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A B S T R A C T   

Vitamin E (α-tocopherol, VitE) was discovered as a nutrient essential to protect fetuses, but its molecular role in 
embryogenesis remains undefined. We hypothesize that the increased lipid peroxidation due to VitE deficiency 
drives a complex mechanism of overlapping biochemical pathways needed to maintain glutathione (GSH) ho-
meostasis that is dependent on betaine and its methyl group donation. We assess amino acids and thiol changes 
that occur during embryogenesis [12, 24 and 48 h post fertilization (hpf)] in VitE-sufficient (E+) and deficient 
(E− ) embryos using two separate, novel protocols to quantitate changes using UPLC-MS/MS. Using partial least 
squares discriminant analysis, we found that betaine is a critical feature separating embryos by VitE status and is 
higher in E− embryos at all time points. Other important features include: glutamic acid, increased in E− em-
bryos at 12 hpf; choline, decreased in E− embryos at 24 hpf; GSH, decreased in E− embryos at 48 hpf. By 48 hpf, 
GSH was significantly lower in E− embryos (P < 0.01), as were both S-adenosylmethionine (SAM, P < 0.05) and 
S-adenosylhomocysteine (SAH, P < 0.05), while glutamic acid was increased (P < 0.01). Since GSH synthesis 
requires cysteine (which was unchanged), these data suggest that both the conversion of homocysteine and the 
uptake of cystine via the Xc

– exchanger are dysregulated. Our data clearly demonstrates the highly inter-related 
dependence of methyl donors (choline, betaine, SAM) and the methionine cycle for maintenance of thiol ho-
meostasis. Additional quantitative flux studies are needed to clarify the quantitative importance of these routes.   

1. Introduction 

Vitamin E (α-tocopherol, VitE) was discovered because it is a 
necessary nutrient to maintain pregnancy in rats [1]. Importantly, VitE 
sufficiency is closely associated with the developing nervous system in 
poultry [2], rodents [3], and zebrafish [4]. In particular, zebrafish em-
bryos are a frequently used model for developmental biology given they 
develop externally, are transparent, easy to maintain and are produced 
in large quantities to allow sensitive analyses [5]. The fertilized egg 
contains all of the necessary nutrients and is a self-contained unit that 
develops into a swimming fish in 5 days. Therefore, we developed a 
unique model of VitE deficiency using zebrafish embryos obtained by 
spawning adult fish fed VitE deficient (E− ) diets. 

The use of E− embryos has allowed study of the interactions of 
interdependent, overlapping metabolic systems during embryonic 
development [6–9]. Critically, by 5 days 80% of E− embryos have 
morphologic abnormalities or have died [8]. Not surprisingly, since VitE 
is a lipid soluble, peroxyl radical scavenger, E− embryos experience 
lipid peroxidation, depletion of phosphatidyl choline with docosahexa-
enoic acid (DHA-PC) and dysregulated phospholipid metabolism [8,10]. 
Additionally, we reported using targeted metabolomics analyses over a 
time course of 5 days that E− embryos had dysregulated energy meta-
bolism [8], as well as mitochondrial dysfunction, measured by extra-
cellular oxygen consumption [8]. Specifically, glucose was depleted and 
its supplementation could partially rescue the E− embryos [8,9]. We 
also found in E− embryos that choline was depleted by 24 h 
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post-fertilization (hpf) and that over time betaine became dysregulated, 
along with glutathione (GSH) depletion [8,9]. Moazzami et al. [11], who 
utilized non-targeted 1H-NMR-metabolomics to investigate long-term 
effects of VitE deficiency in rats, also found that betaine concentra-
tions were higher and expression of genes related to energy metabolism 
were lower in deficient rats. Taken together, these data show that VitE is 
necessary to maintain energy homeostasis, and also point to betaine as a 
critical nutrient that becomes dysregulated as deficiency proceeds. 

Dysregulation of betaine concentrations in E− embryos is conse-
quential because betaine is a methyl donor that plays a significant role in 
zebrafish development. Betaine homocysteine S-methyltransferase 
(BHMT, EC 2.1.1.5) catalyzes the transfer of methyl groups from betaine 
to homocysteine (Hcy) to form methionine (Met). Yang et al. [12] 
showed that the bhmt gene is highly expressed at 12, 24 and 72 hpf in 
zebrafish embryos. Additionally, cystathionine β-synthase (CBS, EC 
4.2.1.22) catalyzes the first step of the transsulfuration pathway, con-
verting Hcy to cystathionine. Cbs knockdown in zebrafish causes a bent 
embryonic axis that can be rescued with betaine [13]. Thus, under-
standing betaine regulation may provide a critical linkage between 
metabolic pathways and thiol redox status to define the consequences of 
VitE deficiency. 

This linkage between VitE deficiency, increased lipid peroxidation 
and thiol status has been studied in E− embryos using lipidomics [10] 
and metabolomics [8]. These latter studies suggested that choline, 
betaine and the methionine cycle were dysregulated by inadequate VitE 
protection during embryogenesis. The dysregulation of these pathways 
in E− embryos causes abnormal nervous system formation, especially 
the midbrain-hindbrain boundary, spinal cord and dorsal root ganglia 
[14]. Thus, we raise the question “why is a water-soluble methyl donor 
dysregulated during VitE deficiency?” We hypothesize that an increased 
requirement for GSH during the increased lipid peroxidation observed in 
E− embryos drives a complex mechanism of overlapping biochemical 
pathways needed to maintain thiol homeostasis that is dependent on 
betaine and methyl group donation. To test this hypothesis, we have 
developed highly sensitive, analytical methodologies to measure both 
critical amino acids and thiols, longitudinally in E− and E+ zebrafish 
embryos. 

2. Materials and METHODS 

2.1. Materials and reagents 

Supplies were obtained as follows: ammonium formate (Optima, 
Fisher); formic acid (Optima LC-MS grade, Fisher Chemical); tris (2- 
carboxyethyl) phosphine hydrochloride (TCEP, Sigma-Aldrich); N-eth-
ylmaleimide (NEM; Sigma-Aldrich); ethylenediaminetetraacetic acid 
(EDTA; EMD Millipore); 5-sulfosalicylic acid (SSA; Sigma-Aldrich); zir-
conium oxide beads (Next Advance); amino acid standard mix (Sigma- 
Aldrich); stable isotope-labeled amino acid standard mix (Cambridge 
Isotope); choline chloride (Fluka); betaine (Sigma-Aldrich); S-adeno-
sylmethionine (SAM) (Cayman Chemical); S-adenosylhomocysteine 
(SAH) (Cayman Chemical). The stable isotope-labeled internal standard 
(IS) GSH-(glycine-13C2, 15N) trifluoroacetate salt (Sigma-Aldrich, St 
Louis, MO) was used for recovery analysis and quantitation of free 
thiols. All other reagents and solvents were of analytical grade. 

2.2. Zebrafish husbandry 

The Institutional Animal Care and Use Committee (IACUC) of Ore-
gon State University approved the protocol (ACUP Number #5068). 
Tropical 5D strain zebrafish were reared in the Sinnhuber Aquatic 
Research Laboratory at Oregon State University under standard labo-
ratory conditions of 28 ◦C on a 14-h light/10-h dark photoperiod ac-
cording to standard zebrafish breeding protocols [15]. At 55 days 
post-fertilization, adult zebrafish were randomly allocated to one of 
two experimental diets, VitE deficient (E− ) or sufficient (500 mg 

RRR-α-tocopheryl acetate/kg diet, E+), as previously described [7,8, 
16]. We obtained E− and E+ embryos by spawning adult 5D zebrafish 
that had been fed either E− or E+ diets, respectively, for a minimum of 
80 days. Control embryos were obtained from adults fed standard 
zebrafish food (Gemma micro, https://zebrafish.skrettingusa.com/). 
Diet and embryo α- and γ-tocopherol concentrations (Supplement 
Table 1) were determined using high-performance liquid chromatog-
raphy with electrochemical detection [17]. 

Embryos were collected, staged and incubated in standard embryo 
media (EM; reverse osmosis water with 15 mM NaCl, 0.5 mM KCl, 1 mM 
CaCl2, 1 mM MgSO4, 0.15 mM KH2PO4, 0.05 mM Na2HPO4 and 0.7 mM 
NaHCO3) [18]. Reproductive output was determined by pair spawning 
females followed by total egg count per female. For extraction protocols, 
only living embryos as evaluated by spontaneous embryo movement 
were used for analysis and these embryos were randomly sampled from 
those viable at the given sampling time. To reduce variability due to 
differences in hatching, all embryos used for analysis were unhatched 
with chorion on to investigate changes unrelated to hatching, which 
may significantly alter the embryos’ redox potential [19]. For sample 
preparation, embryos at 12, 24 and 48 hpf were transferred to 1.7 ml 
microcentrifuge tubes. The tubes were kept on ice for 30 min to 
euthanize the animals, the liquid removed, and prepared as described 
below, then the samples were snap frozen in liquid nitrogen and stored 
at − 80 ◦C. Live embryos were used for morphological assessment. At 12, 
24 and 48 hpf, embryos were mounted in 3% methylcellulose on a glass 
slide dish, anesthetized with tricaine and imaged using a Keyence 
BZ-x700 All-in-One Microscope. Images were taken with the 2× and 
10× objective using brightfield imaging. All image enhancements 
(contrast, saturation) were made uniformly in Adobe Photoshop. Egg 
traits were assessed by egg yolk diameter followed by egg volume esti-
mated based on the volume of an ellipsoid using the equation [20,21]: 

Volume =
4
3

π × (small axis radius) × (large axis radius)2  

2.3. Thiol extraction and determination by UPLC-MS/MS 

Free thiols in embryos were extracted, derivatized and measured by 
UPLC-MS/MS, as adapted from Ref. [6–8]. The extracted and quanti-
tated thiols included GSH, glutathione disulfide (GSSG), cysteine, ho-
mocysteine (Hcy), and cystine (cysteine disulfide, CysS). Briefly, 
embryos (n = 10) were homogenized in the derivatizing and protein 
precipitating solution (20 mM NEM, 50 mM EDTA and 2% SSA in 15% 
methanol, final concentrations) using a bullet blender (Next Advance, 
Inc. Troy, NY) with 0.5 mm zirconium oxide beads for 2 min at speed 10. 
Prior to homogenization, an aliquot of the internal standard (IS) [GSH– 
(glycine-13C2, 15N)] was added to each sample for quantitation and to 
correct for non-specific losses. 

NEM incubation times between 1 min and 1 h have been previously 
reported for a variety of biological samples, including red blood cells 
and human plasma [22], but we found that this length of time was 
insufficient for the more complex whole zebrafish embryo homogenate. 
To determine the optimal length of time necessary for complete thiol 
derivatization with NEM, a time course was performed. The minimum 
time necessary for maximum derivatization was 9 h (see below). The 
reaction can continue at room temperature protected from light for up to 
24 h after homogenization with thederivatizing solution without any 
subsequent increase in oxidation of GSH to GSSG (see below). For the 
data in this report, the embryo homogenate and derivatizing solution 
mixture were incubated at room temperature for a minimum of 9 h. 
Following derivatization, samples were centrifuged at room tempera-
ture for 5 min at 14,000 rpm. Supernatants were transferred to injection 
vials, then stored at 10 ◦C until UPLC-MS/MS analysis. 

Derivatized-thiols and thiol disulfides were separated using a C18 
column [temperature 40 ◦C, Acquity UPLC BEH© C18 (2.1 × 100 mm ×
1.7 μm; Waters, Milford, MA)] and a UPLC (Waters Acquity H system) 
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coupled with a Xevo TQD mass spectrometer (Waters, Milford, MA) 
equipped with an electrospray ionization source operated in positive 
mode (ESI+). MS tune conditions were as follows: desolvation gas 800 
L/h; capillary 2.00 kV; cone 37 V; ESI + probe temperature 500 ◦C. 
MassLynx v.4.1 software (Waters, Milford, MA) was used for instrument 
control and data acquisition. Analytes were detected and quantified by 
multiple reaction monitoring (MRM). Chromatographic separation was 
achieved at a flow-rate of 0.375 mL/min using a gradient with mobile 
phase A (MP A, water with 0.1% formic acid) and mobile phase B (MP B, 
acetonitrile with 0.1% formic acid), as follows: Initial conditions were 
0% MP B increased by slight convex curve to 60% for 1.10 min. After 
1.10 min a gradient was initiated for 0.2 min (1.10–1.30 min), and MP B 
was increased linearly to 95%. From 1.30 to 1.67 min MP B was held at 
95%. At 2.14 min MP B was increased to 100% and held at 100% until 
4.0 min, then solvents were returned to initial conditions. Total run time 
was 5 min including column equilibration. The MRM-transitions and 
retention times of the individual derivatized thiols and thiol disulfides 
are shown in Supplement Table 2. Standard curves were linear (r2 ≥

0.98) between 10 fmol and 100 pmol injected for all thiols tested. 
To determine extraction efficiency, derivatization and recovery of 

NEM-conjugated free thiols, zebrafish embryo pools (n = 5 pools, 10 
embryos per pool) were spiked with known IS concentrations at two 
points in the high (50–100 pmol injected) and two points in the low 
(0.5–1 pmol injected) end of the standard curve. The embryo pools were 
then homogenized in derivatizing solution and measured, as described. 
Recovery was calculated: 

Recovery = 100 × [(sample analyte + IS) – sample analyte ] / IS  

2.4. Assessment of thiol extraction and quantitation method development 

Embryo pools were homogenized in derivatizing solution, then at 
periodic intervals (1, 2, 3, 6, 9, 12 and 24 h) samples were centrifuged, 
supernatants were transferred to injection vials and subjected to anal-
ysis. Labeled internal standard (IS) added to the standard curve was used 
to estimate maximum derivatization in the absence of the embryo ho-
mogenate, which presumably was caused by matrix effects in those 
homogenates. We determined that the half-life to the maximum deriv-
atization of homogenates was 3.3 h and was similar for all thiols tested. 
By 9 h nearly 90% of free thiols in the sample were derivatized with 
NEM. Using the 9 h incubation protocol, the recovery of added standard 
to sample homogenates were consistently >75% for all analyses at two 
points in the high [50–100 pmol injected] and two points in the low 
[0.5–1 pmol injected] end of the standard curve. Thus, a solution con-
taining SSA, EDTA and NEM effectively protects 90% of free thiols in 
zebrafish embryo homogenates without any increase in GSSG. 

2.5. Analysis of amino acid and related metabolites 

To extract amino acids and related compounds from embryos, 50 μL 
TCEP (100 mg/ml) and 350 μl acetonitrile were added to 1.7 ml 
microcentrifuge tubes each containing 10 embryos. The samples were 
homogenized with 0.5 mm zirconium oxide beads using a bullet blender 
for 3 min, at speed 10, then centrifuged at 4 ◦C at 15,000 × g for 5 min. 
An appropriate aliquot of the supernatant was diluted with Mobile Phase 
B (MP B, 10 mM ammonium formate in 85% acetonitrile) and IS con-
taining multiple-labeled amino acids added. An aliquot was transferred 
to low volume injection vials and stored at − 80 ◦C until LC-MS/MS 
analysis. 

Amino acids and related compounds were analyzed, as described 
[23] with modifications, using the UPLC-MS/MS equipment described 
above. The MS/MS was operated in ESI + mode with equipment 
parameter settings as follows: desolvation gas 1000 L/h, capillary 
voltage 1.00 kV, desolvation temperature 550 ◦C and cone gas flow 10 
L/h. Collision energy (CE) and cone voltage were optimized for each 
compound of interest and analyzed using MRM. The column used was a 

BEH Amide (Waters® Acquity UPLC 1.7 μM, 2.1 × 100 mm) with a 
VanGuard guard column (Waters® Acquity UPLC 1.7 μM, 2.1 × 5 mm). 
The column was maintained at a temperature of 40 ◦C. Optimal chro-
matographic separation was achieved at a flowrate of 0.3 mL/min using 
a gradient with mobile phase C (MP C, 10 mM ammonium formate) and 
MP D as follows: initial conditions were 100% MP D, hold 6 min. After 6 
min a gradient was initiated for 0.1 min (6.0–6.1 min), then MP D was 
decreased to 94.1%. From 6.1 to 10 min MP D was linearly decreased to 
82.4% and from 10 to 14 min, MP D was decreased to 70.6%. After 14 
min solvents were returned to the initial conditions. Total run time was 
20 min including column equilibration. MassLynx v.4.1 software was 
used for instrument control and data acquisition. Retention times, MRM 
transitions and CE are shown for the unlabeled and labeled analytes 
(Supplement Table 3). The range of linearity (pmol/injected) and cor-
relation coefficients for the standard curves are shown in Supplement 
Table 4. 

2.6. Repeatability and reproducibility of measurements: thiols, amino 
acids and related metabolites 

Measurements of triplicates varied <10%; this variation is within 
acceptable limits set by the ICH calling for 3 replicates each at 3 test 
concentrations with variation of ±20% [24]. Inter-day assessments were 
made with thiols extracted and derivatized from three zebrafish ho-
mogenate pool of 24 hpf embryos analyzed five times. Derivatized 
analytes (GSH, cysteine and homocysteine) had between day % coeffi-
cient of variation (CV) in the range of 2.3–7.2% (Supplement Table 5). 
Within-day precision was also calculated with one zebrafish homoge-
nate pool of 24 hpf embryos analyzed 5-times resulting in %CV values 
ranging from 2.7 to 11.7%. The %CV for amino acid (AA) quantitation of 
five replicate injections of standards on one day ranged from 1.1 to 
12.3%. The %CV ranged from 0.8 to 16.1% when the standards were 
injected on three different days. Higher %CV were observed for those 
compounds [S-adenosylhomocysteine (SAH), S-adenosylmethionine 
(SAM), choline and betaine] for which no labeled IS was available. The 
highest within day %CV of this latter group (20.8%) was observed for 
SAH, which is present at low concentrations in embryos (Supplement 
Table 6). 

2.7. Statistical analyses, principal component analyses and hierarchical 
clustering 

We validated our outcomes by assessing 1) sensitivity [limits of 
detection (LOD) and of quantification (LOQ)], 2) accuracy and preci-
sion, and 3) recovery of authentic standards added to embryos prior to 
extraction. LOD and LOQ were established with signal-to-noise ratio (S/ 
N) of 3/1 and 10/1, respectively (consistent with the International 
Council for Harmonization of Technical Requirements for Pharmaceu-
ticals for Human Use (ICH) standards [24]). Precision (CV%) of inter- 
and intra-day assays was measured and calculated by replicate analysis 
(n = 5 or 3, as indicated). For thiol analyses, labeled GSH-(13C2–15N) 
was used as an IS to determine derivatization efficiency and recovery 
throughout method development and sample analysis. For amino acid 
analysis, labeled IS additions for most analytes were used. Results for 
both assays were corrected for IS recovery with quantitation relative to 
the respective standard curves. 

Data from both analyses were combined into one dataset. All data 
(metabolite concentrations per embryo) were normalized by log trans-
formation and auto scaling prior to statistical analysis. Two-dimensional 
(2D) principal component analysis (PCA) score and loading plots were 
generated by MetaboAnalyst 3.0 (https://www.metaboanalyst.ca/) [25, 
26]. Comparisons were made at each independent time point between 
diet groups using a supervised partial least squares-discriminant analysis 
(PLSDA) clustering method. PLSDA variable of importance (VIP) fea-
tures were generated to identify metabolites that differentiate the diet 
groups. Heatmaps were generated between E+ and E− diet groups. 
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Hierarchical clustering was performed using the Ward algorithm and 
separated by Euclidean distance with factors visually arranged by time 
point. Statistical differences between groups, over time were assessed 
using 2-way ANOVA with Tukey’s multiple comparison tests (Prism 6.0, 
GraphPad, La Jolla, CA). Statistical significance between differences was 
set at P < 0.05. Differences between reproductive output and egg yolk 
volume in 3 hpf embryos was assessed with t-tests between E+ and E−
groups. Data are reported as group mean ± standard error of the mean 
(SEM). 

3. Results 

3.1. Embryo morphology and egg quality assessment 

E+ and E− embryos were first assessed for proper development by 
morphologic screening at 12, 24 and 48 hpf with representative embryos 
shown (Fig. 1). E+ embryos at 12 hpf were developmentally normal 
with 5–6 somites located dorsally in addition to anterior head and eye 
(Fig. 1A). E− embryos, however, were noticeably delayed, as shown by 

reduced somite progression (Fig. 1B, *). By 24 hpf, E+ embryos had 
tightly packed V-shaped myotomes distributed throughout the trunk, 
defined eyes and early otic vesicle, and extended tails (Fig. 1C). E−
embryos (24 hpf) had loosely packed myotomes and reduced tail 
extension (Fig. 1D, *). At 48 hpf, E+ embryos are developmentally 
normal, indicated by pigment cell migration dorso-laterally, circulation 
present in the pericardium and a straight notochord extending from 
head to tail (Fig. 1E). E− embryos (48 hpf) experience greater incidence 
of both yolk sac and pericardial edema (*) and bent axis (Fig. 1F). To 
determine if initial maternal contribution and initial egg quality predicts 
embryonic morphological deformities, reproductive parameters were 
assessed. E+ and E− females at approximately 1 year old, and 9 months 
on diet produced similar numbers of eggs with 67.4 ± 7.7 eggs per E+
female and 75.7 ± 17.8 eggs per E− female (mean ± SEM, p = 0.674, n 
= 7 and 13, respectively). Egg quality was assessed at 3 hpf (1 thousand- 
cell stage) prior to onset of any visible morphological abnormalities in 
either group. Egg yolk volume was found to be similar between embryos 
(E+, 0.155 ± 0.003 mm3 vs E− , 0.153 ± 0.006 mm3; p = 0.758, n = 7 
per group). 

Fig. 1. Embryos are similar sized at each stage with 
E− developmentally delayed. 
Live imaging of embryos was performed at each 
developmental stage used for assays and shows that 
embryos are of similar size, as measured by egg 
diameter, egg yolk diameter and estimated egg yolk 
volume. At 12 hpf, E+ embryos (A) develop normally 
indicated by 5–6 somites. At the same stage, E− em-
bryos (B) are developmentally delayed with reduced 
somites (*) and smaller anterior head region. By 24 
hpf, the otic vesicle is apparent, myotomes are neatly 
packed in V-shapes and the tail begins to extend in E+
embryos (C). In a representative E− embryo, how-
ever, the otic vesicle is less visible, posterior myo-
tomes are loosely packed and the tail extension is 
reduced (D, *). E+ embryos at 48 hpf (E) show 
pigment migration dorso-laterally and have experi-
enced the first heartbeat with visible circulation in 
the pericardium. E− embryos at the same stage (F) 
have greater incidence of both yolk sac and pericar-
dial edema (*). (A-B) are taken with a 10× objective, 
(C–F) are taken with a 2× objective. Image was 
generated in Adobe Photoshop and any manipula-
tions (contrast, saturation) were performed uniformly 
across images at the same developmental stage.   
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3.2. Impact of VitE deficiency on GSH and GSSG 

Embryo GSH concentrations increased in all groups from 12 to 24 
hpf. In control and E+ embryos, GSH concentrations remained elevated 
between 24 and 48 hpf (Table 1). By contrast, at 48 hpf GSH concen-
trations decreased in the E− embryos. The GSH/GSSG ratio, which 
provides a measure of redox status, is very high (2500–4500 mol/mol) 
up to 24 hpf in all groups. By 48 hpf, the ratios decreased in all groups to 
<725 mol/mol. 

3.3. Integrated analysis of thiols and amino acids 

To evaluate how VitE deficiency and the changes in thiol redox status 
altered free amino acid composition, quantitative assays were used to 
measure longitudinal (12, 24, 48 hpf) changes in E+ and E− zebrafish 
embryos. The thiol and the amino acid data from the same embryo co-
horts were combined and evaluated using PLSDA. This analysis maxi-
mizes covariance between the metabolite features and VitE status, such 
that sample clusters are expected to separate with 95% confidence re-
gions (CR) at each time point (12, 24 and 48 hpf). Component 1 de-
scribes metabolite features and component 2 describes treatment 
groups. At 12 hpf, component 1 accounts for 54.2% of the variation and 
component 2 accounts for 16.6% of the variation (Fig. 2A). The Q2 index 
was greater than 0.90 with 4 components indicating excellent model fit. 
Top VIP scores indicating most important features that were high in 
abundance in E− embryos at 12 hpf were betaine, glutamic acid, serine 
and histidine; by contrast, SAM was low in E− embryos (Fig. 2B). At 24 
hpf, E+ and E− embryos again clustered separately with non- 
overlapping CR (Fig. 2C). Components 1 and 2 account for 43.1% and 
24.3% of the variation, respectively. The Q2 index was greater than 0.90 
with 4 components. Betaine, which was higher in E− embryos at 24 hpf, 
remained the most important feature separating embryo groups. 
Importantly, choline, threonine and tyrosine were all greater in E+
relative to E− embryos (Fig. 2D). At 48 hpf, components 1 and 2 account 
for 15.7% and 57.7% of the variation, respectively (Fig. 2E). The Q2 

index was greatest with 3 components indicating excellent fit. Top VIP 
scores metabolites in E+ embryos include GSH and SAH with higher 
abundant metabolites in E− embryos including betaine and glutamic 
acid. 

3.4. Hierarchical clustering of E+ and E− outcomes 

Hierarchical clustering was used to classify the metabolite features 
into related groups (Fig. 3). A dendrogram was used to sort the metab-
olites (rows) according to similarities in their patterns using the Ward 
clustering algorithm, while the color scheme from blue (lowest) to peach 
(highest) show the relative concentrations. Each of the time intervals 
(12, 24, and 48 hpf) is indicated for the E+ and E− embryos. In general, 
the compounds increased with embryo developmental age except for 
choline, cysteine, SAH, SAM, which were lower at 48 than at 24 hpf. 
These latter compounds clustered at the top of the heatmap. Glutamate 
and homocysteine (Hcy) clustered together and with the previous 
grouping. Betaine and GSSG clustered together and increased with time 
as shown by the dark peach color at 48 hpf. (Fig. 3). Cystine showed a 
similar pattern, but was located further down in the heat map. Of note, 
compounds (GSH, serine, proline and isoleucine) clustered together near 
the middle of the heat map showed similar trends. The compounds that 
clustered in the bottom of the figure were methionine, leucine, 
phenylalanine, threonine, tyrosine, valine, lysine, arginine, alanine, and 
histidine, which were correlated with each other. 

3.5. Pathways relating AA and thiol status of E+ and E− embryos 

Betaine and GSSG are oxidation products of choline and GSH, 
respectively; therefore, we have integrated our data with the metabolic 
pathways leading from choline and betaine to GSH and GSSG. The 
concentrations of the thiols and AA were measured in a single batch of 
control, E+ and E− embryos at 12, 24 and 48 hpf (Fig. 4). We particu-
larly focused on the two pathways to maintain cysteine concentrations 
because cysteine is the rate limiting amino acid for GSH synthesis. 
Notably, cysteine concentrations were unchanged between E+ and E−
embryos, while by 48 hpf GSH concentrations were significantly (P <
0.01) lower in E− (529 ± 21 pmol/embryo) compared with E+ embryos 
(655 ± 30 pmol/embryo, Table 1, Fig. 4). AA levels varied by time, with 
most reaching their highest concentrations at 24 hpf. Choline showed no 
apparent differences among control, E+ and E− embryos. By contrast, 
betaine in E− embryos significantly increased at each of the time points: 
12, 24 and 48 hpf, and were 6.7-, 2.0- and 1.6-fold higher than in E+
embryos, respectively. By contrast, SAM and SAH significantly 
decreased at 48 hpf in E− compared to E+ embryos, with 0.58- and 0.57- 
fold changes, respectively. Although methionine increased significantly 
with time, no statistical differences were found between the groups. 
Early (12 hpf) significant changes in E− embryos were observed for 
serine (1.3-fold increase compared to E+) and glutamate (1.4-fold in-
crease compared to E+). Additionally, glutamate concentrations were 
higher in 48 hpf E− embryos (1.4-fold compared to E+). Although 
threonine, alanine, tyrosine, isoleucine, leucine, phenylalanine, lysine, 
arginine and histidine significantly increased with time, no differences 
were found in the concentrations in control, E+ and E− embryos 
(Fig. S1). E+ embryos at 12 hpf showed significantly higher proline than 
in control samples (1.30-fold increase). At 24 hpf, valine in E− embryos 
decreased significantly compared to the control (0.81-fold change) 
(Fig. S1). 

4. Discussion 

We hypothesized that the requirement for GSH during the increased 
lipid peroxidation observed in E− embryos drives a complex mechanism 
of overlapping biochemical pathways needed to maintain thiol homeo-
stasis that is dependent on betaine and methyl group donation. Using 
sensitive extraction and quantitation techniques has allowed us to 
evaluate the global changes in thiol and amino acids in response to VitE 
deficiency over time. Previously, we showed that thiol status was dys-
regulated in E− embryos [8,9]. The present studies extend those ob-
servations to quantitative thiol measurements along with accurate 
quantitation of embryo AA at critical developmental time points. 

Table 1 
GSH and GSSG concentrations (pmol/embryo) over time by embryo group.  

Embryo group GSH1 GSSG2 GSH:GSSG3 

Control 
12 hpf 569 ± 18 0.13 ± 0.01a 4547 ± 432a 

24 hpf 747 ± 37a 0.30 ± 0.05a 2678 ± 388 b 

48 hpf 809 ± 37a 1.14 ± 0.07 717 ± 52c 

E + l 
12 hpf 454 ± 13 0.13 ± 0.01a 3514 ± 317a 

24 hpf 709 ± 27a 0.18 ± 0.01a 4113 ± 325a,b 

48 hpf 656 ± 30a 0.99 ± 0.09 690 ± 82c 

E–l 
12 hpf 489 ± 9a 0.12 ± 0.00a 4185 ± 244a 

24 hpf 695 ± 11b 0.28 ± 0.04a 2771 ± 475 b 

48 hpf 529 ± 21a 1.11 ± 0.11 489 ± 41c 

Concentrations are shown for GSH and GSSG (pmol/embryo, mean ± SEM, n=5 
group per time). 
1GSH: Interaction, P<0.0001; For the E+ vs E– comparisons: at 12 and 24 hpf, 
NS; 48 hpf, P<0.01. Within each group, values that do not share the same letter 
are different (P<0.001) at the indicated times. 
2GSSG, time main effect P<0.0001. Within each group, values that do not share 
the same letter are different (P<0.001) at the indicated times 
3GSH:GSSG (mol:mol ± SEM, n=5 per time point): interaction P=0.0045; values 
were significantly different (P<0.05) 12 vs 24, except NS for the E+ 12 and 24 
hpf comparison; all other times within each group, P<0.001. 
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Metabolite identification and quantification is further improved with 
the use of stable isotope-labeled AA, as an IS. 

Zebrafish embryos are a closed system up to 5 days post-fertilization 
and do not obtain external nutrients. Prior to 48 hpf, the neural cord and 
brain are developed and segmented, and circulation initiates through 
closed circuits just before the first heart beat [18]. They, thus, are a 
valuable model of metabolic flux during early embryo development and 
lipid peroxidation arising during VitE deficiency before the presence of a 
fully formed liver. During this period, E− embryos experience greater 
incidence of developmental defects and delays indicated by reduced 
somites, bent axes and incomplete tail extension, and impaired brain 
and eye development. We therefore sought to determine the metabolic 
derangements associated with VitE deficiency during this critical 
developmental window. Previously, we observed choline depletion, 
methyl donor alterations and disturbed cellular energy metabolism in 

E− embryos [8,9]. These outcomes raise the question, “how is choline 
related to lipid peroxidation?” Choline is an integral part of phospha-
tidyl choline (PC), a membrane phospholipid, and we have shown that 
PC with docosahexaenoic acid (DHA-PC) is depleted in E− embryos 
[10]. To replace oxidized DHA-PC, PC can be synthesized from choline 
via the cytidine diphosphate-choline (CDP-choline) pathway or via the 
phosphatidylethanolamine-N-methyl transferase (PEMT) pathway [27]. 
The PEMT pathway uses methyl groups (SAM) to methylate phospha-
tidylethanolamine (PE) to form PC [27]. Overall, choline could be used 
directly in the CDP-choline pathway or could be converted to betaine for 
use in the methionine-Hcy cycle (Fig. 4). Our data shows that E− em-
bryos contained increased betaine concentrations at all times investi-
gated (12, 24 and 48 hpf; Fig. 4). Potentially, VitE deficiency 
up-regulates betaine production to increase available methyl groups, 
suggesting that those E− embryos that cannot maintain the 

Fig. 2. Schematic representation of 2D PLS-DA scores 
plot and important features. 
Metabolite features and concentrations from embryos 
(E+ and E− ; n = 5 per group per time point per 
analysis) were normalized and assessed by partial 
least squares – discriminant analysis (PLSDA). 2D 
score plots were produced to separate feature differ-
ences between E+ and E− embryos at (A) 12-, (C) 24- 
, and (E) 48 hpf. E+ is shown in blue, E− is shown in 
red with corresponding 95% confidence regions (CR) 
drawn around each sample group. Variable impor-
tance of projection (VIP) scores from Component 1 of 
each PLS model indicate the most important features 
separating E+ and E− embryos at (B) 12-, (D) 24-, 
and (F) 48 hpf. Black and white boxes to the right of 
the VIP score plot indicate relative concentrations of 
each metabolite between E+ and E− embryos at the 
given time point.   
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up-regulation of betaine production are unable to survive. Notably, 
betaine was a driver of differences between E+ and E− embryos as 
documented by the PLSDA analysis (Fig. 2B, D, F). 

During VitE inadequacy, lipid peroxidation generates lipid hydro-
peroxides, which are reduced by phospholipid glutathione peroxidase 
(GPX4) using GSH [28]. To replace GSH, either energy (as NADPH) is 
required, or GSH could be synthesized de novo. γ-Glutamyl-cysteinyl 
synthase (γ-GSC) is the rate-limiting enzyme and cysteine the rate 
limiting amino acid for GSH synthesis. There are two cysteine sources 
[29]: 1) uptake of cystine in exchange for glutamate via the Xc

– 

exchanger, then cystine is reduced to cysteine, and 2) Hcy is redirected 
from the methionine cycle. In the present study, neither cystine nor 

cysteine concentrations were different between E+ and E− embryos at 
any time point, however, glutamate was significantly different (P <
0.01) at 12 and 48 hpf. These data suggest that the animal is generating a 
glutamate surplus to promote cysteine availability via the Xc

– exchanger. 
Nonetheless the attempt is futile because GSH by 48 hpf is significantly 
depleted (Fig. 4J, Table 1). Livers from rats fed a VitE deficient diet for 
290 days were similarly depleted of total GSH with increases of γ-GCS 
transcription suggesting a lack of VitE increases genetic regulation of de 
novo GSH synthesis [30]. As shown by Timme-Laragy [19], total GSH 
increases during zebrafish embryo development, while the GSH/GSSG 
ratio fluctuates as a response to cellular differentiation and organo-
genesis. Thus, the inability of the E− embryos to maintain GSH at 48 hpf 

Fig. 3. Heatmap visualization of metabolite features and relative concentrations over time. 
Metabolite features and concentrations from embryos (E+ and E− ; n = 5 per group per time point per analysis) were normalized by log transformation and auto 
scaling. Heatmap was generated with Ward clustering algorithm and separated by Euclidean distance. Map is arranged by VitE status and time point with all 
measured metabolite features shown. Colored box to the right of the map indicates relative concentration of metabolite between E+ and E− embryos across all time 
points. Heatmap dendrogram separated primarily into two clusters by relative metabolite concentration: cluster one contains choline, cysteine, SAH, SAM, glutamic 
acid, and homocysteine with all other metabolites measured in cluster two. Cluster two is further separated by three family groups; one group contains betaine and 
GSSG, one group contains GSH, serine, proline and isoleucine, and one group contains the remaining 11 metabolites, which are primarily amino acids. 
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indicates that at this time they are undergoing severe redox stress and 
inadequate substrates. In the heat map (Fig. 3), GSH clustered with 
serine, proline and isoleucine, while Hcy, glutamate and cysteine clus-
tered with methionine cycle related metabolites (choline, SAM and 
SAH). These findings suggest that Hcy may be diverted from the 
methionine cycle in the response to VitE deficiency. Nonetheless, the 
importance of cystine cannot be ruled out since it was a major variable in 
the VIP analyses (Fig. 2B, F). 

The strength of this study is that we demonstrate using integrated 
analyses of the biochemical pathways in response to lipid peroxidation 
that the metabolic state of the E− embryos is disrupted early in devel-
opment. The hierarchical clustering analyses provide valuable insights 
into these metabolic relationships. Although untargeted metabolomics 
assays show that these metabolites are dysregulated in the developing 
zebrafish embryo [8], the targeted analyses quantitate these changes. 
The limitations of the study are the complexity of the interrelations and 
the remaining challenge of unraveling the importance of each compo-
nent. This study demonstrates that VitE deficiency alters overall thiol 
status in the developing embryo. Simultaneously, concentrations of the 
methyl donor, betaine, are greatly increased in the E− embryos. Betaine 
is thought to protect the pre-implantation human embryo by protecting 
epigenetic regulation via its methyl donation pathways [31]. However, 
betaine addition to culture medium of alcohol-treated mouse embryos 
suggested that betaine plays a role in protection from reactive oxygen 

species [32]. We suggest that betaine’s critical role in the embryo is also 
to maintain thiol status. The quantitative analyses used here have pro-
vided some clues, but further flux analysis is necessary to define how 
specific metabolites change during embryogenesis. In summary, this 
study delivers a more accurate depiction of redox-sensitive thiols and 
the biochemical pathway disruption as a result of VitE deficiency in the 
developing zebrafish embryo. 
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Fig. 4. Quantitative analysis of thiols, amino acids and related substances, Y-axes vary according to the concentration of each compound (pmol/embryo), X-axes 
shown times as 12, 24 and 48 hpf. 
Embryos (E+, E− or control; n = 5 per group per time point per analysis) were analyzed either by the AA protocol (choline, betaine, SAM, SAH, methionine, serine 
and glutamate) and the thiol protocol (homocysteine, cysteine, cystine, GSH and GSSG). Data shown are pmol/embyro (mean ± SEM) at 12, 24 and 48 hpf. Symbols 
denote significant differences, as determined by Tukey post-hoc comparisons, at the time interval shown: E+ vs E− ‡P ≤ 0.05, ‡‡P ≤ 0.01, ‡‡‡P ≤ 0.001, ‡‡‡‡P ≤
0.0001; control vs E− *P ≤ 0.05, **P ≤ 0.01, ****P ≤ 0.0001; control vs E+ #P ≤ 0.05, ##P ≤ 0.01, ###P ≤ 0.001. (A) Choline (Interaction, P = 0.0670, Time P < 
0.0001, Group P = 0.7725), (B) Betaine (Interaction, P < 0.0001, Time P < 0.0001, Group P < 0.0001), (C) SAM (Interaction, P = 0.2115, Time P < 0.0001, Group 
P = 0.0666), (D) Homocysteine (Interaction, P = 0.3539, Time P = 0.0802, Group P = 0.4504), (E) Methionine (Interaction, P = 0.3661, Time P < 0.0001, Group P =
0.7944), (F) SAH (Interaction, P = 0.0405, Time P < 0.0001, Group P = 0.0271), (G) Serine (Interaction, P = 0.0357, Time P < 0.0001, Group P = 0.4039), (H) 
Cystine (Interaction, P = 0.7759, Time P < 0.0001, Group P < 0.0001), (I) Cysteine (Interaction, P = 0.1655, Time P < 0.0001, Group P = 0.2320), (J) GSH 
(Interaction, P < 0.0001, Time P < 0.0001, Group P < 0.0001), (K) Glutamate (Interaction, P = 0.2791, Time P < 0.0001, Group P = 0.0001), (L) GSSG (Interaction, 
P = 0.0977, Time P < 0.0001, Group P = 0.0622). 
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