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ABSTRACT
Background: Vitamin E (α-tocopherol, α-T) deficiency causes neurological pathologies. α-T supplementation improves outcomes, but the relative
bioactivities of dietary natural and synthetic α-T in neural tissues are unknown.
Objective: The aim was to assess the effects of dietary α-T source and dose on oxidative stress and myelination in adult α-tocopherol transfer
protein–null (Ttpa−/− ) mouse cerebellum and spinal cord.
Methods: Three-week-old male Ttpa−/− mice (n = 56) were fed 1 of 4 AIN-93G–based diets for 37 wk: vitamin E–deficient (VED; below α-T limit of
detection); natural α-T, 600 mg/kg diet (NAT); synthetic α-T, 816 mg/kg diet (SYN); or high synthetic α-T, 1200 mg/kg diet (HSYN). Male
Ttpa+/+ littermates (n = 14) fed AIN-93G (75 mg synthetic α-T/kg diet; CON) served as controls. At 40 wk of age, total and stereoisomer α-T
concentrations and oxidative stress markers were determined (n = 7/group). Cerebellar Purkinje neuron morphology and white matter areas in
cerebellum and spinal cord were assessed in a second subset of animals (n = 7/group).
Results: Cerebral cortex α-T concentrations were undetectable in Ttpa−/− mice fed the VED diet. α-T concentrations were increased in NAT (4.6 ±
0.3 nmol/g), SYN (8.0 ± 0.7 nmol/g), and HSYN (8.5 ± 0.3 nmol/g) mice, but were significantly lower than in Ttpa+/+ mice fed CON (27.8 ±
1.9 nmol/g) (P < 0.001). 2R stereoisomers constituted the majority of α-T in brains of Ttpa+/+ mice (91%) and Ttpa−/− mice fed NAT (100%), but
were substantially lower in the SYN and HSYN groups (∼53%). Neuroinflammatory genes were increased in the spinal cord, but not cerebellum, of
VED-fed animals; NAT, SYN, and HSYN normalized their expression. Cerebellar Purkinje neuron atrophy and myelin pathologies were not visible in
Ttpa−/− mice.
Conclusions: Natural and synthetic α-T supplementation normalized neuroinflammatory markers in neural tissues of 10-mo-old Ttpa−/− mice. α-T
prevents tissue-specific molecular abnormalities, which may prevent severe morphological changes during late adulthood. Curr Dev Nutr
2021;5:nzab008.
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Introduction

Oxidative stress is associated with many neurological diseases (1). Vi-
tamin E [α-tocopherol (α-T)] is an essential lipid-soluble antioxidant
that protects membrane lipids, including the highly abundant and
peroxidation-prone PUFAs in the brain and spinal cord (2, 3). Accord-
ingly, α-T deficiency promotes lipid peroxidation and causes neurolog-

ical and neuromuscular disorders in humans and animal models (4, 5).
Familial ataxia with vitamin E deficiency (AVED) is a human condition
caused by loss-of-function mutations in the gene encoding α-T transfer
protein (α-TTP). In the liver, α-TTP regulates the intracellular traffick-
ing of α-T and facilitates α-T export into circulating lipoproteins (6).

The α-tocopherol transfer protein–null (Ttpa−/−) mouse model,
generated by deleting the translational start codon of the α-TTP gene
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(7), recapitulates AVED symptoms. The timeline of the disease appears
to differ between AVED patients and Ttpa−/− mice; humans typically
manifest severe clinical signs during childhood (8), whereas Ttpa−/−

mice do not exhibit severe abnormalities until adulthood (9–11). Molec-
ular changes, such as increased oxidative stress and neuroinflammatory
stress, may occur earlier in Ttpa−/− mice, before measurable structural
or behavioral changes. However, our knowledge of the developmental
timeline is incomplete. Most Ttpa−/− mouse studies focus on the ef-
fects of α-T status during aging. At what age are specific tissues or cell
types affected, and which alterations happen first?

Our analyses targeted the cerebellum and spinal cord, 2 tissues im-
plicated in α-T deficiency symptomology. Specifically, in the cerebel-
lum, Purkinje neuron injury may exacerbate the ataxic phenotype ob-
served in AVED patients (12). Purkinje neurons are key mediators of
motor output, and their function is essential for balance and coordi-
nation (13, 14). Aging adult (17-mo-old) Ttpa−/− mice have Purkinje
neuron atrophy, with reduced dendritic branching and smaller cell bod-
ies (10). Oxidative stress markers, such as 3-nitrotyrosine (3-NT) and
thiobarbituric acid reactive substances (TBARS), are also elevated in
cerebella of 17- and 20-mo-old Ttpa−/− mice, respectively (10, 11).
However, Purkinje neuron morphology and cerebellar oxidative stress
markers have not been thoroughly evaluated in Ttpa−/− mice at earlier
ages.

In the spinal cord, the transcriptomic profiles of 6-mo-old Ttpa−/−

mice suggested the dysregulation of inflammation and innate immune
response pathways (9). The expression of the transcription factor liver
X receptor (LXR) and its gene targets were also upregulated by age
in adult Ttpa−/− mice (9). LXR regulates multiple processes, such as
cholesterol metabolism, inflammatory signaling, and myelination (15).
Myelin is a lipid-rich insulator that wraps around axons and optimizes
the nerve signal conduction speed. Myelin defects have been observed
in the dorsal spinal column of adult Ttpa−/− mice, evidenced by a re-
duced number of myelinated fibers (11) and loosely organized myelin
sheaths (9).

In sum, these studies have established the profound influence of low
α-T status on immune response and myelination in neurological tissues,
which culminates in neurobehavioral manifestations. Importantly, α-T
supplementation reduces α-T deficiency symptoms in both AVED pa-
tients and Ttpa−/− mice (10, 11, 16–18). However, the source of α-T
supplementation should be considered, as humans consume both natu-
rally occurring (RRR) α-T from plant components like seed oils and
synthetic [all-racemic (all-rac), a mixture of stereoisomers including
RRR] α-T from α-T–fortified food products and supplements. The nat-
ural α-T stereoisomer is preferentially retained by hepatic α-TTP (19),
and consequently accumulates in neurological tissues more than the
synthetic α-T stereoisomers (20–22). Natural α-T is also more biopo-
tent than synthetic α-T (23), but their relative potencies in the central
nervous system are unknown (24).

Few studies have directly compared the neurological effects of syn-
thetic α-T versus natural α-T using murine models. In our previous
study using adolescent Ttpa−/− mice, dietary synthetic α-T downreg-
ulated myelination-related genes in the cerebellum compared with nat-
ural α-T (25). These findings suggested that α-T sources differentially
affect brains of young mice. Other mouse studies have similarly demon-
strated that α-T sources differentially modulate the transcriptomes of
the hippocampus (22) and T-lymphocytes (26).

The goal of our current study was to compare natural versus syn-
thetic α-T during adulthood, when neurological tissues are more sus-
ceptible to oxidative stress and associated neurological deficits. We
chose to evaluate animals when they were 10 mo old; this age repre-
sents an intermediary stage of adulthood and helps fill the gap between
our previous adolescent mouse study (∼2 mo old) and the aging adult
mouse studies (∼17–20 mo old). As in our adolescent Ttpa−/− mouse
study, diets were supplemented with either natural α-T or 1 of 2 doses of
synthetic α-T. The synthetic α-T diet levels were 1.36 times and 2 times
the levels by mass of the natural α-T diet. These concentrations reflect
the 2 hypothesized ratios of biopotency (1.36:1 and 2:1) for natural ver-
sus synthetic α-T, which were proposed based on rat fetal-resorption
assays and the affinity of α-TTP to the 2R and 2S stereoisomers, respec-
tively (23, 27).

We used a combination of transcriptomic, biochemical, and histo-
logical approaches to comprehensively characterize the 10-mo-old adult
Ttpa−/− mouse cerebellum and spinal cord. Our primary finding was
that Ttpa−/− mice fed a vitamin E–deficient (VED) diet had upregu-
lated expression of neuroinflammatory genes (e.g., the cytokine Tnf)
in the spinal cord but not cerebellum. Furthermore, both natural and
synthetic α-T normalized their expression. Our work contributes to
the developmental timeline of α-T deficiency hallmarks, reinforces the
benefits of dietary α-T, and provides a foundation for future studies
evaluating natural versus synthetic α-T in neural tissues.

Methods

Animals
The University of Illinois Institutional Animal Care and Use Commit-
tee approved all animal procedures. Ttpa−/− males were crossed with
C57BL/6 (Ttpa+/+) females to produce heterozygous Ttpa+/− mice. Fe-
male Ttpa+/− offspring were fed a previously described AIN-93G–based
low-vitamin-E diet [35 mg all-rac–α-tocopheryl acetate (-α-TA)/kg
diet] (28). These Ttpa+/− mice were then bred to generate Ttpa+/+and
Ttpa−/− offspring to be used for the current study. The low-vitamin-
E breeder diet minimized brain α-T concentrations in the Ttpa−/−

mice weanlings (3.38 ± 0.64 nmol/g), similar to previous reports
(9, 25, 28).

Offspring were genotyped, and on postnatal day 21 male Ttpa+/+

and Ttpa−/− mice were weaned onto their assigned experimental diet,
exactly as described in our adolescent mouse study (25). Both the pre-
vious study and the current study used exclusively males; this aided in
the comparison of findings.

Study animals were individually housed in shoebox cages (12:12-h
light-dark cycle, 22◦C, 60% humidity) with ad libitum access to food
and water until study termination at 40 wk of age (37-wk feeding pe-
riod). Body mass and food intake were measured on a weekly basis. Diet
was removed from cages ∼12 h before being killed. Mice were killed via
different protocols, according to which analyses their tissues were pre-
assigned.

For biochemical and gene expression analyses (n = 7/group), mice
were anesthetized with isoflurane, and blood was collected via cardiac
puncture. Serum was separated by centrifugation (1500 × g for 15 min,
4◦C; Centrifuge 5417R, Eppendorf). Following decapitation, other tis-
sues were dissected, weighed, and snap-frozen in liquid nitrogen. Target
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brain regions (cerebral cortex and cerebellum) were further dissected.
One-half of each cerebellum was placed in RNAlater® (Thermo Fisher)
before freezing. The remaining brain regions were used as a “compos-
ite” brain sample for α-T stereoisomer analysis. All tissues were stored
at −80◦C until analysis.

Mice used to assess cerebellar Purkinje neuron morphology and
white matter areas in the cerebellum and spinal cord (n = 7/group) were
anesthetized with isoflurane and perfused intracardially with a 0.1-M
solution of PBS, followed by a 4% paraformaldehyde fixative solution in
PBS (pH 7.4). Brains and cervical spinal cord segments were extracted
and post-fixed in paraformaldehyde solution for 24 h, followed by a 30%
sucrose solution (cryoprotectant) for 72 h. A freezing microtome was
used to slice 40-μm sagittal sections of brain and 40-μm transverse sec-
tions of spinal cord. All animal tissues were coded to conceal their diet
group from the experimenters. Sections were stored at −20◦C in anti-
freeze storage solution (30% glycerol, 30% ethylene glycol, 30% distilled
water, 10% 0.2 M PBS), until stained with methylene blue/Azure II.

Diets
All experimental diets (modified AIN-93G formulas) and associated
procedures matched those used in our previous adolescent mouse study
(25). RRR-α-TA (Novatol 700D; Archer Daniels Midland) and all-rac-
α-TA (Sigma-Aldrich) were added to the natural α-T (NAT) and syn-
thetic α-T/high synthetic α-T (SYN/HSYN) diets, respectively. Before
diet preparation, both α-TA ingredients were analyzed via HPLC with
photodiode array detection (HPLC-PDA) to verify α-TA concentra-
tions (25). Ttpa+/+ mice were fed a control diet (CON; 75 mg all-rac-
α-TA/kg diet). Ttpa−/− mice were preassigned to 1 of 4 diets: VED
(below α-TA limit of detection), NAT (600 mg RRR-α-TA/kg diet),
SYN (816 mg all-rac-α-TA/kg diet), or HSYN (1200 mg all-rac-α-TA/kg
diet). The α-TA concentration in the NAT diet (600 mg RRR-α-TA/kg
diet) matched the α-TA concentration used in previous Ttpa−/− stud-
ies; this concentration was necessary to improve neurological symptoms
in Ttpa−/− mice (9–11). The SYN and HSYN diets were subsequently
formulated to contain 1.36 times or 2 times the α-TA by mass of the
NAT diet, respectively. These relative α-TA diet levels therefore repre-
sent the 2 proposed ratios of biopotency between natural and synthetic
α-T (1.36:1 and 2:1). Concentrations of α-TA in the 5 study diets were
determined via HPLC-PDA, as described previously (25). The analyzed
values were consistent with the planned diet formulations. Diets were
stored at −20◦C in vacuum-sealed packages, and new diet was provided
to mice each week.

Vitamin E analysis
The extractions, data processing, and analysis of α-TA from experimen-
tal diets, as well as total α-T and brain stereoisomer profiles, were car-
ried out using HPLC methods exactly as described previously (25). The
lower limit of detection for α-T in serum and tissues was 0.11 μmol/L
and 0.12 nmol/g, respectively.

Total RNA isolation and RT-qPCR analysis
Total RNA was isolated from the cerebellum and spinal cord as pre-
viously described (29). RNA purities and concentrations were deter-
mined, followed by cDNA synthesis. RT-qPCR was performed on a
StepOnePlus Real-Time PCR System (Applied Biosystems) following
the manufacturer’s protocol for SYBR® Green ROX qPCR Mastermix

TABLE 1 Selected oxidative stress– and myelination-related
genes for RT-qPCR analysis in the cerebellum and spinal cord1

Myelination Oxidative stress Additional genes

Car8 Tnf Necab1
Cnp Ccl2 Ttpa
Mag Il6
Mbp Il1b
Mobp
Myrf
Plp1
Rora
Sox10
1Select genes were only analyzed in either the cerebellum (Rora) or spinal cord
(Ccl2, Il6, Il1b, Nr1h3). Car8, carbonic anhydrase 8; Ccl2, chemokine (C-C motif)
ligand 2; Cnp, 2’,3’-cyclic nucleotide 3’ phosphodiesterase; Il1b, interleukin 1B; Il6,
interleukin 6; Necab1, neuronal calcium binding protein 1; Mag, myelin-associated
glycoprotein; Mbp, myelin basic protein; Mobp, myelin-associated oligodendro-
cytic basic protein; Myrf, myelin regulatory factor; Plp1, proteolipid protein (myelin)
1; Rora, RAR-related orphan receptor alpha; Sox10, sex determining region Y-box
10; Tnf, tumor necrosis factor; Ttpa, α-tocopherol transfer protein.

(Qiagen). Relative quantitation of gene expression was calculated us-
ing the 2−��Ct method. Actin B1 (Actb1) was used as the housekeeping
gene. Genes related to oxidative stress and myelination were selected
based on findings from previous Ttpa−/− mouse studies (9, 25, 30–32)
(Table 1). Primers were purchased from Integrated DNA Technologies,
and primer sequences are listed in Supplemental Table 1.

Lipid peroxidation
4-Hydroxynonenal (4-HNE) was analyzed in cerebellar and spinal cord
extracts by ELISA (OxiSelect HNE AdductELISA Kit; Cell Biolabs) ac-
cording to the manufacturer’s instructions. Briefly, total protein was ex-
tracted with RIPA buffer (Thermo Scientific) containing 1% protease in-
hibitor cocktail (Sigma) at 4◦C. Protein concentrations were determined
by the Pierce BCA protein assay kit (Thermo Scientific). All samples
(150 μg total protein each) were run in duplicate.

Cerebellar Purkinje neuron morphology and myelinated
axon areas
Single sagittal brain sections (40 μm from the midline) and cervical
spinal cord sections (C2–C3 region) were washed with a 0.1 M PBS so-
lution and mounted on electrostatically charged slides. Once dry, slices
were stained with a cell body stain (methylene blue/Azure II), and then
coverslipped with Permount (Fisher Scientific).

Digital images of brain and spinal cord sections were acquired using
an AxioSkop 40 Zeiss microscope equipped with an AxioCam MRc5
camera and Zen Blue software. Purkinje neuron cell body areas were
measured in matched regions of cerebellar lobules III, VI, and VIII
(>200 somas/mouse; n = 7 mice/group). The ImageJ region of inter-
est (ROI) Manager tool (33) was used to trace around each individual
soma and calculate area.

White matter areas contain myelinated axons and can be used as a
gross approximation of the amount of myelination, as well as a visual
marker of atrophy (34). These areas were traced in the cerebellum and
spinal cord using ImageJ. Single sections of each tissue were analyzed
for each mouse (n = 7/group).
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TABLE 2 Total α-T accumulation in selected tissues of Ttpa+/+ and Ttpa−/− mice fed experimental diets1

Ttpa+/+ Ttpa−/−

Tissue CON VED NAT SYN HSYN

Serum 11.3 ± 2.0a ND2 2.7 ± 0.4b 6.1 ± 1.1c 5.4 ± 0.5c

Liver 108.5 ± 22.9a ND 123.9 ± 36.6a 334.6 ± 46.2a 542.6 ± 77.4b

Heart 32.0 ± 1.0a ND 32.3 ± 2.0a 77.4 ± 5.5b 95.9 ± 6.2b

Lung 22.5 ± 3.3a ND 27.6 ± 3.8a,b 56.4 ± 11.8b 54.9 ± 6.6b

1Values are expressed as mean ± SEM μmol/L (serum) or nmol/g (other tissues); n = 7/group. For each tissue type, different superscript letters denote significant
differences (P < 0.05) between experimental groups by either 1-factor ANOVA with Tukey’s post hoc test (serum, heart, lung) or the nonparametric Kruskal-Wallis test
(liver). CON, control AIN-93G diet; HSYN, high synthetic α-tocopherol; NAT, natural α-tocopherol; ND, not detected; SYN, synthetic α-tocopherol; Ttpa, α-tocopherol
transfer protein; VED, vitamin E–deficient; α-T, α-tocopherol.
2Lower limits of detection: 0.11 μmol/L (serum); 0.12 nmol/g (tissues). Three and 2 VED-fed mice had very low but detectable concentrations (<2 nmol/g) in the liver and
heart, respectively.

Statistical analysis
All data were analyzed using GraphPad Prism version 8.1.3 for Win-
dows (GraphPad Software). Normality and homogeneity of variance
were evaluated using the Shapiro-Wilk and Brown-Forsythe tests, re-
spectively. If data did not meet these assumptions, values were trans-
formed via logarithm or square-root functions; if assumptions were still
not met after transforming the data, the nonparametric Kruskal-Wallis
test with Dunn’s post hoc was used. Time- and treatment-dependent
changes in body mass and food intake were analyzed by fitting a mixed-
effects 2-factor repeated-measures ANOVA model due to missing val-
ues. Pearson’s correlation test was used to test for significant correla-
tions between variables. For most study endpoints, differences between
diet groups were analyzed by 1-factor ANOVA, followed by Tukey’s post
hoc test when justified; differences between diet groups were consid-
ered significant when P < 0.05. For gene expression data, significance
was assigned following an additional Bonferroni correction: P < 0.003
for spinal cord (0.05/15 genes) or P < 0.004 for cerebellum (0.05/12
genes).

Results

Body mass, brain mass, and food intake
Body mass increased over time for all mice (P < 0.001), but there were
no significant differences between diet groups (P = 0.147) (Supplemen-
tal Figure 1). Brain mass did not differ between groups (P = 0.635; data
not shown). There was a significant time effect for average weekly food
intake (P < 0.001), but no differences between groups (P = 0.286) (Sup-
plemental Figure 1).

α-T bioaccumulation in nonneurological tissues
α-T concentrations in Ttpa−/-mice fed the VED diet were below the
lower limit of detection for all nonneurological tissues analyzed, includ-
ing serum, liver, heart, and lung (Table 2). NAT, SYN, and HSYN diets
increased α-T concentrations to varying degrees, depending on the tis-
sue type. SYN and HSYN diets significantly increased serum α-T con-
centrations compared with the NAT diet, but were still only ∼50% of the
α-T concentrations of Ttpa+/+mice fed the CON diet. In contrast, the
α-T–supplemented diets increased liver, heart, and lung α-T concentra-
tions to equal or greater α-T concentrations than in the CON diet group
(Table 2). Generally, the α-T tissue concentrations in Ttpa−/− mice in-
creased as total α-T mass in the diet increased.

Brain α-T bioaccumulation
Cerebral cortex α-T concentrations were below the limit of detection
in the VED diet group (Figure 1A). α-T-supplemented diets increased
total α-T concentrations, with significantly higher concentrations in the
SYN and HSYN groups compared with the NAT group (P < 0.01). NAT,

A

B

FIGURE 1 Brain α-T concentrations and stereoisomer profiles in
adult Ttpa+/+ and Ttpa−/− mice after 37 wk of being fed
experimental diets. (A) Cerebral cortex values are expressed as
means ± SEMs (n = 7/group). Each circle represents the measured
value from an individual mouse. Different superscript letters
denote significant differences between experimental groups (P
< 0.01). (B) α-T stereoisomer profiles in a pooled composite brain
sample from each diet group (n = 7/group). Lower limit of
detection: 0.12 nmol/g. CON, control AIN-93G diet; HSYN, high
synthetic α-tocopherol; NAT, natural α-tocopherol; ND, not
detected; SYN, synthetic α-tocopherol; Ttpa, α-tocopherol transfer
protein; VED, vitamin E–deficient; α-T, α-tocopherol.
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SYN, and HSYN group concentrations were all significantly lower than
in the CON group.

Brain α-T stereoisomer profiles were assessed using a pooled
composite sample for each experimental group (Figure 1B). The
majority of α-T in brains of Ttpa+/+ mice fed the CON diet consisted
of 2R stereoisomers (91%). The most abundant stereoisomer was RRS
(31%), followed by the naturally occurring stereoisomer RRR (24%),
RSR (18%), and RSS (17%). RRR-α-T was the only detectable stereoiso-
mer in Ttpa−/− mice fed the NAT diet, which is consistent with the α-T
source in their diet. Ttpa−/− mice fed either SYN or HSYN diets had
similar α-T stereoisomer profiles; their brains did not show discrimina-
tion between 2R (∼53%) and 2S (∼47%) stereoisomers. Interestingly,
RRR constituted the lowest proportion of α-T (∼6%) in these mice,
while the other 2R stereoisomers constituted relatively higher propor-
tions (∼11–14%).

Ttpa expression in cerebellum and spinal cord
The Ttpa−/− mouse model was generated via the insertion of lacZ
(β-galactosidase) and neo (neomycin phosphotransferase) genes into
the 5′ untranslated sequences of exon 1 of the α-T transfer protein
gene (Ttpa) (7). This resulted in the deletion of the Ttpa translational
start codon. Ttpa−/− mice may still express the mRNA to some de-
gree, but these transcripts are not translated into functional proteins. In
the current study, Ttpa was detectable in neural tissues of all mice. All
Ttpa−/− mouse groups had significantly lower Ttpa expression than the
Ttpa+/+group in both the cerebellum (∼2.7-fold lower) and spinal cord
(∼6.6-fold lower) (P < 0.001) (Supplemental Figure 2). Neither dietary
α-T source nor dose affected Ttpa expression. Notably, our study is not
the first to detect Ttpa transcripts in neurological tissues of Ttpa-null
mice (9).

Cerebellar oxidative stress
Tnf expression was used as a cytokine gene marker for the neuroinflam-
matory response; its expression did not differ between diet groups in the
cerebellum (Supplemental Table 2). The lipid peroxidation product 4-
HNE tended to be higher in the VED group (Figure 2A), but there was
substantial biological variability between mice (P = 0.31). In support of
the relation between oxidative stress markers in this study, 4-HNE con-
centrations were significantly positively correlated with Tnf expression
(r = 0.38, P = 0.026) (Figure 2B).

Cerebellar myelination
Neuronal calcium binding protein 1 (Necab1) expression was signifi-
cantly downregulated in all Ttpa−/− mouse groups, regardless of diet
(∼0.2-fold change, P < 0.001). These results corroborate those of a pre-
vious study that also reported 0.2-fold change in cerebella of 6-mo-old
Ttpa−/− mice (9). The selected myelination-related genes (Car8, car-
bonic anhydrase 8; Cnp, 2’,3’-cyclic nucleotide 3’ phosphodiesterase;
Mag, myelin-associated glycoprotein; Mbp, myelin basic protein; Mobp,
myelin-associated oligodendrocytic basic protein; Myrf, myelin regu-
latory factor; Plp1, proteolipid protein myelin 1; Rora, RAR-related
orphan receptor alpha; Sox10, sex determining region Y-box 10) were
not significantly modulated by genotype or α-T supplementation in the
cerebellum (Supplemental Figure 3; Supplemental Table 2). There were
no differences in the cerebellar white matter area between groups, which

A

B

FIGURE 2 Lipid peroxidation in cerebella of adult Ttpa+/+ and
Ttpa−/− mice after 37 wk of being fed experimental diets. (A)
4-HNE values are expressed as means ± SEMs (n = 5–7/group).
There were no significant differences by 1-factor ANOVA
(P = 0.31). (B) Positive correlation between cerebellar 4-HNE
concentrations and Tnf expression. Points represent individual mice
and are color coded by diet group. Correlations were evaluated by
Pearson’s correlation test. CON, control AIN-93G diet; HSYN, high
synthetic α-tocopherol; NAT, natural α-tocopherol; SYN, synthetic
α-tocopherol; Ttpa, α-tocopherol transfer protein; VED, vitamin
E–deficient; 4-HNE, 4-hydroxynonenal.

was used as an estimate of relative myelinated axon quantity (Figure
3A).

Cerebellar Purkinje neuron morphology
Average Purkinje neuron cell body sizes were not altered in Ttpa−/−

mice fed the VED diet or fed α-T–supplemented diets (Figure 3C–F).
Notably, we analyzed a relatively large group of mice (n = 7/group)
compared with a previous study that only evaluated n = 2–3/group.
Similar to our cerebellar 4-HNE results, there was substantial biolog-
ical variability between mice. Purkinje neuron atrophy may not reliably
occur in Ttpa−/− mice until they are older (∼17 mo) (10), when the
cerebellum is more vulnerable to oxidative stress. Consequently, mor-
phological benefits of supplemental α-T may not be visible until older
ages.

Spinal cord oxidative stress
Tnf expression was increased in the spinal cord of Ttpa−/− mice fed
the VED diet (P = 0.02) (Figure 4A), suggesting a neuroinflamma-
tory response at the transcriptome level. NAT, SYN, and HSYN di-
ets all normalized Tnf expression. Additional oxidative stress–related
genes [chemokine (C-C motif) ligand 2 (Ccl2), interleukin 1B (Il1b),
Il6] were analyzed to probe the neuroinflammatory hypothesis. These
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FIGURE 3 Cerebellum and spinal cord morphology in adult Ttpa+/+ and Ttpa−/− mice after 37 wk of being fed experimental diets. White
matter areas: (A) cerebellum, scale bar: 0.5 mm; (B) spinal cord, scale bar: 250 μm. Values are expressed as means ± SEMs (n = 7/group).
There were no significant differences between groups by 1-factor ANOVA. (C, D) Representative Purkinje neuron layers for CON and VED
diet groups, original magnification, 40×; scale bar: 20 μm. (E) Purkinje cell body areas are expressed as means ± SEMs (n = 7/group). (F)
Frequency distribution of cell body sizes for all diet groups. There were no differences between groups for cerebellar Purkinje neuron
analyses. CON, control AIN-93G diet; HSYN, high synthetic α-tocopherol; NAT, natural α-tocopherol; SYN, synthetic α-tocopherol; Ttpa,
α-tocopherol transfer protein; VED, vitamin E–deficient.

genes are also downstream targets of the TNF signaling pathway.
Both Ccl2 (P = 0.06) and Il1b (P = 0.03) were nonsignificantly in-
creased in the VED group compared with the CON group, and lev-
els were normalized with α-T supplementation (Figure 4B). Tnf, Ccl2,
and Il1b expression values varied substantially between mice in the
VED group, but the 3 genes were consistently higher or lower for
each individual mouse (Supplemental Figure 4). There were signifi-
cant positive correlations between Tnf versus Ccl2 expression (r = 0.77,
P < 0.001) and Tnf versus Il1b expression (r = 0.83, P < 0.001) (Sup-
plemental Figure 5). These associations align with the known re-
lations between Tnf and downstream target genes, and further sup-
port the observed neuroinflammatory gene changes between diet
groups.

Spinal cord lipid peroxidation, as indicated by 4-HNE concentra-
tions, was similar across all diet groups (Supplemental Figure 6).

Spinal cord myelination
In the spinal cord, myelination-related genes (Car8, Cnp, Mag, Mbp,
Mobp, Myrf, Plp1, Nr1h3, Sox10) were similarly expressed across all diet
groups (Supplemental Figure 3; Supplemental Table 3). There were also
no differences in white matter areas (Figure 3B).

Discussion

The goal of this work was to compare the effects of natural versus syn-
thetic α-T in the cerebellum and spinal cord of Ttpa−/− mice. We as-
sessed adult mice (10 mo old) to fill a gap in experimental knowl-
edge; previous studies focused on mice at other life stages, primarily
aging adulthood (∼17–20 mo old). Neuroinflammatory genes were up-
regulated in the spinal cord of 10-mo-old Ttpa−/− mice fed the VED
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A

B

FIGURE 4 Neuroinflammatory genes in spinal cord of adult
Ttpa+/+ and Ttpa−/− mice after 37 wk of being fed experimental
diets. (A) Tnf values, expressed as means ± SEMs (n = 5–7/group).
(B) Additional neuroinflammatory genes were tested to confirm
diet trends observed with Tnf. Heatmap colors indicate average
fold-changes relative to the CON diet group, and each column
represents an individual mouse. There were no significant
differences between groups, but trends were observed for CON
vs. VED comparisons: Tnf, P = 0.02; Ccl2, P = 0.06; Il1b, P = 0.03.
Ccl2, chemokine (C-C motif) ligand 2; CON, control AIN-93G diet;
HSYN, high synthetic α-tocopherol; Il1b, interleukin 1B; Il6,
interleukin 6; NAT, natural α-tocopherol; SYN, synthetic
α-tocopherol; Ttpa, α-tocopherol transfer protein; VED, vitamin
E–deficient.

diet, and both natural and synthetic α-T supplementation normalized
this gene expression profile. Contrary to our original hypothesis, these
changes did not occur in the cerebellum. However, these tissue-specific
findings align with work published after our trial began, using 6- and 12-
mo-old Ttpa−/− mice (9); they proposed that the spinal cord is the ini-
tial site of α-T deficiency pathology in the Ttpa−/− mouse model. More
profound cerebellar abnormalities may not occur until later in adult-
hood (∼17 mo old) (10), or possibly during the unstudied age window
of 12–17 mo old (Figure 5).

We measured select genes related to neuroinflammation, such as Tnf,
rather than conducting a full transcriptome analysis. α-T status modu-
lates Tnf expression in various inflammatory contexts, in both cell and
animal models (35–37). The current study contributes additional in vivo
evidence for this relation in the central nervous system. Tnf was also
positively correlated with other selected TNF signaling pathway genes
(Ccl2, Il1b) in the spinal cord. α-T status clearly modulates gene expres-

sion, directly or indirectly resulting in downstream consequences. In
addition, our Tnf results may implicate TNF-producing immune cells,
specifically T cells, in the response to low vitamin E status.

The lipid peroxidation product 4-HNE was nonsignificantly in-
creased in the cerebellum of VED mice, and there were no changes in
the spinal cord. A previous study reported increased 4-HNE concentra-
tions in both the cerebellum and spinal cord of ∼20-mo-old Ttpa−/−

mice (11), but 10 mo of age may not be old enough to detect these
changes. Tissue-specific, or possibly cell-type–specific, differences in
the response to low α-T status may have also influenced our find-
ings. For example, cerebellar Purkinje neurons and/or the supportive
Bergmann glial cells around them [which express α-TTP (38)] may be
more sensitive to α-T status and oxidative stress than other cells. Isolat-
ing and analyzing specific cell types could address these questions.

4-HNE concentrations may be a more representative marker of ox-
idative stress in the cerebellum than the spinal cord. 4-HNE is generated
from the oxidation of lipids containing polyunsaturated omega-6 acyl
groups, such as linoleic (18:2n–6) or arachidonic (20:4n−6) acids; these
fatty acids are typically higher in the rodent brain than the spinal cord
(39). Evaluating other markers, such as 3-NT, hydroxyoctadecadienoic
acids (t-HODEs), and F2-isoprostanes (7, 10, 40), may give more insight
for the spinal cord.

We hypothesized that increased oxidative stress in the cerebellum
and spinal cord would result in changes to the myelin-related tran-
scriptome and myelin morphology. Our previous study showed that the
HSYN diet, compared with the NAT diet, significantly downregulated
myelin genes in cerebella of adolescent (7 wk old) Ttpa−/− mice (25).
Other work using Ttpa−/− mice has demonstrated brain myelin–related
gene expression changes at 3 and 10 mo of age (30, 31), spinal cord axon
degeneration at 6 mo of age (9), and myelin pathologies as early as 12 mo
of age (9) (Figure 5).

Surprisingly, myelin-related genes were not modulated in the cur-
rent study. We selected genes based on previous Ttpa−/− mouse trials,
such as transcription factors (Sox10, Myrf, Nr1h3, Rora) and genes en-
coding myelin proteins (e.g., Mbp, Plp1) (Table 1). Inherent differences
in myelination status during adolescence versus adulthood may help ex-
plain the discrepancies between studies. During adolescence, the ini-
tial myelination phase is fully underway, so myelin-related genes may
be naturally upregulated. However, during adulthood, the myelin is es-
tablished and only slowly being repaired, so dietary impact on myelin-
related gene expression may not be detectable.

Consistent with the gene expression results, myelinated axon areas
(white matter tracings) were unchanged in Ttpa−/− mice. However, we
used a gross histological indicator of myelination, so this does not rule
out the possibility of microstructural myelin differences. These could
be revealed through techniques like transmission electron microscopy
(9).

We confirmed (9) that Necab1, a calcium-binding protein, is consis-
tently downregulated (∼0.2-fold change) in cerebella of Ttpa−/− mice,
regardless of brain α-T status. These Necab1 results corroborate previ-
ous reports showing that Ttpa−/− mice have dysregulated expression of
genes encoding calcium channels (32) and calcium signal transducing
proteins (30) in neural tissues (dorsal root ganglia and cerebral cortex,
respectively). These transcriptomic changes throughout the nervous
system could cause diverse and detrimental downstream consequences
related to cellular signaling, synaptic function, and energy metabolism,
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FIGURE 5 Developmental timeline of the neurological phenotype in Ttpa−/− mice. Outcomes were reported for mice fed low- or vitamin
E–deficient diets. Spinal cord pathologies may develop before other neurological tissues. Transcriptional and molecular outcomes tend to
precede structural and functional outcomes. Superscripts reference the studies in which the outcomes were reported. Asterisks (∗) indicate
contributions from the current study. DRGN, dorsal root ganglion neurons; Ttpa, α-tocopherol transfer protein; 3-NT, 3-nitrotyrosine;
4-HNE, 4-hydroxynonenal.

culminating in neurodegenerative pathologies (41). Disrupted calcium
homeostasis may therefore be a key feature and/or cause of the neuro-
logical phenotype in Ttpa−/− mice.

Conclusions from our study were limited by a few critical factors.
One factor was the age of the mice at study termination. We inten-
tionally selected endpoints that were assessed in older mice in order
to replicate prior findings and provide new data during an intermedi-
ary stage of adulthood. However, 10 mo of age may be premature for
detecting deficits, particularly related to the cerebellar Purkinje neu-
rons. Nevertheless, our results provide further insight into the devel-

opmental timeline of α-T deficiency–associated pathologies (Figure 5).
The relatively mild biochemical changes in response to low α-T status
were surprising in this study, since altered oxidative stress and gene
expression have been shown at even earlier ages in this mouse model
(25, 30, 40).

A second limiting factor was insufficient power in experimental
group sizes, which precluded conclusive inferences for some mea-
surement outcomes (e.g., 4-HNE in the cerebellum). This was due to
higher than anticipated intragroup variation, particularly the VED diet
group.
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Last, the choice of fat source for our experimental diets may have
influenced our study outcomes. This is because our experimental di-
ets had very low PUFA concentrations compared with other Ttpa−/−

mouse studies. We replaced the majority of soybean oil (∼60% PUFA),
which is standard in rodent diets, with hydrogenated coconut oil (∼2%
PUFA) to minimize the vitamin E content. Interestingly, Ttpa−/− mice
fed high omega-6 PUFA diets (linoleic acid from corn oil) have been
reported to display ataxia and other α-T deficiency symptoms at ∼6
mo of age, which was significantly earlier than mice not supplemented
with omega-6 PUFAs (42). α-T is well established as a PUFA-protector
due to its antioxidant capacity. Furthermore, it is generally accepted that
consuming high-PUFA diets also requires higher α-T intakes to meet
daily α-T requirements (43–45). Taken together, our low-PUFA diets
may have attenuated the pathological progression and the anticipated
molecular changes in our VED-fed Ttpa−/− mice.

Notably, methodological differences may also partially explain why
the current study results do not corroborate our previous study using
adolescent mice. In the previous study, female Ttpa+/− breeders re-
ceived a standard AIN-93G diet containing α-T during the initial ges-
tation period (days 1–9) followed by a VED diet for the remainder of
gestation and lactation (25, 28). In contrast, breeders for the current
adult study received a low-vitamin-E diet for the entire breeding period
(28). Both breeder diet strategies successfully minimized the transfer of
α-T to offspring; 3-wk-old Ttpa−/− weanlings had very low brain α-
T concentrations regardless of the breeder diet strategy. Therefore, we
assumed that the offspring were also similar in other ways, such as over-
all α-T and brain development status. However, the maternal diets may
have differentially affected study mice before weaning and led to differ-
ences for our final outcomes.

We measured α-T stereoisomer profiles in pooled composite brain
samples for both the current adult mouse study and our previous ado-
lescent mouse study (25). α-T stereoisomer proportions were similar
in both studies. Specifically, 2R stereoisomers constituted the major-
ity of α-T in Ttpa+/+ mice fed the CON diet and Ttpa−/− mice fed
the NAT diet, whereas Ttpa−/− mice fed either the SYN or HSYN di-
ets did not discriminate between 2R and 2S stereoisomers. It is clear
that brain stereoisomer composition is highly dependent on the pres-
ence of α-TTP, be it hepatic α-TTP or possibly local brain expression of
α-TTP.

We aimed to test the effectiveness of natural versus synthetic α-T
for preventing unfavorable neurological outcomes in adult mice. Both
α-T sources benefited the neuroinflammatory markers that were ele-
vated in Ttpa−/− mice fed the VED diet. However, the effectiveness
of natural versus synthetic α-T could not be determined for morpho-
logical endpoints since these were unchanged in VED-fed Ttpa−/−

mice.
Future work should compare the biochemical, histological, and neu-

robehavioral effects of natural versus synthetic α-T in aging adult
Ttpa−/− mice (∼17+ mo, when they have more pronounced symp-
toms of deficiency). These studies should further explore the relative
biopotencies of natural and synthetic α-T in neural tissues. The op-
timal time point for α-T administration is also unknown. Animals
in our and others’ studies were fed experimental diets from weaning
age until being killed. Studies should also test whether short-term α-
T-feeding interventions during late adulthood rescue the neurological
phenotype.

Despite mostly null findings, our novel Ttpa-null mouse study lays
the groundwork for future research in this area. Importantly, we have
also highlighted potential limitations of using the Ttpa−/− mouse model
and recommended additional experiments that will help answer our lin-
gering questions.

α-T acts as a neuroprotectant during aging, possibly because it can
modulate immune and inflammatory responses. In Ttpa−/− mice, neu-
roinflammation may occur during midlife and cause abnormal neural
function and myelination later on. Our study provides a snapshot of
the 10-mo-old Ttpa−/− mouse cerebellum and spinal cord after 37 wk
fed VED or α-T–supplemented diets. Low α-T status causes time- and
tissue-dependent abnormalities, but the exact timeline of these conse-
quences has not been determined.
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