

mental animal models of traumatic brain injury, spinal cord injury and white matter damage

[5, 6]. In a newborn rat model DHA augmented the beneficial effect of hypothermia on reduc-

ing brain volume loss and also improved the rats’ behavioral motor pattern [7]. The effects of

DHA and therapeutic hypothermia have to our knowledge not been investigated in a large ani-

mal model.

Proton magnetic resonance spectroscopy (H+MRS) is often performed after the infant is

rewarmed and weaned from the ventilator. Currently, H+MRS and amplitude integrated EEG

are considered the best predictors for neurodevelopmental outcome at 18 months following

perinatal encephalopathy [8, 9]. The H+MRS biomarker N-acetyl aspartate (NAA) to lactate

(Lac) ratio (Lac/NAA) is the most accurate quantitative MRS biomarker within the neonatal

period (1–30 days) for prediction of neurodevelopmental outcome after neonatal encephalopa-

thy and is recommended as a surrogate endpoint in trials evaluating novel neuroprotective

strategies[10]. H+MRS on intact frozen tissue is considered a good surrogate for in vivo imag-

ing [11].

Previously, we have shown how DHA reduces lipid peroxidation in urine and brain tissue

of hypoxic-ischemic piglets [12, 13]. In the present study we aim to measure how post-insult

administration of DHA will affect brain H+MRS biomarkers in piglets treated with and with-

out therapeutic hypothermia, contributing to the existing knowledge gap in translational med-

icine of how these treatments effect a large animal model. As the current experiment is part of

a larger study design, we also evaluate neuropathology, inflammatory protein levels in two sec-

tions of the brain, S100b in CSF and Troponin T in serum as markers of hypoxic injury

hypothesizing reduced levels of neuroinflammation and glial and myocardial biomarkers in

piglets treated with therapeutic hypothermia or DHA or both.

Methods

Approval

The Norwegian Council for Animal Research approved the experimental protocol (No 5723).

The animals were cared for and handled in accordance with the European Guidelines for Use

of Experimental Animals, by certified FELASA (Federation of European Laboratory Animals

Science Associations) Category C researchers.
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Experimental design

The current study is part of a larger experimental design of eighty-one newborn Noroc

(LyxLD) pigs randomized to interventions of either DHA, cannabidiol (CBD) or therapeutic

hypothermia (S1 Fig).The two studies have three shared groups (VEH, Hypothermia and

Sham) in order to limit the number of animals needed. The CBD part of the study has been

published [14]. The piglets had inclusion criteria of 12–36 h of age, Hb>5 g/dL and good gen-

eral condition.

Forty-eight of fifty-five piglets were subjected to experimental interventions and block ran-

domized twice by factorial design (Fig 1). A sham group of seven piglets underwent sham

operation but did not receive hypoxia. The methods are previously described in detail [12].

Briefly, piglets were anesthetized and intubated and hypoxia induced by 8% O2 on the endotra-

cheal tube. When base excess reached -20 or mean arterial blood pressure<20 mmHg the pig-

lets were resuscitated with 21% O2. Throughout the experiment temperature-corrected arterial

blood gasses were collected at set timepoints.

Fig 1. Experimental design. Fifty-five piglets underwent anesthesia and instrumentation for continuous monitoring of blood pressure, saturation, heart rate and rectal
temperature. 48 piglets were subjected to hypoxia-ischemia (HI) by 8% O2 on the endotracheal tube until severe acidosis (arterial base excess (BE) -20 mmol/l) and/or
hypotension (mean arterial blood pressure<20 mmHg). After reoxygenation with room air, piglets were randomized to one out of four intervention groups by factorial
design: i) Vehicle (VEH) (N = 12), ii) DHA (N = 12), iii) VEH + Hypothermia (HT) (N = 12) and iiii) DHA + HT (N = 12). Hypothermia was started immediately after
this second randomization. DHA was given 210 minutes after the end of hypoxia and piglets were euthanized 9.5 hours after the end of hypoxia.

https://doi.org/10.1371/journal.pone.0201895.g001
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Piglets randomized to therapeutic hypothermia were immediately cooled with a cooling

mattress (Tecotherms TSmed 200; TecCo, Halle, Germany) with target rectal temperature

34.5˚C. DHA (1 g CIS-4, 7, 10, 13, 16, 19- docosahexaenoic acid) was dissolved in 0.9% NaCl

and diluted to 10 mg/ml. Piglets randomized to DHA received 5 mg/kg intravenously 3.5

hours after end of hypoxia. Following our established model piglets were euthanized 9.5 hours

after end of hypoxia with 150 mg/kg intravenous pentobarbital. The piglets were cooled on

plates of dry ice while the autopsy was performed. Tissues from prefrontal cortex and hippo-

campus were immediately excised and snap frozen in liquid nitrogen and stored at -80˚C.

Proton-magnetic-resonance-spectroscopy (H+MRS)

The details of the H+MRS have been previously described [14]. Briefly, H+MRS was per-

formed in the MRI Unit of the Instituto Pluridisciplinar (Universidad Complutense,

Madrid, Spain) at 500.13 MHz using a Bruker AMX500 spectrometer 11.7 T operating at

4˚C on frozen brain samples from hippocampus and prefrontal cortex (5–10 mg weight).

Standard solvent suppressed spectra were acquired into 16 k data points, averaged over 256

acquisitions, total acquisition*14 min using a sequence based on the first increment of the

NOESY. A spectral width of 8,333.33 Hz was used. All spectra were processed using TOP-

SPIN software, version 1.3 (Bruker, Rheinstetten, Germany). Curve fitting was performed

by using the 3.1.7.0 version of the SpinWorks software (University of Manitoba, Winnipeg,

Canada), and concentrations and ratios were calculated, including: N-acetylaspartate

(NAA), lactate/N-acetylaspartate (Lac/NAA), glutamate/N-acetylaspartate (Glu/NAA)

ratios and glutathione (GSH).

Biomarkers

S100 calcium-binding protein B (S100B) in CSF and plasma Troponin-T were measured on

commercially available immunoassay kits (Elecsys Troponin T high sensitive and Elecsys

S100, Roche Diagnostics, Mannheim, Germany) using an electrochemie luminescence immu-

nometric assay (ECLIA) on the Cobas e601 immunoassay platform. Troponin T is detected at

a limit of 5 ng/L and with a 10% coefficient of variation precision of 13 ng/L. S100b is detected

at a limit of 0.005 μg/L with a precision of 0.7–1.8% and reproducibility of 2.5–3.1% according

to the manufacturer.

Protein expression

We selected cytokines IL-1 , IL-6 and TNF as markers of inflammation. 100 mg of cerebral

tissues from prefrontal cortex and hippocampus were homogenized in ice-cold lysis buffer

(TrisHCl (pH 7.5) with 1% NP-40 and a protease inhibitor cocktail (Sigma-Aldrich, St. Louis,

MO). Protein concentration was measured by the BCA method (Pierce, Cheshire, UK). Cyto-

kines were analyzed by a commercially available enzyme immunoassay, performed according

to the manufacturer´s instructions (R&D Systems, Oxford, UK).

Pathology

Brain extraction and preparation methods are previously described [14]. Neuropathological

analysis of H&E brain sections was done by a pathologist widely experienced with evaluating

hypoxic-ischemic piglet brains. The pathologist was blinded to the randomization and the clin-

ical outcome. A modified version of a validated scoring system was used [15]. Six regions (pre-

frontal, parietal and dorsal cortex, hippocampus, white matter and cerebellum) were analyzed

and summarized to a total score ranging from 0 to 4. Zero representing no damage, 1: mild/

DHA and hypothermia in a model of HI
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moderate, 2: moderate/severe, 3: severe, and 4: massive damage with autolysis of the

cerebrum.

Statistics

Statistics were done using GraphPad Prism 6 (GraphPad Software Inc., San Diego, CA, USA)

and SPSS 23 (SPSS, Chicago, IL). Shapiro-Wilk’s test was applied to test for normality on the

data and log-transformation was performed on non-normally distributed data. H+MRS bio-

markers were tested in a two-way ANOVA analysis with DHA and hypothermia as main fac-

tors, meaning groups treated with DHA were DHA and DHA + HT and groups treated with

hypothermia were VEH + HT and DHA + HT. The reciprocal groups were non-DHA (VEH

and HT) and non-HT (VEH and DHA). Sham piglets are not included in the main model.

First, we tested for interaction between the two main factors, if p�0.10 post hoc two-by-two

group comparisons were further made with one-way ANOVA. P-values were adjusted by Fish-

er’s test. However, if interactions were not present only main effects were maintained in the

model. P-values<0.05 were considered statistically significant for both one-way and two-way

ANOVA analysis. All figures are displayed with mean ± SD.

Results

Physiology

There were no differences in postnatal age, body weight or baseline physiology between the

randomized groups (Table 1). Nor were there any differences in biomarker results between

males and females. One piglet in the DHA group was excluded due to massive autolysis upon

autopsy. The study had a mortality rate of 8% related to cardiac arrest during or shortly after

hypoxia-ischemia.

Proton magnetic resonance spectroscopy (H+MRS)

Results of the main effects and mean values for the randomized groups are displayed in the S1

and S2 Tables.

Effect of DHA. In cortical tissue there was a weak interaction between DHA and HT on

Lac/NAA, p = 0.081. Further one-way ANOVA analysis showed that Lac/NAA was reduced in

the DHA + HT group compared to the VEH + HT group (0.22 ± 0.10 vs 0.37 ± 0.29 log ppm,

p = 0.040) (Fig 2).

In hippocampal tissue there was a main effect of DHA on NAA (DHA 6.0 ± 2.4 vs Non-

DHA 3.8 ± 1.5 ppm, p = 0.001) (Fig 3). DHA had a significant main effect on increasing GSH

(0.41 ± 0.25 vs 0.23 ±0.18, p = 0.009) (S1 Table).

Effect of hypothermia. In cortical tissue (Fig 2), there was a main effect of HT on reduc-

ing Glu/NAA (mean ± SD: HT 0.72 ± 0.20 vs Non-HT 0.95 ± 0.16, p<0.0001).

In hippocampal tissue (Fig 3), there was a main effect of HT on decreasing Lac/NAA

(1.83 ± 0.31 vs 2.35 ± 0.49, p<0.0001) and Glu/NAA (0.73 ± 0.16 vs 1.09 ± 0.22, p<0.0001).

There was no effect of hypothermia on NAA.

Biomarkers in CSF and blood

There was interaction between HT and DHA on S100b in CSF (p = 0.049). S100b was signifi-

cantly higher in the HT than in the VEH treated group (17.2 ±19.2 vs 5.2 ± 2.2 ng/ml,

p = 0.035).

There was a significant main effect of HT on plasma Troponin-T (HT 95 ± 45 vs Non-HT

180 ± 152 ng/L, p = 0.018, Fig 4).

DHA and hypothermia in a model of HI
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Table 1. Physiology of the intervention groups throughout the experiment.

Measurements VEH DHA VEH + HT DHA + HT Sham p-value

Body weight (g) 1970 (100) 2012 (136) 2006 (118) 2055 (97) 2028 (24) 0.43

Sex (male:female) 1.4 1.4 0.5 0.5 0.75 0.55

Post-natal age (h) 25.7 (2.6) 26.7 (5.1) 26.8 (3.3) 25.3 (4.2) 25.3 (2.8) 0.79

Hypoxia time (min) 41.5 (10) 42.1 (18) 41.4 (10) 41.4 (17) 0.0 1.0

Cooling time (min) 0 0 465 474 0 0.00

Hemoglobin (g/dl) 7.5 (1.1) 7.3 (1.4) 7.8 (1.4) 7.3 (1.3) 7.8 (1.0) 0.87

Base Excess (mmol/L)

Start Hypoxia 1.7 (2.3) 2.0 (3.0) 1.3(3.4) 2.5 (3.0) 0.5 (2.7) 0.65

End Hypoxia -20.2 (1.2) -20.3 (0.4) -20.0 (0.5) -19.5 (3.2) 0.3 (1.4) 0.00

3.5 h 0.6 (2.5) -0.2 (2.7) -0.1 (2.5) 0.5 (2.2) 1.9 (2.4) 0.017

End study 1.7(2.9) -1.1 (3.5) -2.8 (3.8) 0.3 (3.0) -0.3 (3.5) 0.046

Lactate (mmol/L)

Start Hypoxia 2.2 (0.8) 2.025 (0.6) 1.9 (0.6) 2.0 (0.8) 2.4 (1.0) 0.70

End Hypoxia 15.7 (2.5) 16.9 (2.9) 16.2 (1.9) 15.7 (2.3) 1.7 (0.4) 0.00

3.5 h 1.9 (0.8) 2.0 (1.6) 1.8 (0.7) 2.0 (1.5) 1.4 (0.3) 0.78

End study 1.3 (0.4) 1.5 (2.0) 2.0 (1.6) 1.3 (0.4) 1.1 (0.3) 0.48

Temperature (˚C)

Start Hypoxia 39.3 (0.7) 39.3 (0.7) 39.3 (0.5) 39.4 (0.8) 39.6 (0.6) 0.90

End Hypoxia 38.6 (0.5) 38.4 (0.5) 38.2 (0.5) 38.5 (0.3) 39.5 (0.8) 0.000

3.5 h 39.5 (0.7) 39.0 (0.6) 35.1 (0.4) 35.2 (0.7) 39.6 (0.7) 0.000

End study 39.2 (0.6) 38.9 (0.8) 35.0 (0.5) 35.1 (0.4) 39.1 (0.5) 0.000

Mean arterial blood pressure (mmHg)

Start Hypoxia 65.4 (11.4) 62.6 (11.5) 68.5 (7.5) 60.5 (9.7) 69.3 (10.8) 0.33

End Hypoxia 43.1 (18.4) 47.1 (21.4) 39.6 (18.4) 48.3 (24.7) 71.4 (13.9) 0.017

3.5 h 58.3 (10.9) 54.5 (9.1) 61.9 (10.4) 53.4 (10.5) 59.6 (7.5) 0.44

End study 56.3 (7.5) 51.3 (13.1) 49.9 (9.7) 51.6 (13.0) 56.1 (3.6) 0.49

pO2 (kPa)

Start Hypoxia 9.3 (0.22) 9.77 (0.56) 9.36 (0.68) 10.29 (0.37) 9.65 (0.40) 0.59

End Hypoxia 4.69 (0.99) 4.32 (0.5) 4.67 (0.5) 4.46 (0.59) 10.6 (1.3) 0.001

3.5 h 9.9 (1.0) 10.3 (1.9) 8.4 (0.86) 8.9 (1.4) 10.4 (1.2) 0.003

End study 9.9 (1.1) 9.4 (1.3) 9.4 (1.5) 9.8 (1.9) 10.5 (1.9) 0.51

pCO2 (kPa)

Start Hypoxia 5.14 (0.71) 5.7 (2.0) 5.6 (0.6) 5.2 (0.6) 5.6 (0.6) 0.59

End Hypoxia 8.8 (1.4) 9.3 (1.3) 9.2 (0.8) 9.2 (1.3) 5.5 (1.9) 0.000

3.5 h 5.0 (0.8) 4.3 (0.7) 5.7 (0.7) 4.7 (0.5) 4.8 (0.7) 0.000

End study 4.5 (0.6) 4.9 (0.6) 5.1 (0.9) 4.5 (0.6) 4.7 (0.5) 0.088

Glucose (mmol/L)

Start Hypoxia 7.0 (1.4) 7.4 (1.1) 7.5 (1.8) 6.7 (1.6) 7.5 (0.9) 0.61

End Hypoxia 11.1 (5.3) 10.3 (3.5) 11.5 (5.0) 10.2 (5.8) 6.6 (1.1) 0.25

3.5 h 5.7 (1.6) 5.5 (1.1) 5.5 (0.9) 5.5 (2.3) 5.7 (0.6) 0.99

End study 5.1 (1.0) 5.5 (0.9) 5.6 (1.1) 5.3 (1.3) 5.3 (0.7) 0.86

pH

Start Hypoxia 7.44 (0.05) 7.44 (0.06) 7.4 (0.06) 7.44 (0.06) 7.4 (0.06) 0.11

End Hypoxia 6.86 (0.05) 6.84 (0.04) 6.85 (0.03) 6.86 (0.08) 7.43 (0.04) 0.00

3.5 h 7.43 (0.07) 7.47 (0.08) 7.38 (0.06) 7.45 (0.06) 7.47 (0.08) 0.017

End study 7.43 (0.07) 7.41 (0.08) 7.38 (0.09) 7.46 (0.06) 7.44 (0.04) 0.046

HR (bpm)

(Continued)
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Protein expression in cortex and hippocampus

In cortex we found a significantly increased main effect of DHA on IL-1 compared to Non-

DHA (1.09 ± .89 vs 0.57 ± .60 pg/mg, p = 0.027, Fig 5). There were interactions present in hip-

pocampus on IL-1 (p = 0.085) and TNF (p = 0.046). One-way ANOVA showed IL-1 was

significantly reduced in both DHA compared to VEH (1.1 ± 1.4 vs 3.9 ± 4.0 pg/mg, p = 0.021)

and VEH + HT compared to VEH (1.6 ±1.8 vs. 3.9 ± 4.0, p = 0.047). TNF was significantly

reduced in VEH + HT compared to VEH (5.6 ± 2.4 vs. 10.7 ±.5, p = 0.023).

Neuropathology

Fifty three piglet brains were subject to histopathology as one sample (DHA + HT group) was

lost to follow up. Significant differences were found between all intervention groups and

SHAM when comparing neuropathological damage (Grade 1–4) to no damage (Grade 0),

(ANOVA, p = 0.009, Fig 6). Neuropathology score was significantly increased in VEH (mean,

SD: 0.83 ± 0.39) compared to SHAM (0.14 ± 0.38, p = 0.002). There were no significant differ-

ences between the intervention groups.

Discussion
To our knowledge, there are no large animal models which have treated hypoxia-ischemia

with DHA and therapeutic hypothermia. Piglets are a favorable model in perinatal

Table 1. (Continued)

Measurements VEH DHA VEH + HT DHA + HT Sham p-value

Start Hypoxia 177 (52) 168 (30) 153 (28) 163 (28) 152 (35) 0.50

End Hypoxia 190 (34) 173 (25) 185 (52) 188 (27) 158 (40) 0.35

3.5 h 214 (50) 208 (66) 163 (29) 178 (37) 162 (31) 0.027

End study 197 (53) 208 (53) 144 (30) 170 (46) 168 (42) 0.019

Values listed as mean (±SD). Significant group differences (one-way ANOVA): p-values in bold typing. The groups were comparable as there were no intergroup

differences in body weight, post-natal age, hypoxia time or baseline physiological (heart rate, mean arterial blood pressure) and biochemical measures (blood lactate,

base excess and glucose). 3.5 h indicates hours after the end of hypoxia and at which time point the DHA-randomised piglets received DHA. End study is 9.5 hours after

the end of hypoxia.

https://doi.org/10.1371/journal.pone.0201895.t001

Fig 2. H+MRS biomarkers in prefrontal cortex. Lac/NAA was significantly reduced in the DHA + Hypothermia group compared to DHA + VEH. Hypothermia
significantly reduced Glu/NAA compared to normothermia. p<0.05, ��� p<0.001. Dotted line representing mean value in sham piglets.

https://doi.org/10.1371/journal.pone.0201895.g002
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translational medicine due to size, degree of myelinisation and similar stage of brain develop-

ment as newborn infants [16, 17]We wanted to investigate both main factors of DHA and

hypothermia to look for positive interactions where DHAmight have an augmentive effect on

H+MRS biomarkers, but also to establish whether DHA could have neuroprotective potential

alone as not all infants are born in facilities which can provide intensive care medicine

required for therapeutic hypothermia. We found that DHA significantly increased NAA and

GSH in deep grey matter, and cortical Lac/NAA was significantly reduced in the hypothermic

DHA group compared to hypothermia alone. Therapeutic hypothermia reduced cortical and

hippocampal ratios of Glu/NAA and Lac/NAA.

Lac/NAA

We found a positive interaction between DHA and hypothermia in cortical Lac/NAA where

DHA + HT reduced Lac/NAA more than HT alone (Fig 2). In a 2014 review by Robertson

et al, deep grey matter Lac/NAA in encephalopatic newborns was concluded to be the most

specific and sensitive spectroscopy biomarker to detect abnormal neurological outcome at 18

months [9]. Lac/NAA increases already at 2, 6 and 12 hours post asphyxia, where the earliest

time point is connected to the immediate damage and later time points reflect the beginning of

the secondary energy failure [18]. Significant reductions in brain excitotoxins have been

Fig 3. H+MRS biomarkers in hippocampus.N-acetylaspartate (NAA) was significantly increased in the DHA treated groups. Lac/NAA and Glu/NAA were
significantly reduced in the hypothermia treated piglets. Dotted line representing mean value in sham piglets.

https://doi.org/10.1371/journal.pone.0201895.g003

Fig 4. Biomarkers in CSF and blood. S100B in CSF was significantly increased in VEH + HT compared to VEH (p = 0.035). In serum, Troponin T
was significantly decreased in groups treated with therapeutic hypothermia compared to normothermia (p = 0.018, two-way ANOVA). Dotted line
representing mean value in sham piglets.

https://doi.org/10.1371/journal.pone.0201895.g004
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shown 6 and 8 hours post-hypoxia in hypothermic piglets and increased Lac/NAA ratio 10

hours post-hypoxia [19, 20]. In piglets, Lac/NAA has also been shown to correlate with

reduced apoptosis on immunohistochemistry after 48 hours [20]. Although a short follow-up

time in the present study, the hypothermic piglets had significantly reduced Lac/NAA in both

in prefrontal cortex and the hippocampus (Figs 2 and 3) in line with previous studies [14, 20,

21]. Lac/NAA was the only biomarker in which we found DHA to be significantly reduced

compared to hypothermia (Fig 2). This novel finding may suggest that there could be a benefi-

cial effect of DHA in addition to hypothermia treatment, but the results are not homogenous,

meaning they have to be interpreted cautiously.

NAA

We found that piglets treated with DHAmaintained a significantly higher NAA concentration

in hippocampal tissue. NAA is considered a neuronal marker due to its localization primarily in

neurons, although there is a small presence in non-neuronal cell types like progenitor oligoden-

drocytes [22, 23]. Cheong et al published howMRS absolute quantitation of NAA concentration

provided a more sensitive and specific biomarker of neurodevelopmental outcome in neonatal

encephalopathy than Lac/NAA peak area ratio [24]. Deep grey matter NAA was the only MRS

biomarker in this study to differentiate between control, mild and severe/fatal outcome during

the first 3 days of life. NAA levels in the hippocampus are closely correlated to neuronal loss

and were concluded to be a valuable marker of brain injury, given the ischemia was global and

not focal [25]. In focal ischemia NAA was thought to be trapped in the dying neurons inside the

penumbra and could thus be “falsely” elevated. Our model is a global hypoxia model and the

sustained high levels of NAA in groups treated with DHAmay be interpreted as diminished

neuronal loss in deep grey matter indicative of neuroprotection. But the roles of NAA have not

been fully understood as it potentially has a mulititude of roles including mitochondrial metab-

olism and the present results must thus be interpreted with caution [26].

Glu/NAA

The immature brain expresses a high number of glutamate receptors and the effect of

increased intracellular glutamate stores may be deleterious when there is insufficient ATP to

Fig 5. Protein expression from a) prefrontal cortex and b) hippocampus. In cortex, DHA significantly increased IL-1 . In hippocampus, IL-1
was significantly reduced in both DHA and VEH + HT compared to VEH. Dotted line representing mean value in sham piglets. � p<0.05.

https://doi.org/10.1371/journal.pone.0201895.g005

Fig 6. Neuropathology.Neuropathological analysis of brains from newborn piglets 9.5 h after hypoxia-ischemia treated with VEH, DHA, VEH + HT and
DHA +HT. a) Percentage of animals with damaged cells (neuropathology score grade 1–4). b) Distribution of individual piglets on the neuropathology score
scale. Data presented as individual scores (dots), grey lines representing group mean. Dotted line representing mean value in SHAM. c) Example of grade 2
damage of HE-staining from hippocampus. Arrow pointing at pycnotic neuron.

https://doi.org/10.1371/journal.pone.0201895.g006
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maintain a low extracellular glutamate concentration by glutamate transporters. In this case,

energy failure will lead to neuronal cell death. The Glu/NAA ratio has been found closely

related to excitotoxic brain damage in infants, and hypothermia has been shown to reduce the

Glu/NAA ratio already at 6 hours post hypoxia in newborn piglets [27, 28]. This is consistent

with our findings of significantly reduced Glu/NAA in both cortex and hippocampus of hypo-

thermic piglets (Figs 2 and 3). We did not find reductions by DHA.

GSH

GSH is one of the most abundant anti-oxidants in the body and important in the highly oxida-

tive brain. GSH protects the cell against reactive oxygen compounds and a GSH depletion will

result in mitochondrial dysfunction and decreased NAA levels [29]. In the present study there

were higher hippocampal levels of both NAA and GSH in the DHA treated animals, reflecting

a more intact reductive capacity and maintained neuronal function compared to non-DHA

treated animals.

Inflammatory proteins in cortex and hippocampus

DHA reduced neuroinflammation after both traumatic brain injury and in models of stroke

[2–4]. Chang et al showed how DHA reduced LPS induced inflammation in both neurons and

microglia in cultured hippocampal brain cells [30]. We found regional effects of DHA on

inflammation. In cortex, DHA increased IL-1 levels indicating increased inflammation (Fig

5). However, in the hippocampus both DHA and HT groups had significantly reduced levels

of IL-1 compared to VEH as an expression of reduced inflammation. Hypothermia signifi-

cantly reduced TNF in the hippocampus compared to VEH. The newborn piglet brain can

elicit regional differences in vulnerability as we have seen in one of our previous models on

lipid peroxidation[13], which may help explain the unexpected increase of IL-1 in cortex, but

yet it is an unexpected finding not supported by previous studies. The neuroinflammation fol-

lowing newborn hypoxia-ischemia is a multifaceted and complex process and work is still

needed to fill the knowledge gap of how the various inflammatory molecules interact in the

post-hypoxic phase [31].

S100B and Troponin T

S100b is a neurotrophic factor secreted from astrocytes and is increasingly used clinically.

Cord blood S100b was positively associated with both severity of encephalopathy and the risk

of neurodevelopmental sequelae [32]. A time profile study of S100b in cooled infants showed

that S100b was significantly decreased compared to normothermia at 48 hours post asphyxia,

but not earlier at 6, 12 or 24 hours [33]. We found that therapeutic hypothermia significantly

increased S100b in our study (Fig 4). We may speculate that this perhaps is due to the early

sampling time point of 9.5 hours post asphyxia.

Therapeutic hypothermia significantly reduced Troponin T in the present study and this

supports previous findings [34].

Strengths and limitations

The model is supported by Domoki et al’s recommendations of utilizing hypoxic ventilation

with systemic hypotension to reproduce the ischemic aspect of HIE in piglets which is superior

to ischemic models of isolated carotid clamping [35]. The large animal piglet model is well

suited for translational medicine. Ours is a newborn model of asphyxia as piglets have gone

through perinatal transition. The dosage and timing of DHA administration are based on
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previous rat studies and it is not studied whether this is optimal in piglets, but delayed timing

is clinically relevant.

Due to few piglets in each group and multiple comparisons, we chose to investigate further

p-values�0.10 for the interaction level of the two-way ANOVA. This was to allow for more

subtle interactions to be revealed, since they are more difficult to detect than main effects

which the study was originally intended for. The alpha level for the main effects and for the

one-way ANOVA is p<0.05.

Our model has a short follow-up time of 9.5 hours post end hypoxia limiting the possibility

to assess neuroprotection by DHA. Histopathology will mainly reveal the immediate damage

caused by the insult and thus verify the model. The model gives insight to processes occurring

in the latent and early second-injury phase of the HIE development.

Conclusion
Early protection by DHA is supported by biochemical improvement in NAA, GSH, and IL-

1beta in deep grey matter. DHA in combination with hypothermia significantly reduced corti-

cal Lac/NAA more than VEH + hypothermia, although this was not sustained in neuropathol-

ogy at 9.5 hours after hypoxia. Longer recovery periods in a large animal model are needed to

elucidate whether DHA can offer translational neuroprotection.
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