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ABSTRACT

Background: We previously showed that thermal injury depletes
plasma vitamin E in pediatric burn patients; however, plasma changes
may reflect immediate alterations in vitamin E nutriture. Adipose
tissue a-tocopherol concentrations are generally accepted to reflect
long-term vitamin E status.

Objective: To test the hypothesis that thermal injury depletes body
stores of vitamin E, a-tocopherol concentrations were measured in
adipose tissue samples.

Design: Pediatric patients (n = 8) were followed up to 1 y after burn
injury. Surgically obtained samples were collected at various inter-
vals and stored at —80°C in a biorepository. o- and y-Tocopherols,
cholesterol, and triglycerides were measured in the same tissue
aliquot.

Results: During the first week after injury, adipose tissue o-tocoph-
erol concentrations were within the expected normal range of 199 *
40 nmol/g adipose tissue but were substantially lower at weeks 2 and
3 (133 £ 13 and 109 = 8 nmol/g adipose tissue, respectively). In-
dividual rates of decrease, estimated by linear regression, showed that
adipose tissue o-tocopherol decreased by an average of 6.1 = 0.6 nmol/g
daily. During the first month after injury, adipose tissue triglyceride
concentrations also decreased, whereas no changes in cholesterol
concentrations occurred.

Conclusions: These data emphasize that the burn injury experi-
enced by these pediatric patients altered their metabolism such that
vitamin E status diminished during the month after injury. Further
studies are needed to evaluate the mechanism and consequences of
the observed vitamin E depletion. This trial was registered at clin-
icaltrials.gov as NCT00675714. Am J Clin Nutr 2010;92:1378—
84.

INTRODUCTION

In the United States, ~100,000 people require hospitalization
and 5000 deaths occur each year because of burn injury (1), and
the likelihood of death from the combination of burn and smoke
inhalation injury is increased (2). This combined injury is typ-
ically associated with a systemic inflammatory response and
increased production of reactive oxygen species (ROS) (3-5).
Indeed, we previously reported that plasma antioxidants, espe-
cially a-tocopherol, are severely depleted in such patients; more-
over, prolonged plasma o-tocopherol depletion is associated with
increased mortality (6). The ROS increase created by thermal
injury up-regulates inflammatory responses that further prolong
radical-mediated damage beyond that caused by the initial injury
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(7). Prolonged disturbances in both glucose and lipid metabolism
have also been reported (8), including a cycle of adipose tissue
breakdown with increased free fatty acid turnover (8). Moreover,
studies in experimental animals have described adipocyte apo-
ptosis in response to severe burn injury (9).

The assessment of vitamin E status is difficult because vitamin E
is fat soluble; therefore, low plasma concentrations could reflect
a variety of factors, including low circulating lipid concentrations,
low vitamin E intakes, or high oxidative stress levels. Moreover,
tissue vitamin E concentrations are dependent on the transport of
a-tocopherol in plasma lipoproteins and the mechanisms of de-
livery of lipoproteins and lipids (10); thus, alterations in lipid
metabolism could alter vitamin E status. Furthermore, the hy-
permetabolic state of burn patients promotes tissue catabolism,
which can be alleviated by insulin treatments (11). These factors
emphasize the necessity of measuring tissue vitamin E concen-
trations.

No tissue acts as a storage site that releases a-tocopherol on
demand, but rather tissues appear to have o-tocopherol con-
centrations in relation to their lipid contents (12). Adipose tissue
has been used to assess long-term vitamin E status (13), and
typical adipose tissue a-tocopherol concentrations in adults are
~100-300 ug/g (200-700 nmol/g) (14-16). Moreover, adipose
tissue a-tocopherol concentrations have been used to demon-
strate the adequacy of vitamin E supplementation in previously
vitamin E—deficient subjects (17), and adipose tissue a-tocopherol
concentrations have been shown to be predictive of peripheral
nerve concentrations in vitamin E—deficient humans (18). This
finding is import because vitamin E deficiency in humans causes
peripheral neuropathy due to a dying back of large caliber fibers
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in sensory neurons (19, 20). Remarkably, peripheral neuropathy
in burn patients is also common (21), but the possible etiologies
are many.

The proposed study was carried out to test the hypothesis that
severe burn injuries in children are sufficient to alter tissue vitamin
E status, potentially severe enough to cause extreme vitamin E
depletion. Therefore, vitamin E concentrations were measured in
adipose tissue biopsies that were obtained from children with burn
injuries at various intervals and were stored in a biorepository.

SUBJECTS AND METHODS

Study design and patient information

The protocol for this study was approved by the Institutional
Review Board of The University of Texas Medical Branch; only
de-identified samples were sent to Linus Pauling Institute, Oregon
State University, for analysis. All subjects, or their legal guardians,
signed an informed consent document to allow samples to be used
in research studies. The initial recruitment date for the study
subjects reported herein was 2003-2004.

Subjects were selected from a biorepository databank of ar-
chived, frozen samples given the criterion that they had adipose
tissue samples taken within the first week of injury and at sev-
eral times during the first month of injury. Subject character-
istics are shown in Table 1, and the biopsy sites are shown in
Table 2. Routinely, within 48 h of admission, patients receive
enteral feedings of VIVONEX T.E.N. (Total Enteral Nutrition;
Novartis Medical Nutrition, Fremont, MI). The amount of en-
teral feeding solution given is based on body weight, burn size,
and severity. The patient’s resting energy expenditure is mea-
sured weekly and the feedings are adjusted depending on the
results. The vitamin E content of VIVONEX T.E.N. is 15 TU
(d-a-tocopheryl acetate) per 1000 kcal.

Adipose tissue was collected at various intervals (>3) from 8§
pediatric patients over the first 30 d after burn injury for all of
the patients shown and up to 1 y in some subjects. Specimens
were collected from live tissue that was exposed during the
surgery that was neither involved in the wound nor thermally

TABLE 1
Subject characteristics at admission to the Shriners Hospital for Children,
Galveston, X!

Total body

surface area Third-degree
Subject Age  Sex of burn burn Hematocrit

y % % %

A 2 M 70 70 45
B 11 M 93 93 23
C 5 M 56 56 40
D 7 M 72 51 —
E 3 F 71 71 21
F 16 M 74 70 49
G 4 M 63 29 57
H 9 M 45 35 40

! Subjects were selected from a biorepository databank of archived,
frozen samples with the criterion that they had adipose tissue samples taken
within the first week of injury and at several times during the first month of

injury.
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injured. Samples were snap-frozen in liquid nitrogen and stored
at —80°C until analyzed.

Adipose tissue measurements

Both o- and y-tocopherols were measured after tissue saponi-
fication, extraction, and analysis by HPLC with electrochemical
detection, as described previously (22). Cholesterol in the same
extract was measured by using an Amplex Red kit (Molecular
Probes, Invitrogen, Carlsbad, CA). In the same saponified adipose
tissue sample, triglycerides were estimated from the fatty acids
extracted from the acidified aqueous phase of the samples by
using a spectrophotometric method, as described previously (13).

Statistics

Data are expressed as means * SEs. Linear rates of disap-
pearance of tocopherol concentrations were calculated by using
individual concentrations versus days after injury by using Excel
(Excel 2008 for Mac version 12.2.5; Microsoft, Redmond, WA).
Nonlinear fitting was carried out by using Prism 4 for Macintosh
(version 4.0b; GraphPad, La Jolla, CA).

RESULTS

Adipose tissue o~ and y-tocopherol, triglyceride, and
cholesterol concentrations

The adipose tissue concentrations of tocopherols, cholesterol,
and triglycerides were estimated from the same aliquot of the
biopsy sample. This procedure has the advantage that cholesterol
is in the same extract as the tocopherol; therefore, cholesterol can
be used as an alternative to wet weight as a correction factor.
However, the term “triglycerides” is a misnomer. The fatty acids
were extracted from the saponified tissue; thus, extracts include
fatty acids released from triglycerides, cholesterol, and phos-
pholipids, and a calculation was made assuming that all fatty
acids are from triglyceride and that there are 3 fatty acids per
triglyceride. Given that the adipose tissue is largely triglyceride,
this measure has been used as an acceptable surrogate (13, 18). It
was anticipated that the adipose tissue cholesterol and trigly-
cerides per wet weight would remain relatively constant per
subject.

The adipose tissue o-tocopherol concentrations (Table 3) in
the initial biopsy taken from the pediatric patients within the
first week after injury were on average within the normal range
observed in healthy adults (16). However, by the third week after
insult, the average a-tocopherol concentration had decreased by
~55%, from 199 = 43 to 109 = 9 nmol/g. A similar pattern of
decrease was observed for y-tocopherol concentrations. Not all
subjects had samples taken for every interval shown in Table 3,
and some subjects were noted to have a more rapid depletion
of their adipose tissue o-tocopherol concentrations than did
others. Therefore, the individual data were examined, and non-
linear fitting of data were performed (Figure 1). Only those
subjects with initial (on admittance to the Shriners Hospital
for Children) a-tocopherol concentrations >150 nmol/g adipose
tissue were observed to have decreasing tocopherol concen-
trations. Interestingly, the 2 subjects (F and G) with the highest
adipose tissue a-tocopherol concentrations also had the highest
y-tocopherol concentrations.
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TABLE 2
Individual adipose tissue sampling sites and lipid concentrations’

Time Cholesterol
Subject and since per
specimen location burn Cholesterol Triglyceride triglyceride

d mg/g wet wt mg/g wet wt ug/mg wet wt

A
Arm 2 0.41 228 1.82
Leg 9 0.37 455 0.81
Arm 12 0.37 318 1.15
Arm 33 0.53 301 1.77
Arm 103 0.66 435 1.51
Arm 165 0.49 296 1.66
B
Leg 3 0.59 312 1.88
Leg 10 0.69 409 1.69
Leg 24 1.08 314 343
Leg 40 1.76 252 6.99
Leg 172 0.97 421 2.29
C
Chest 5 0.32 371 0.87
Abdomen 12 0.43 254 1.68
Arm 19 0.54 89 6.05
Arm 89 0.37 390 0.94
Arm 175 0.93 465 2.00
D
Leg 8 0.66 453 1.45
Abdomen 15 1.17 344 3.40
Abdomen 23 1.28 342 3.73
E
Right arm 7 0.95 398 2.40
Left arm 17 1.03 388 2.64
Left buttock 31 0.64 257 247
F
Leg 6 0.78 272 2.87
Arm 22 0.65 338 1.93
Arm 36 0.73 387 1.90
Lower abdomen 50 0.51 248 2.05
Arm 56 0.79 406 1.94
G
Left buttock 6 1.29 478 2.70
Left shoulder/arm 22 1.78 221 8.06
Right arm 30 1.63 193 8.44
H
Leg 2 0.61 436 1.39
Abdomen 14 0.75 422 1.77
Abdomen 21 0.90 381 2.35
Chest 29 0.47 343 1.38
Arm 196 0.45 468 0.96

! Adipose tissue was collected at various intervals (>3) from 8 pediatric
patients. Specimens were collected from live tissue, at the indicated loca-
tions, that was exposed during surgery. The tissue selected was neither in-
volved in the wound nor thermally injured. Samples were snap-frozen in
liquid nitrogen and stored at —80°C until analyzed.

Depletion of adipose tissue a- and y-tocopherol concentrations
was observed in 5 subjects (A, C, D, F, and G), with initial
concentrations >150 nmol a-tocopherol/g adipose tissue. Given
that various subjects were represented at the time points ex-
amined, the behavior of each person’s tocopherol and triglyc-
eride concentrations were examined individually and are shown
for each of the subjects (Figure 1). In the first biopsy sample,
adipose tissue o-tocopherol concentrations in subjects B (115
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nmol/g), E (120 nmol/g), and H (92 nmol/g) did not decrease
and were below the lowest values reached by the remaining
subjects. Importantly, the disappearance rates of tocopherol
were similar for «- and y-tocopherol in each subject (exponential
for initial a-tocopherol concentrations of >150 nmol/g adipose
tissue and constant for concentrations <150 nmol/g adipose
tissue), which suggested a common rapid depletion mechanism
for both tocopherols until minimum tissue concentrations are
achieved (Figure 1). In contrast, the triglyceride disappearance
rate differed from that of the tocopherols (Figure 1), which
suggested a tocopherol-depletion mechanism independent of
that of triglyceride. Moreover, the cholesterol content of the
adipose tissue did not appear to change and was 0.8 £ 0.1 mg/g
wet weight (mean * SE; n = 8 subjects). This lack of change in
adipose tissue cholesterol emphasizes the importance of the
alterations in the tocopherol and triglyceride concentrations.
Estimates of the linear rates of decrease in a-tocopherol/g
adipose tissue are shown for each of the subjects (A, C, D, F, and
G). On average, adipose tissue a-tocopherol decreased at a rate
of 6.1 = 0.6 nmol/g per day (Table 4). z-and y-Tocopherol
concentrations are often presented as both nmol/g tissue and per
cholesterol or per triglyceride concentrations. However, because
triglyceride concentrations decreased, but cholesterol did not,
only the ratios per cholesterol are reported (Table 4). These data
also confirm the depletion of both a- and y-tocopherols from
adipose tissue. Over the first 4 wk of the study, o-tocopherol
decreased by 12.3 *= 3.4 umol/g cholesterol per day, and 7-
tocopherol decreased by 2.7 = 0.7 umol/g cholesterol per day.

DISCUSSION

The most dramatic finding in this study was the severity of the
a-tocopherol depletion from adipose tissue that occurred within
a few weeks of burn injury in pediatric patients. Importantly,
adipose tissue reflects long-term vitamin E status, and changes
in adipose tissue a-tocopherol generally take years to occur (23).
The data reported herein emphasize that severe burn injury in-
duces a hypercatabolic state (11) that causes a redistribution, if
not an outright depletion, of a-tocopherol and further suggests
that inadequate vitamin E is being supplied to these children
despite the enteral feedings provided to the subjects. The Rec-
ommended Dietary Allowance (RDA) (24) for vitamin E is 7 mg
a-tocopherol/d for children with a reference weight of 20 kg and
a body mass index (in kg/m?) of 15, who are aged 4-8 y (the
mean age of the children in this study was 7 y). One suggested
energy allowance for children with burns is 70-90 kcal/kg (25),
which equals 1400-1800 kcal/d plus extra caloric input de-
pending on the severity of the burn. The current practice of the
Shriner’s Hospital for Children is to determine the exact caloric
need by determining the resting energy expenditure and multi-
plying it by 1.4. This is being done to equate for the basal
metabolic needs plus a 1.4 times stress factor (eg, for dressing
changes or tub room visits), which will cover the entire meta-
bolic needs of these severely burned patients. The enteral feed
used provides 15 IU a-tocopherol (10 mg) per 1000 kcal. It is
expected that, based on the calculation of caloric requirements,
the vitamin E intakes during the first weeks of hospitalization of
all the children in this study met or exceeded the RDA for
healthy children. In contrast, given the estimated daily rate of
loss of 6 nmol/g (2.6 mg/kg) adipose tissue, assuming that
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Time after injury

Time after injury

Subject

No. of subjects o-Tocopherol

y-Tocopherol

1 wk

2 wk

3 wk

4 wk

5 wk
6-12 wk
15-28 wk

d
0-7
8-14

15-21
22-28
29-36
37-89
103-19
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” Because not every subject had a sample taken at every time point, no

triglycerides were measured in the same biopsy sample shown in Table 2.
2 Mean * SE (all such values).

adipose tissue is 50% fat, the estimated body composition of
17% fat and 24 kg body weight of the children [on the basis of
Rennie et al (26)] equates to a loss of =5 mg a-tocopherol/d!
Given that the absorption of vitamin E is <50% (27), it is clear
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statistical analyses were performed. Cholesterol, o- and y-tocopherols, and

that the vitamin E intakes of these pediatric burn patients are

less than their requirements.

Most surveys of healthy children report that vitamin E intakes
are well below the RDA (28-30), some of which estimate that 80—
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FIGURE 1. A-H: Adipose tissue concentrations of a-tocopherol (A), y-tocopherol (A ), and triglycerides (TG; O) were estimated from the saponified
biopsy sample at each time point for each individual (n = 8 subjects, described in Tables 1 and 2). The tocopherol and triglyceride concentrations were fit by
using nonlinear techniques; lines are shown starting with the first actual data point and ending with the last data point for each individual, except where the last

point was beyond 42 d.
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TABLE 4
Rates of tocopherol disappearance’

TRABER ET AL

Measured concentration

Estimated concentration

during week 1 Daily rate on day 0 R’
a-Tocopherol (nmol/g wet wt)
Subject
A 218 —7.2 233 0.997
C 169 =55 190 0.917
D 166 —4.7 192 0.771
F 352 —8.0 370 0.827
G 327 =5.0 358 0.999
Mean + SE 247 * 39 —6.1 £ 0.6 269 + 40 —
a-Tocopherol (umol/g cholesterol)
Subject
A 527 —8.6 533 0.972
C 528 =255 625 0.921
D 254 -11.7 317 0.764
F 453 -9.9 482 0.882
G 254 —5.6 281 0.946
Mean + SE 403 £ 62 —123 * 34 448 * 65 —
y-Tocopherol (nmol/g wet wt)
Subject
A 33 —1.6 36 0.959
C 35 -13 41 0.982
D 34 -1.0 40 0.806
F 86 —-2.0 92 0.855
G 108 —14 118 0.935
Mean * SE 59 £ 16 -15 %02 65 £ 17 —
y-Tocopherol (umol/g cholesterol)
Subject
A 79 —14 72 0.841
C 109 =55 132 0.956
D 52 —25 65 0.776
F 111 —2.6 120 0.906
G 84 —-1.7 92 0.974
Mean * SE 87 + 11 2.7 £0.7 9 * 13 —

" Only subjects with an initial a-tocopherol concentration >150 nmol/g (n = 5) are shown. Rates of disappearance of a-tocopherol and y-tocopherol
concentrations were calculated separately by using individual concentrations and at the days after injury shown in Figure 1.

90% of children have vitamin E intakes below the estimated
average requirement (30). Thus, it is likely that the children we
studied had low dietary vitamin E intakes before injury, and that
the intakes in hospital were at least at the RDA range. Thus, the
increase in adipose tissue a-tocopherol observed after 3 wk was
likely due to the improved health and metabolic status and to
continued intakes of a-tocopherol at RDA levels.

The rapidity of the adipose tissue a-tocopherol depletion was
also remarkable. Although lower adipose tissue a-tocopherol
concentrations have been reported in vitamin E—deficient chil-
dren, these are usually observed after years of inadequate vita-
min E absorption, such as in children with cholestatic liver
disease (19) or in those with a genetic defect in lipoprotein
synthesis, eg, abetalipoproteinemia (17). Moreover, it is unlikely
that the depletion in adipose tissue vitamin E is due to dietary
changes because Handelman et al (23) studied adipose tissue
tocopherol concentrations in adults before, during supplemen-
tation with 800 IU/d for 1 y, and after discontinuation of sup-
plementation for 1 y. They found some increase in adipose tissue
a-tocopherol with supplementation; however, on cessation of the
supplement, no decrease in adipose tissue concentrations was
detected, which led the authors to conclude that adipose tissue
a-tocopherol concentrations change very slowly. It seems likely

that the children who came to the hospital with low adipose
tissue a-tocopherol (<150 nmol/g) were at the low end of nor-
mal because of prolonged low dietary vitamin E intakes. In
support of this idea are the findings by Kim et al (31), who
reported that US children who consume inadequate vitamin E—
containing diets have plasma concentrations near deficient
concentrations (<11 umol/L). Unfortunately, plasma samples
were not available from the thermally injured children described
herein.

The adipose tissue tocopherol concentrations are also reported
per cholesterol concentrations, because frequently this lipid is
used as a denominator to express vitamin E concentrations in
plasma or tissues. Vitamin E is a fat-soluble vitamin, so lipid-
corrected values obviate the difficulty of using tissue weight,
especially if the tissue is edematous. Despite this correction,
relative to cholesterol, a-tocopherol decreased to nearly half the
initial concentration within the first 3 wk after injury. The
greater utility of the ratio of a-tocopherol per cholesterol was
observed previously in patients receiving parenteral nutrition, in
whom undernutrition caused a depletion of adipose tissue tri-
glyceride concentrations (32). Underfeeding is not likely the
cause of the depletion of adipose tissue tocopherol in the pa-
tients reported herein, because these patients were consistently
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provided enteral feedings containing recommended dietary
amounts of vitamin E (33).

It should be noted that the pattern of alterations in adipose
tissue triglyceride was not similar to that of the tocopherols
(Figure 1). We emphasize that the disappearance rates of to-
copherol were similar for «- and y-tocopherol in each subject
(exponential for initial a-tocopherol concentrations >150 nmol/g
adipose tissue and constant for those <150 nmol/g adipose
tissue), which suggests a common, rapid depletion mechanism
for both tocopherols until minimum tissue concentrations are
achieved (Figure 1), whereas the disappearance of the tri-
glyceride clearly differed from that of the tocopherols, which
suggests a tocopherol-depletion mechanism independent of that
of triglyceride. It is well known that burn patients are in a hy-
percatabolic state and have an elevated metabolic rate (34) and
that depletion of fat stores, massive lipolysis, and the de-
velopment of fatty liver are all components of the disorder (34).
The redistribution of tocopherol as described herein, however,
was not previously observed in obese subjects consuming
a weight-reduction diet that depleted triglycerides from the ad-
ipose tissue (35). Thus, the trauma of burn patients and its se-
quelae are different from that previously described in other
patients. The findings in burn patients suggest that there is a la-
bile pool of tocopherols that can be drawn on during stress.
However, this suggestion is speculative and will need to be
confirmed in future studies.

The depletion of o-tocopherol observed in the pediatric pa-
tients with burn injury described herein perhaps resulted not
only from the mobilization of adipose tissue triglyceride and
tocopherols but also from the oxidative stress the patients ex-
perienced. It is not clear from the available data whether the
a-tocopherol is being redistributed to other sites or whether it is
being depleted (oxidized) as a result of lipid peroxidation. A
study in pediatric burn patients supplemented with a combina-
tion of antioxidants (average intakes of 900 mg vitamin C/d, 400
mg vitamin E/d, and 7 mg Zn/d) resulted in a significant increase
in circulating vitamin E, a decrease in malondialdehyde, and
a decrease in wound healing time (36). Our previous mecha-
nistic studies in an ovine model of burn and smoke injury
showed that the injury to the lung and skin is reflected in
a higher depletion of liver a-tocopherol, which suggests mobi-
lization of vitamin E from the liver (37). However, the Kinetic
studies that used deuterium-labeled vitamin E also suggested
that, in addition to depletion of a-tocopherol from the lung and
liver, other tissues were also depleted (37). The present in-
vestigation suggests that, during severe thermal injury in hu-
mans, adipose tissue can release o-tocopherol to protect other
tissues. Given the observation that the patterns of tocopherol and
triglyceride concentrations are not parallel, it appears that to-
copherol depletion cannot be explained solely by tissue catab-
olism. The limited number of patients investigated limits the
generalizability of the data; however, given the well-appreciated
hypermetabolic and profoundly catabolic state and disordered
lipid metabolism, the depletion of vitamin E may be a very
significant problem in patients with burn injury.

The next step is to consider what effect additional vitamin E
supplementation may have in ameliorating the oxidative stress of
burn injury in patients. Vitamin E deficiency is manifested by
peripheral neuropathy in noninjured patients (19, 20). In burn
patients, peripheral neuropathy is common (21) and has many
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possible etiologies. We theorize that increased vitamin E sup-
plementation may decrease neuropathy and improve this clinical
problem. It should also be noted that studies of vitamin E sup-
plementation in patients with a genetic defect in the «-tocopherol
transfer protein have shown that vitamin E can slow or reverse
neurologic symptoms, but only in the early stages of the disorder
(38). Another central issue to be addressed is whether attenua-
tion of vitamin E depletion is beneficial in terms of postburn
outcomes. Future studies are planned to address these questions.
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