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Hypoxic—ischemic encephalopathy (HIE) is a major cause of neonatal morbidity
and mortality. Although therapeutic hypothermia is an effective treatment,
substantial chronic neurological impairment often persists. The long-chain
omega-3 polyunsaturated fatty acids (PUFAs), docosahexaenoic (DHA) and
eicosapentaenoic (EPA) acids, offer therapeutic potential in the post-acute phase.
To understand how PUFAs are affected by HIE and therapeutic hypothermia
we quantified for the first time the effects of HIE and therapeutic hypothermia
on blood PUFA levels and lipid peroxidation. In a cross-sectional approach, blood
samples from newborns with moderate to severe HIE, who underwent therapeutic
hypothermia (sHIE group) were compared to samples from newborns with mild
HIE, who did not receive therapeutic hypothermia, and controls. The sHIE group
was stratified into cerebral MRI predictive of good (n=10), or poor outcomes
(n =10; nine developed cerebral palsy). Cell pellets were analyzed for fatty acid
content, and plasma for lipid peroxidation products, thiobarbituric acid reactive
substances and 4-hydroxy-2-nonenal. Omega-3 Index (% DHA + EPA) was similar
between control and HIE groups; however, with therapeutic hypothermia there
were significantly lower levels in poor vs. good prognosis sHIE groups. Estimated
A-6 desaturase activity was significantly lower in sHIE compared to mild HIE and
control groups, and linoleic acid significantly increased in the sHIE group with
good prognosis. Reduced long-chain omega-3 PUFAs was associated with poor
outcome after HIE and therapeutic hypothermia, potentially due to decreased
biosynthesis and tissue incorporation. We speculate a potential role for long-
chain omega-3 PUFA interventions in addition to existing treatments to improve
neurologic outcomes in sHIE.

DHA, EPA, hypoxic—ischemic encephalopathy, lipid peroxidation, mild therapeutic
hypothermia, newborns, Omega-3 Index, omega-3 polyunsaturated fatty acids
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1. Introduction

Hypoxic—-ischemic encephalopathy (HIE) is a major cause of
neonatal morbidity and mortality worldwide, with an incidence of
between 1.0 and 8.0 per 1,000 live births (1). In those who survive
there is an increased risk of long-term neurological morbidities, such
as cerebral palsy, epilepsy, learning and behavioral problems (2). Mild
therapeutic hypothermia is a standard of care in high income
countries (3, 4); however, up to 40-50% of infants treated with
therapeutic hypothermia die or develop chronic neurological
impairment (5). There is therefore an urgent need to develop novel
therapeutic strategies that may complement therapeutic hypothermia
in the acute phase, but also for interventions in the post-acute repair
and regeneration phase that may improve longer term outcomes.

Docosahexaenoic (DHA, 22:6n-3), and arachidonic (ARA,
20:4n-6) acid are long-chain omega-3 and omega-6 polyunsaturated
fatty acids (PUFAs), respectively, which are essential for optimal brain
and visual system development, and immune system function (6, 7).
DHA and other long-chain omega-3 PUFAs, such as eicosapentaenoic
acid (EPA, 20:5n-3), are precursors to a wide range of bioactive lipid
mediators, such as the specialized proresolving mediators, which
exhibit potent neuroprotective and anti-inflammatory properties (8).
The initial rate-limiting step in the biosynthesis of the long-chain
omega-3 and omega-6 PUFAs is catalyzed by the enzyme, A-6
desaturase (D6D) (8).

Omega-3 PUFAs, and particularly DHA, have been widely studied
in animal models of hypoxic-ischemic brain injury, where beneficial
effects, such as reducing oxidative stress and brain damage, and
improving sensorimotor function have been observed (9-12). During
the course of therapeutic hypothermia alterations in triacylglycerols
and phospholipid species have been identified in newborns with
moderate to severe HIE, compared to control samples from newborns
with mild HIE (13), suggesting PUFAs may also be altered; however,
to the best of our knowledge, the effects of HIE and therapeutic
hypothermia on PUFA content have not previously been reported.

During perinatal asphyxia, deprivation of oxygen and glucose
initiates a cascade of detrimental processes, such as necrosis,
apoptosis, production of reactive oxygen species and subsequent lipid
peroxidation, which underlie the pathophysiology of HIE (14). PUFAs
are highly susceptible to peroxidation, and the brain is particularly
vulnerable to reactive oxygen species-mediated lipid peroxidation due
to its high PUFA content (8, 15). Peroxidation of PUFAs produces a
range of secondary peroxidation products, such as 4-hydroxy-2-
nonenal (4-HNE) and thiobarbituric acid reactive substances
(TBARS), including malondialdehyde (MDA) (15, 16). Increased
TBARS, MDA, and 4-HNE have consistently been reported following
perinatal asphyxia in both umbilical cord blood and serum samples
(17, 18).

We measured the effects of therapeutic hypothermia on blood
fatty acid profiles in newborns with mild and severe HIE, compared

Abbreviations: 4-HNE, 4-hydroxy-2-nonenal; ARA, arachidonic acid; BGT, basal
ganglia and thalami; Ctr, control; D5D, A-5 desaturase; D6D, A-6 desaturase;
DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; HIE, hypoxic ischemic
encephalopathy; LA, linoleic acid; MDA, malondialdehyde; mHIE, mild HIE; PLIC,
posterior limb of the internal capsule; PUFA, polyunsaturated fatty acid; sHIE,

severe HIE; TBARS, thiobarbituric acid reactive substances; WM, white matter.
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to levels in cord blood from healthy newborns. Blood fatty acid
profiles and secondary lipid peroxidation were further investigated
over the therapeutic hypothermia phase by measuring TBARS and
4-HNE of newborns with severe HIE, with either favorable or
unfavorable brain injury outcome, based on cerebral magnetic
resonance imaging (MRI).

2. Method
2.1. Participants

Between January 2014 and January 2016, term newborns with
perinatal asphyxia were recruited after research and ethics approval (REC
13/LO/17380 Bromley, UK) and informed consent from parents, from
five tertiary neonatal centers (The Royal London Hospital, Homerton
University Hospital, Ashford and St Peter’s Hospitals, Norfolk and
Norwich University Hospitals, and Southampton University Hospital) as
part of the Brain Injury Biomarkers in Newborns Study (BIBiNS). Infants
with moderate to severe HIE were treated with therapeutic hypothermia
for 72h, commencing within 6 h after birth as per standard guidance (3),
and as directed by local clinicians. A servo-controlled total body cooling
device was used to maintain the core temperature at 33.5°C for 72h,
monitored by rectal probe, and rewarming was carried out over a 12-h
period. Additionally, cord blood from healthy newborn babies was
collected in the delivery suite at the Royal London Hospital. Exclusion
criteria included babies born below 36 weeks gestational age, and babies
with multiple congenital abnormalities and/or encephalopathy due to
inborn errors of metabolism.

2.2. Cerebral MRI outcomes

For this analysis, samples were obtained from 10 healthy control
infants (Ctr) (cord blood collected at birth), 10 infants with mild HIE
(mHIE) (blood collected within 48 h after birth), and 20 infants with
moderate-severe HIE who underwent TH (sHIE), 10 had favorable
cerebral MRI (sHIE+) and 10 unfavorable cerebral MRI (sHIE-), as a
pragmatic approach. MRI for sHIE infants was performed at local
centers with conventional T1-weighted and T2-weighted sequences
previously described (19). Images were independently rated by a
neuroradiologist and a neonatologist with imaging expertise, blinded
to clinical information, wherever disagreements occurred, they were
resolved through discussion until a consensus was reached. Patterns
of MRI injury were classified into two groups derived from the system
described by Rutherford and co-workers (20), which has prognostic
value in infants who have undergone therapeutic hypothermia. Infants
with an unfavorable outcome had a severe pattern of injury including
reversed or abnormal signal intensity bilaterally on T1- and/or
T2-weighted sequences in the posterior limb of the internal capsule
(PLIC); multifocal or widespread abnormal signal intensity in the
basal ganglia and thalami (BGT); and severe widespread white matter
(WM) lesions including infarction, hemorrhage and long T1 and T2.
Infants with MRIs predictive of a favorable outcome had either normal
images or less severe patterns of injury that are associated with normal
or only mildly abnormal neurodevelopmental outcomes. In this
cohort we have shown that using this method, cerebral MRI is highly
predictive of neurodevelopmental outcomes (19).
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2.3. Neurodevelopmental assessments

Neurodevelopmental assessments for infants with sHIE were
carried out using Bayley IIT assessments as part of local clinical care
(21). The diagnosis of cerebral palsy was assigned by local clinical
teams. For children with cerebral palsy where cognitive disability was
too severe to allow testing, a score of 55 (—3 standard deviations (SD))
was assigned.

2.4. Blood samples

Blood samples were taken from an arterial line where available, or
from venipuncture, or heel prick, when sampling was carried out for
routine clinical care. In sHIE groups, blood was taken at three time
points throughout the therapeutic hypothermia phase: sample 1 (S1)
after reaching target temperature (12-24h after birth); sample 2 (S2)
prior to rewarming (approximately 48 h after birth) and sample 3 (S3)
after rewarming (around 96h after birth). Blood was collected in
ethylenediaminetetraacetic acid tubes, and centrifuged at 1000 x g for
10 min at room temperature within 3 h, before plasma was separated
from cell pellet and both were stored at —20°C for maximum
3 months, and long-time storage at —70°C. Samples were not available
for all infants at all time-points, and the sample availability for all
outcome measures is reported in Supplementary Table S1. Information
on parenteral and enteral nutritional intake was collected for
participants in the sHIE groups undergoing therapeutic hypothermia,
including if/when feeds commenced and the type of feed (e.g.,
expressed breast milk, donor milk, or formula milk), and is shown in
Supplementary Table S2.

2.5. Fatty acid profile and desaturase
activity

Lipids were extracted from 100 pL of cell pellet using a modified
Bligh and Dyer method described by Bell and colleagues (22), using
methanol and chloroform. Heptadecanoic acid (25mg/100mL
methanol, Sigma) was added as internal standard. The oily residue was
transesterified using BF;-methanol (23), and samples were analyzed
by gas chromatography with flame ionization detection (7820A;
Agilent Technologies, Santa Clara, CA, USA), using an Omegawax™
column (30mx 0.25mm x 0.25 pm, Supelco). Fatty acid methyl ester
identity was confirmed compared to retention times of analytical
standards, and values corrected for detector response. The Omega-3
Index was calculated as the sum of EPA and DHA as percentage of
total fatty acids (24). Desaturase activities were estimated based on
product-to-precursor ratios: D6D activity =18:3n-6/18:2n-6, and A-5
desaturase (D5D) activity =20:4n-6/20:3n-6 (25).

2.6. Quantification of TBARS

TBARS, including MDA, in plasma were measured using a
commercial assay (TBARS TCA method, Cayman Chemical),
following manufacturer’s instructions. Samples were incubated with
trichloric acid and color reagent and absorbance of duplicates
measured at 540 nm.
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2.7. Quantification of 4-HNE

4-HNE adducts were quantified using an OXISelect HNE adduct
competitive ELISA assay (Cell Biolabs), according to manufacturer’s
instructions. Plates were coated overnight, and samples were
incubated before addition of anti-HNE antibody. Absorbance was
measured at 450 nm following incubation with secondary antibody.
11 samples (1 control, 1 mHIE, 4 sHIE+ (2 subjects), and 5 sHIE- (4
subjects)) were below the limit of quantification (1.56 pg/mL), and
values were set at the lower level of quantification, to avoid potential
bias in the results (26).

2.8. Statistical analysis

The strengthening the reporting of observational studies in
epidemiology (STROBE) guidelines were followed (27). Statistical
analysis was performed using GraphPad Prism (Version 9.3.1). Data
were tested for normality using the Shapiro-Wilk test. Participant
characteristics and Ctr, mHIE and sHIE SI levels were compared
using Chi square, one-way ANOVA or Kruskal-Wallis tests, with post
hoc analysis undertaken using Tukey’s or Dunn tests, respectively.
Time course analysis was performed using two-way ANOVA, with
Bonferroni’s test applied where appropriate. Data are presented as
mean * SD, median [IQR], or median [25% percentile, 75% percentile],
and considered statistically significant at p<0.05. The detailed
abbreviations and definitions used in the paper are listed in
Supplementary Table S3.

3. Results
3.1. Participants and samples

The perinatal characteristics of the 40 newborns included in this
study are shown in Table 1. Babies in the sHIE group had lower
APGAR scores, were more likely to be treated with respiratory
support, inotropes and additional blood products. The nutritional
intake of the sHIE groups is summarized in Supplementary Table S2.

3.2. Cerebral MRI and neurodevelopmental
outcomes

In the 10 babies with cerebral MR images predictive of a good
outcome (sHIE+), six had completely normal images, one had
moderate WM changes, two had mild BGT changes and one had mild
WM and BGT changes. Of the 10 babies with images predictive of
poor outcomes (sHIE-), five had abnormalities in all three domains of
PLIC, BGT and WM, three had abnormalities in PLIC and BGT, and
two had abnormalities in BGT and WM.

The Bayley composite scores were 120 [41] for cognition, 110 [17] for
language and 105 [12] for motor outcomes for babies in the sHIE+ group.
Testing in this group was carried out at a median age of 2.2 years. In the
sHIE- group, nine of the 10 children were classified by the local team as
having severe cerebral palsy and were assigned scores of 55 for all
domains. The other child was assigned scores of 55 in the cognition and
language domains, but had a motor score of 100.
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TABLE 1 Clinical characteristics of participants.

10.3389/fneur.2023.1231743

Controls Mild HIE sHIE+ sHIE- P-value

N 10 10 10 10

Male, n (%) 7 (70%) 1(10%) 3 (30%) 10 (100%) <0.001"
Birth weight (Kg) 3.17 [2.79, 3.43] 3.33 [3.05, 3.73] 3.79 [3.32,4.27] 3.47 [3.00, 3.81] N§?
APGAR at 10 min 10 (10, 10] 10 (8, 10] 3[1,5] "¢ 4[4,9]7¢ <0.0012
Chest compression, n (%) 0 (0%) 1(10%) 4 (40%) 3(30%) NS!
Worst pH within 1 h N/A 7.0 [6.9, 6.9] 6.9 [6.8,7.0] 6.9 [6.8,7.0] (n=9) N§?
Worst base deficit<1h —6.4[-6.4,-6.4] (n=1) —10.7 [-13.9, —9.6] —18.1 [-21.34, -15.7] ¢ —17.3[-19.7,-15.3] * (n=8) 0.006*
Worst lactate< 1h N/A 11.0 (9.5, 13.8) 9.6(8.2,12.4] (n=8) 18.0 [14.2,21.0] ¥ (n =7) 0.008?
Hypotension, n (%) 0 (0%) 0 (0%) 4 (40%) 7 (70%) <0.001!
Blood products, n (%) 0 (0%) 0 (0%) 3 (30%) 6 (67%) (n=9) 0.001"

3x PRBC, 1x FFP/platelets 3x PRBC, 3x platelets, 3x FFP
Sentinel event, n (%) 0 (0%) 1 (10%) 4 (40%) 2 (20%) NS!
3x Sd, 1x PA 2x Sd
Alive at discharge, n (%) 10 (100%) 10 (100%) 10 (100%) 9 (90%) NS!

FFP, Fresh Frozen Plasma; NS, not significant; PA, placental abruption; PRBC, Packed Red Blood cells; Sd, shoulder dislocation. If dataset is incomplete, n numbers have been provided in the
table, data are presented as median [25% percentile, 75% percentile] or n (%). ' Groups were compared by Chi square test and * groups were compared by Kruskal-Wallis. * Compared to

control, * compared to mHIE and ¥ compared to sHIE+.

3.3. Fatty acids

Relative fatty acid levels are shown in Table 2, and absolute
values in Table 3. There were no significant differences in absolute
or relative content of DHA, EPA, or Omega-3 Index between the
Ctr, mHIE, and S1 sHIE groups (Figure 1A). Similarly, there was
no significant change over time in absolute or relative EPA and
DHA levels in the sHIE samples. However, there was a significant
difference in Omega-3 Index between infants in the sHIE+ and
sHIE- group over the therapeutic hypothermia phase (S1, S2, and
S3) (F(1, 17)=6.14, p=0.04), with the sHIE+ groups having
approximately 10% higher levels (p =0.04, Figure 1B). Although
there were trends for decreases in the Omega-3 Index levels of both
groups over the therapeutic hypothermia phase, these were not
statistically significant.

There were no significant differences in absolute and relative
levels of the omega-6 PUFAs, linoleic acid (LA, 18:6n-6), ARA and
adrenic acid (22:4n-6) between the Ctr, mHIE, and sHIE groups.
Similarly, there was no significant change in absolute or relative ARA
or adrenic acid levels over the therapeutic hypothermia phase.
However, there was a significant increase in the absolute levels of LA
over the time of therapeutic hypothermia (F(2, 51)=3.62, p=0.03),
with significantly higher levels in S3, compared to S1 in the sHIE+
group (p=0.03, Figure 1C). Supplementary Table S2 summarizes the
feeding data for the sHIE groups over the therapeutic hypothermia
period, where it can be seen that 20% (2/10) of the sHIE+ group were
nil-by-mouth, whereas this was 44% (4/9) for the sHIE- group.
Furthermore, the feeds generally commenced earlier in the
sHIE+ group.

3.4. Estimated desaturase activity

The estimated D6D activity was significantly different between the
Ctr and HIE groups (F(93, 33) =6.606, p=0.001) (Figure 1D), with
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significantly lower activity in sHIE+ (p=0.019) and sHIE- (p=0.002)
groups compared to the Ctr group, and significantly lower activity in
sHIE- compared to mHIE (p=0.044). No change in D6D activity was
seen over the therapeutic hypothermia phase. There was no significant
difference in mean+SD D5D activity between the groups, Ctr
6.57%0.77 vs. mHIE 5.74+0.85 vs. sHIE+ 5.89%0.77 vs. sHIE-
6.91+1.60, or over the therapeutic hypothermia phase.

3.5. TBARS

S1 mean+SD TBARS levels for sHIE+ and sHIE- groups were,
4.04+1.94pM, and 3.17+0.58pM, respectively. No significant
changes in TBARS levels were seen in either group over the therapeutic
hypothermia phase, Figure 1E.

3.6. 4-HNE

S1 mean +SD 4-HNE-adduct levels for sHIE+ and sHIE- groups
were 4.45+1.70pg/mL, and 3.56+2.19pg/mL, respectively. No
significant changes in 4-HNE-adduct levels were seen in either group
over the therapeutic hypothermia phase, Figure 1F.

4. Discussion

This exploratory study measured for the first time the effects of
therapeutic hypothermia and HIE on fatty acid profiles and the lipid
peroxidation products, TBARS and 4-HNE, in neonates. Neonates
with substantial brain injury on MRI after HIE and therapeutic
hypothermia, nine out 10 of whom went on to develop cerebral palsy,
had a significantly lower Omega-3 Index. A significantly lower level
of estimated D6D activity was identified in infants with sHIE than in
controls or mHIE. Although D6D activity remained constant over the
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TABLE 2 Erythrocyte fatty acid composition (% total fatty acids).

10.3389/fneur.2023.1231743

FA Ctr mHIE sHIE+ S1 sHIE+ S2 sHIE+ S3 sHIE- S1 sHIE- S2 sHIE- S3
16:0 28.14+1.07 28.34+121 27.53+1.29 27.40+1.22 27.81+1.08 29.00+2.46 30.63+4.13 29.77+2.92
18:0 19.31+0.78 19.06+2.26 18.04:+1.40 17.38:+ 1.64 15.99:+0.94 17.96:+1.83 18.38+2.88 18.81:+5.47
20:0 0.49+0.08 0.54+0.12 0.48+0.06 0.43+0.06 0.45+0.10 0.45+0.07 0.55+0.14 0.43+0.09
22:0 0.40+0.16 0.46+0.15 0.51+0.21 0.45+0.23 0.49+0.16 0.46+0.16 0.42£0.13 0.39+0.17
24:0 1.81+0.85 137136 1.30£0.17 1.25+0.28 1.10+0.28 1.59+0.46 1.3740.59 1.34+0.65
16:1n-7 0.61+0.29 0.52£0.30 0.61+0.29 0.53+0.23 0.66+0.29 0.61+0.25 0.55+0.19 0.74+0.25
18:1n-9 9.53:+0.60 12.00+0.74 1220155 12974173 1415+ 1.91 11.74+2.23 12,50+ 1.68 12.7741.92
18:1n-7 1.88+0.25 2.14+0.44 2.03+0.60 2.09:+0.44 1.92+0.31 1.96+0.22 2.19+0.58 1.95+0.38
20:1n-9 0.19+0.09 0.26+0.06 0.20+0.06 0.24+0.06 0.23+0.04 0.23+0.10 027+0.17 0.24+0.15
22:1n-9 0.15+0.06 0.14+0.03 0.21+0.11 0.15+0.05 0.14:+0.04 0.16:+0.06 0.18+0.06 0.13+0.04
24:1n-9 0.82+0.22 0.83+0.28 1.15£0.37 0.91£0.27 0.77+0.14 0.98+0.25 1.31£0.46 0.90+0.18
18:2n-6 3.80+0.43 4.11£0.64 4.46%0.60 5.24£0.90 5.96+1.59 469=1.21 4.84%1.56 5.07+1.12
(LA)

18:3n-6 1.02+0.20 1.01+0.34 0.86+0.27 1.03+0.57 0.89:+0.26 0.79+0.33 0.85+0.32 0.85+0.41
20:2n-6 0.320.15 0.55+0.25 0.51+0.21 0.45+0.18 0.49+0.16 0.59+0.41 0.45+0.23 0.37+0.16
20:3n-6 2744035 2.89+0.34 2784025 2594043 2.46+0.36 2.44£0.55 2.10£0.70 2.07+0.82
20:4n-6 17.74£1.09 16.35+1.48 1622131 1616+ 1.58 1635+ 1.62 16.16+2.11 14.18+4.54 15.19:+5.47
(ARA)

22:4n-6 4.19+0.65 3.53+0.58 3.66+0.40 3.48+0.48 3.17£0.60 3.85+0.60 3.15+1.03 3.15+1.18
18:3n-3 0.30+0.07 0.16+0.04 0.20+0.08 0.21£0.09 0.22+0.08 0.19+0.08 0.20+0.08 0.180.07
18:4n-3 0.13+0.16 0.05+0.01 0.06:+0.01 0.07+0.02 0.06:+0.02 0.06+0.02 0.05+0.02 0.06:+0.02
20:3n-3 0.13+0.04 0.09+0.04 0.09+0.02 0.10£0.05 0.07+0.03 0.08+0.04 0.09+0.03 0.08+0.02
20:5n-3 0.78+0.37 0.56=0.11 0.610.11 0.59+0.16 0.51+0.06 0.63+0.16 0.67+0.19 0.62+0.18
(EPA)

22:5n-3 0.60+0.28 0.70+0.38 0.80+0.22 0.90+0.36 0.98+0.35 0.65+0.35 0.48+0.37 0.63+0.44
22:6n-3 7.83+0.84 6.96+0.94 8.38+1.39 8.19+1.16 7.83+0.84 7.50+1.79 7.14+1.62 6.76+1.43
(DHA)

ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid. Data are presented as mean + standard deviation.

therapeutic hypothermia and rewarming period, there was a
significant increase in LA in the severe group, potentially indicating
low conversion to longer chain PUFAs. There were no overall
significant differences in ARA, DHA or EPA content between the
groups, and levels were maintained over the therapeutic hypothermia
phase. There were no significant differences in TBARS or 4-HNE
content between the sHIE groups, or over the therapeutic
hypothermia phase.

No significant differences in ARA, DHA or EPA were identified
between the groups. Comparisons with published values when the
contents are expressed as percent composition are complicated, due
to the results being strongly interdependent and varying depending
on the number of fatty acids analyzed and presented. As there is not a
standardized list of fatty acids to be included in the total fatty acids,
differences in the number of summed fatty acids in the analyses will
affect the apparent values of the reported fatty acids (28, 29).
Nonetheless, the values reported in this study are consistent with
others (30, 31), suggesting that none of the groups were deficient.
Furthermore, the mean Omega-3 Index levels for all groups were
above values of 6%, considered beneficial in children (32). However,
when expressed in absolute levels, the levels of all fatty acids were
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below those reported by others (30), although it should be noted that
this analysis was based on whole blood from a dried blood spot
analysis, which is a global measure of total circulating fatty acids,
including both plasma and all blood cells, whereas in the present study
only the cell pellet from whole blood was analyzed. It should also
be acknowledged that this pellet may also contain leukocytes, which
differ in composition to erythrocytes (33).

There were significant differences in the Omega-3 Index between
the sHIE groups, with higher levels seen in the good vs. poor MRI
outcome groups. The Omega-3 Index has been shown to correlate
with DHA and EPA content of other cells, and is therefore considered
a good indicator of DHA and EPA status (24, 34), and may therefore
be more sensitive than measuring DHA or EPA separately. These
observations, suggesting that a lower Omega-3 Index was associated
with a poorer prognosis, are consistent with other studies showing
that a higher omega-3 PUFA content confers neuroprotection against
neonatal HI brain injury (35).

The ARA, DHA, and EPA levels did not significantly change over
the period of therapeutic hypothermia and rewarming, and although
there were trends for decreases in Omega-3 Index, this was not
significant, suggesting that ARA, DHA and EPA levels were somewhat
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TABLE 3 Erythrocyte fatty acid composition (pg/mL).

10.3389/fneur.2023.1231743

FA Ctr mHIE sHIE+ S1 sHIE+ S2 sHIE+ S3 sHIE- S1 sHIE- S2 sHIE- S3
16:0 44.86+4.14 49.55+6.71 43.25+3.23 44.72+4.76 47.31+443 46.51+5.46 45.15+5.05 48.02+8.38
18:0 30.84+3.52 33.88+8.82 28.49+4.09 28.70+6.26 27.23+3.10 28.97+4.74 27.14+4.10 30.15£8.37
20:0 0.79+0.14 0.96+0.36 0.75+0.14 0.70+0.14 0.75+0.14 0.72£0.015 0.81+0.19 0.68+0.10
22:0 0.63+0.22 0.78+0.21 0.79+0.38 0.69+0.34 0.82+0.29 0.74+0.25 0.63+0.22 0.63+0.29
24:0 2.85+1.21 2.30+0.30 1.93£0.31 1.89+0.38 1.79+0.56 2.60+0.92 2.17+1.09 229+1.23
16:1n-7 0.97+0.47 0.88+0.45 0.96+0.50 0.85+0.36 111043 0.96+0.36 0.81+0.23 1.1740.40
18:1n-9 19.21£1.79 21.04+3.29 19.23£3.00 21.34+4.44 20.23+4.85 18.76+3.32 18.56:+3.17 20.45+3.52
18:1n-7 3.00+0.47 3714073 3.21+1.08 3.50+1.26 3.2740.57 3.14+045 332£1.22 3.10+0.52
20:1n-9 0.31+0.14 0.37+0.14 033+0.11 0.40+0.14 0.39+0.09 0.37+0.14 0.38+0.19 0.34+0.13
22:1n-9 0.24+0.09 0.24+0.05 031+0.17 0.22+0.06 0.22+0.06 0.26+0.10 0.27+0.12 0.21+0.07
24:1n-9 131£0.34 1.39+0.54 1.63£0.51 1.35+0.44 1.19+0.27 1.59+0.52 1.97+0.84 1.44£0.32
18:2n-6 6.09+1.12 7.24+1.58 7.00+0.96 8.72+2.51 10.05+2.32 7.34+157 7.20£0.09 8.15+2.03
(LA)

18:3n-6 1.61+0.24 1.72+0.50 1.35+0.39 1.80+1.30 1.52+0.51 1.25+0.48 1.23+0.32 1.30+0.43
20:2n-6 0.52£0.25 0.95+0.43 0.82+0.36 0.73£0.31 0.85+0.30 0.940.60 0.71+0.43 0.62+0.31
20:3n-6 436+0.63 5.05+0.89 4374047 4.17£0.51 421+0.89 3.92+0.92 321126 343151
20:4n-6 28.29+3.21 28.28+5.13 24.69+2.19 25.46+2.45 27.10+4.29 26.08+4.73 22.07+8.52 25.49+10.41
(ARA)

22:4n-6 6.71+1.33 5.92+0.61 5.38+0.46 5.28+0.48 5.08+1.14 621£1.20 491+1.94 5.28+222
18:3n-3 0.47+0.11 0.28+0.07 031+0.13 0.33+0.12 0.37+0.12 031+0.12 0.300.09 0.27+0.06
18:4n-3 0.21+0.26 0.09:+0.02 0.09:+0.02 0.11+0.04 0.10+0.03 0.10+0.03 0.08+0.02 0.10+0.03
20:3n-3 0.21£0.07 0.16+0.07 0.13+0.04 0.15+0.07 0.120.04 0.12£0.05 0.13£0.05 0.13£0.05
20:5n-3 1.23+0.58 0.95+0.18 0.93+0.21 0.91+0.22 0.84:+0.08 1.0240.29 0.97+0.24 0.98+0.24
(EPA)

22:5n-3 0.96+0.49 1.19+0.27 1.1840.29 1.41£0.65 1.540.45 1.04£0.54 0.74:£0.57 1.030.72
22:6n-3 12.55+2.34 11.63£1.70 11.84+1.56 12.11£1.98 12.10£1.79 12.08+3.17 10.90+3.32 11.17+3.17
(DHA)

ARA, arachidonic acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid; LA, linoleic acid. Data are presented as mean + standard deviation.

maintained during therapeutic hypothermia and rewarming.
However, in both groups undergoing therapeutic hypothermia, there
were increases in LA, which were significant in the sHIE+ group. Due
to the small sample size of these groups, it was not possible to perform
statistical analysis on the effects of nutritional intake. However, in the
sHIE+ group six received breast milk, two received formula milk and
only two were nil-by-mouth, whereas in the sHIE- group four were
nil-by-mouth, three received expressed breast milk, one donor human
milk, and none received formula milk. The observed increases in LA
levels may therefore be a consequence of this nutritional intake, as
formula milk, expressed breast milk and donor human milk are
dietary sources high in LA, and low in DHA and ARA (36, 37). High
LA intake decreases DHA biosynthesis and the incorporation of DHA
into tissues (38).

Endogenous biosynthesis of long-chain omega-3 and omega-6
PUFAs is regulated by D6D, as it is a rate-limiting enzyme in their
pathways (8). D6D activity is associated with metabolic risks,
including type 2 diabetes (39-41). There is a low placental transfer of
LA (42), which may be a specific biological mechanism to enable
higher rates of A-6 desaturation of omega-3 and omega-6 PUFAs (43).
At birth, both term and preterm infants have higher D6D activity than
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mothers (43, 44). D6D activity was shown to decline to about
one-third at 1 month, then further decreases to about one-sixth at
6 months, when it remained stable until 12 months (44). In comparison
to the values reported in these studies, low D6D activity was observed
in all groups in the present study, suggesting particularly low rates of
long-chain PUFA biosynthesis in the sHIE groups.

The results suggest a potential role for additional EPA and DHA
in addition to existing treatments; however, there is currently
somewhat equivocal evidence from experimental animal models of
HIE, as to the potential for DHA to act as an effective adjuvant
treatment and enhance the therapeutic effects of therapeutic
hypothermia in hypoxic ischemic brain injury. A study in a neonatal
rat model of hypoxic ischemic injury reported that therapeutic
hypothermia plus DHA synergistically reduced brain infarct volume
and improved behavioral performance, as assessed 1 week after injury
(45). A study in newborn piglets (within 36 h after birth) showed that
combining DHA with therapeutic hypothermia does not appear to
provide additional benefits to either therapeutic hypothermia or DHA
alone, when the hypoxic ischemic injury outcomes were assessed at
9.5h after injury (12). In a more recent study in neonatal mice (10-day
old) subjected to hypoxic ischemic injury, DHA and therapeutic
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FIGURE 1
Selected polyunsaturated fatty acid and lipid peroxidation analysis results. (A) Omega-3 Index of Ctr, mHIE, S1 sHIE+ and S1 sHIE- were not significantly
different. (B) Omega-3 Index over the therapeutic hypothermia phase, were there were significant differences between groups (p <0.05). (C) LA
content over the therapeutic hypothermia phase, where there were significant differences in sHIE+ between S1 and S3 (p < 0.05). (D) Estimated A-6
desaturase activity of control, mHIE and S1 sHIE+ and S1 sHIE-, where there were significant differences between the groups. (E) Thiobarbituric acid
reactive substances levels did not significantly change over the therapeutic hypothermia phase. (F) 4-Hydroxy-2-nonenal-adduct levels did not
significantly change over the therapeutic hypothermia phase. (A,D) were analyzed by one-way ANOVA, whereas (B,C,E,F) were analyzed by two-way
ANOVA, * represents p<0.05 and **p <0.01.

hypothermia did not synergize, as assessed in terms of infarct size at
24 post-injury (12, 46). Therefore, these reports in different species
and with assessment of different outcomes at varied times post-injury,
do not allow to reach a definitive conclusion as to the additional
potential benefit of using DHA in therapeutic hypothermia-exposed
neonates. However, the low D6D activity observed in the sHIE groups
suggests an increased requirement for preformed ARA and DHA,
which should be coupled concomitantly with a decreased LA intake,
to compensate for the potentially lower endogenous synthesis of the
long-chain PUFAs and decreased incorporation into tissues.
Furthermore, positive results from the Dolphin neonatal trial show
the feasibility of DHA-based interventions in this clinical population
in the post-acute phase (47).
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The levels of TBARS and 4-HNE remained constant over the
course of therapeutic hypothermia and rewarming, suggesting that the
procedure prevented any injury-induced increases in lipid
peroxidation. Mild hypothermia following traumatic brain injury has
been shown to enhance the activity of the antioxidant enzymes
superoxide dismutase and glutathione peroxidase and reduce MDA in
mice (48), and following severe global hypoxia in piglets, therapeutic
hypothermia reduced lipid peroxidation in white matter, although not
in cortical gray matter (49). Furthermore, compared to normothermia
treatment, therapeutic hypothermia significantly increased blood total
antioxidant score, and significantly decreased MDA and the risk of
developing neurological deficit in a randomized controlled trial of
neonates with perinatal asphyxia (50).
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This was a pragmatic exploratory pilot study in which blood
samples obtained from four different groups were compared;
within the moderate to severe HIE group comparison was made
between 10 babies with very good outcomes and nine babies with
extremely poor outcomes. As such this is not a cohort study. Our
study used product/precursor ratios to estimate desaturase
activities; however, traditionally activities are quantified using
radio-labeled substrates and measuring the rate of appearance of
the radioactive product. This approach is gaining greater
acceptance in the literature, and the two techniques correlate
well, although the strength of the relationship appears dependent
on the lipid fraction analyzed for fatty acid composition (51).
However, as this is not a direct measure of enzyme activity, the
results should be interpreted with care. Moreover, further work
should explore other aspects of PUFA metabolism, such as
oxylipin production and also the activities of the enzymes
responsible for their hydrolysis, such as soluble and microsomal
epoxide hydrolases (52). Only TBARS and 4-HNE were assessed
for lipid peroxidation, and the inclusion of a complementary
analysis of non-enzymatically oxidized PUFA products, such as
isoprostanes and neuroprostanes, would provide additional
information on lipid peroxidation of specific PUFA species (8).
Due to ethical and logistical constraints it was not possible to
compare the Ctr, mHIE and sHIE groups under the exact same
conditions and timepoint, and therefore a pragmatic approach
was taken to establish these group comparisons. A range of blood
products were administered to the sHIE groups, of which three
in the sHIE+ and two in the sHIE- group received packed red
blood cells, which may constitute a source of long-chain PUFAs
not considered in the analysis. Due to the preliminary nature of
this exploratory study and small sample size it was not possible
to consider these confounding factors, and others such as,
participant’s sex, mothers’ age at delivery, mode of delivery,
PUFAs supplied through parenteral and/or enteral nutrition, and
type of feedings in our analysis. Future work should seek to
explore these in greater detail. It must also be acknowledged that
a clinical study such as ours is unable to separate the effect of HIE
from the effect of therapeutic hypothermia.

In conclusion, the results indicate that newborns with
moderate to severe HIE undergoing therapeutic hypothermia
have decreased D6D activity, and increased LA levels, which may
lead to decreases in tissue levels of LC-PUFAs. Furthermore, a
higher Omega-3 Index was associated with good outcomes as
compared to newborns with adverse outcomes, nine out of 10 of
whom went on to develop cerebral palsy. Future studies are
needed to assess the longer-term effects of HIE and therapeutic
hypothermia on infant fatty acid status and lipid peroxidation, in
order to improve understanding of the potential role of omega-3
PUFA
neuroprotective and regenerative strategies for perinatal HIE,

supplementation in developing more effective

and to ultimately prevent cerebral palsy.
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