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506 Figure 3. Effect of nitrogen depletion on the relative content (% of total tocochromanols) of a-

507 tocomonoenol (aT1) (A), a-tocopherol (aT) (B), total tocopherols (T) (C), and total tocotrienols (T3)

508 (D) in Monodopsis subterranea. Values represent arithmetic mean + standard deviation of
509 triplicate batches (n = 3 per batch). Bars not sharing the same letter are significantly different
510 based on a t-test (a = 0.05, degree of freedom = 4).
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Figure 4. Chemical structures and expected fragmentation patterns of 11'-a-tocomonoenol (11'-

aT1) and 12'-a-tocomonoenol (12'-aT1) (A). Representative MS? spectra for the identification of

aT1 in Monodopsis subterranea by LC-APCI-MS (B).
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Figure 5. Identification of 11'-a-tocomonoenol (11'-aT1) in Monodopsis subterranea cultured using
GC-MS: Representative GC-MS chromatograms of isolated 11'-a-tocomonoenol (11'-aT1) standard
containing traces of 12'-a-tocomonoenol (12'-aT1) (A), and Monodopsis subterranea biomass
under nitrogen-sufficient (B), and nitrogen-depleted conditions (C). (Red line: ion m/z 502.5
(molecular ion, aT); blue line: ion m/z 500.2 (molecular ion, aT1); black line: ion m/z 237.2

(tropylium ion, a-congener).
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526 10. Tables
527

528 Table 1. Tocochromanol concentrations in nitrogen-sufficient and nitrogen-depleted Monodopsis
529  subterranea. Values represent arithmetic means + standard deviation of triplicate batches (n = 3 per
530 batch). Significant differences between culture conditions were assessed by an independent sample t-

531 test(a =0.05, degree of freedom = 4).

Concentration (mg/kg DW)
Congener P-value
Nitrogen-sufficient Nitrogen-depleted

a-Tocopherol 122 £35.9 344 +24.7 0.001

B-Tocopherol 1.41+0.24 2.18+0.16 0.010

y-Tocopherol 15.0+4.74 51.8+4.32 0.001

6-Tocopherol 1.73£0.37 434+0.44 0.001

a-Tocomonoenol 7.64+1.90 6.11 £0.97 0.282

a-Tocotrienol 0.88+0.17 0.46 +£0.01 0.014

B-Tocotrienol 0.09+0.01 0.51+0.46 0.254

y-Tocotrienol 0.42 £0.03 0.27 £0.06 0.017

6-Tocotrienol nd 0.07 £0.08 0.208

Total tocopherols 140+ 40.4 402 +25.9 0.001

Total tocotrienols 1.38+0.19 1.31+0.60 0.846

Total tocochromanols 149 + 38.7 410 + 27.4 0.001
532
533
534
535

536
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Figure S1. Representative HPLC-FLD chromatograms of tocochromanol standards including

tocopherols (T); 11'-a-tocomonoenol (aT1), and tocotrienols (T3) (A); and tocochromanol

profile of Monodopsis subterranea biomass under nitrogen-sufficient (B) and nitrogen-depleted

conditions (C).
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553  Table S1. Fragmentation patterns for targeted analysis of aT1 using LC-APCI-MS"in nitrogen-sufficient
554  and nitrogen-depleted Monodopsis subterranea.
Sample RT Identified lons Detection
(min)
m/z 429.3713 (Ca9Ha902; A ppm = -3.2) ([M+H]")
11'-a-tocomonoenol m/z 205.1220 (C13H1702; A ppm =-1.5)
12.73 MS?
standard m/z 165.0909 (C10H1302; A ppm = -0.8)
m/z 69.0706 (CsHg; A ppm = +10.6)
m/z 429.3717 (CaoH1902; A ppm = -4.3) ([M+H]*)
m/z 205.1221 (C13H1702; A ppm =-3.7)
Nitrogen-sufficient 12.75 MS?
m/z 165.0907(C10H1302; A ppm = -5.2)
m/z 69.0704 (CsHo; A ppm = -0.8)
Nitrogen-depleted 12.80 m/z 429.3714 (Ca9Ha902; A ppm = -2.5) ([M+H]*)
m/z 205.1222 (C13H1702; A ppm =-0.4)
MS?
m/z 165.0908 (C10H1302; A ppm =-1.3)
m/z 69.0705 (CsHo; A ppm = +9.5)
555
556
557
558
559
560
561

562
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563 Table S2. Fragmentation patterns for tocotrienols in Monodopsis subterranea under nitrogen-

564  sufficient and nitrogen-depleted conditions using LC-APCI-MS.

Sample Congener

RT

(min)

Identified ions

Detection

S-tocotrienol

8.24

m/z 397.3092 (C27H4102; A ppm = -2.2) ([M+H]*)
m/z 177.0907 (C11H1302; A ppm =-1.6)
m/z 137.0595 (CsHgO2; A ppm =-1.2)

m/z 69.0706 (CsHog; A ppm = +11.1)

MS?

B-tocotrienol

Standard

9.27

m/z 411.3247 (CsHa302; A ppm = -2.6) ([M+H]")
m/z 191.1063 (C12H1502; A ppm = -1.8)
m/z 151.0751 (CoH1102; A ppm = -1.5)

m/z 69.0705 (CsHg; A ppm = +9.6)

MS?

y-tocotrienol

9.83

m/z 411.3245 (CasH4302; A ppm = -3.0) ([M+H]")
m/z 191.1063 (C12H1502; A ppm =-2.1)
m/z 151.0752 (CoH1102; A ppm = -1.4)

m/z 69.0706 (CsHs; A ppm = +10.2)

MS?

a-tocotrienol

10.71

m/z 425.3398 (Ca9Has502; A ppm = -3.6) ([M+H]")
m/z 205.1222 (C13H1702; A ppm =-0.6)
m/z 165.0908 (C1oH1302; A ppm =-1.2)

m/z 69.0705 (CsHo; A ppm = +8.6)

MS?

Nitrogen- ]
S-tocotrienol

sufficient

8.23

m/z 397.3459 (C27Ha102; A ppm = -3.0) ([M+H]")
m/z 177.0909 (C11H1302; A ppm =-3.9)

m/z 137.0596 (CsHsO2; A ppm = -4.9)

MS
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m/z 411.3615 (C2sH4302; A ppm = -2.8) ([M+H]*)

B-tocotrienol  9.24 m/z 191.1066 (C12H1502; A ppm = -3.0) MS
m/z 151.0753 (CoH1102, A ppm = -4.0)
m/z 411.3246 (CasHa302; A ppm = -4.0) ([M+H]")
y-tocotrienol  9.80 m/z 191.1065 (C12H1502; A ppm = -3.5) MS
m/z 151.0753 (CoH1102; A ppm = -4.2)
m/z 425.3398 (Ca9H4502; A ppm = -5.0) ([M+H]")
a-tocotrienol  10.71 m/z 205.1222 (C13H1702; A ppm =-3.3) MS
m/z 165.0910 (C10H1302; A ppm = -3.6)
m/z 397.3096 (C27H4102; A ppm = -2.6) ([M+H]")
6-tocotrienol  8.19 m/z 177.0909 (C11H1302; A ppm =-3.8) MS
m/z 137.0596 (CsHoO2; A ppm = -4.8)
m/z 411.3243 (CysHa302; A ppm = -4.9) ([M+H]")
B-tocotrienol  9.35 m/z 191.1064 (C12H1502; A ppm = -4.5) MS
Nitrogen- m/z 151.0751 (CoH1102; A ppm =-5.1)
depleted m/z 411.3255 (Ca8H4302; A ppm =-1.9) ([M+H]*)
y-tocotrienol  9.89 m/z 191.1065 (C12H1502; A ppm = -3.6) MS
m/z 151.0752 (CoH1102; A ppm = -4.6)
m/z 425.3398 (Ca9Has502; A ppm = -5.1) ([M+H]")
a-tocotrienol  10.76 m/z 205.1222 (C13H1702; A ppm =-3.1) MS
m/z 165.0910 (C10H1302; A ppm = -3.6)
565
566

567

102



4.6. Paper6

Montoya-Arroyo, A.; Wagner, T.; Sus, N.; Muller, M.; Kropfl. A.; Vetter, W. & Frank, J. (2021).
Cytotoxicity, cellular uptake, and metabolism to short-chain metabolites of 11'-a-tocomonoenol is
similar to RRR-a-tocopherol in HepG2 cells. Free Radical Biology and Medicine 177: 24-30.
https://doi.org/10.1016/j.freeradbiomed.2021.10.018

Abstract
Contrary to the major vitamin E congener a-tocopherol, which carries a saturated sidechain, and
a-tocotrienol, with a threefold unsaturated sidechain, little is known about the intracellular fate of
a-tocomonoenol, a minor vitamin E derivative with a single double bond in C11' -position of the
sidechain. We hypothesized that, due to structural similarities, the uptake and metabolism of a-
tocomonoenol will resemble that of a-tocopherol. Cytotoxicity, cellular uptake of a-tocomonoenoal,
a-tocopherol and a-tocotrienol and conversion into the short-chain metabolites aCEHC and
aCMBHC were studied in HepG2 cells. a-Tocomonoenol did not show significant effects on cell
viability and its uptake was similar to that observed for a-tocopherol and significantly lower than
for a-tocotrienol. a-Tocomonoenol was mainly metabolized to aCMBHC in liver cells, but to a lower
extent than a-tocotrienol, while a-tocopherol was not metabolized in quantifiable amounts at all.
In summary, the similarities in the cytotoxicity, uptake and metabolism of a-tocomonoenol and o-
tocopherol suggest that this minor vitamin E congener deserves more attention in future research

with regard to its potential vitamin E activity.
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Contrary to the major vitamin E congener a-tocopherol, which carries a saturated sidechain, and a-tocotrienol,
with a threefold unsaturated sidechain, little is known about the intracellular fate of a-tocomonoenol, a minor
vitamin E derivative with a single double bond in C11’-position of the sidechain. We hypothesized that, due to
structural similarities, the uptake and metabolism of a-tocomonoenol will resemble that of a-tocopherol. Cyto-
toxicity, cellular uptake of a-tocomonoenol, a-tocopherol and a-tocotrienol and conversion into the short-chain
metabolites xCEHC and «CMBHC were studied in HepG2 cells. a-Tocomonoenol did not show significant effects

on cell viability and its uptake was similar to that observed for a-tocopherol and significantly lower than for
a-tocotrienol. a-Tocomonoenol was mainly metabolized to «CMBHC in liver cells, but to a lower extent than
a-tocotrienol, while a-tocopherol was not metabolized in quantifiable amounts at all. In summary, the similar-
ities in the cytotoxicity, uptake and metabolism of a-tocomonoenol and a-tocopherol suggest that this minor
vitamin E congener deserves more attention in future research with regard to its potential vitamin E activity.

1. Introduction

Vitamin E is a generic term for a group of lipid-soluble micro-
nutrients that consist of a chromanol ring with a saturated alkyl (to-
copherols) or threefold unsaturated isoprenoid side-chain (tocotrienols;
Fig. 1). Based on the number and position of methyl groups substituted
at the chromanol ring, the Greek letters a, f, y, and & are assigned as
prefixes, with o denominating a fully methylated ring [1,2].

The fully methylated a-tocopherol (aT) has the highest biological
activity of all vitamin E congeners and is considered the nutritionally
most important vitamer in humans [3]. This is mainly based on its high
affinity for the hepatic a-tocopherol transfer protein [4], its low meta-
bolic degradation and excretion [5] and resulting highest bioavailability
and tissue accumulation of all congeners [6,7].

The metabolism of all vitamin E compounds begins with the hy-
droxylation of the terminal carbon atom of the side-chain, continues by
subsequent sidechain-shortening through repeated cycles of $-oxidation,
and ends with the generation of the two final metabolites

carboxymethylbutyl-hydroxychroman (CMBHC) and carboxyethyl-
hydroxychroman (CEHC; Fig. 1) [8]. a-Tocotrienol («T3) and aT only
differ in the degree of saturation of the sidechain and both are metab-
olized to the same final short-chain products, «®CMBHC and «aCEHC
(Fig. 1) with significant differences in the rate of metabolism [9].

In addition to tocopherols and tocotrienols, which are historically
recognized as vitamin E compounds, more recently also mono-
unsaturated (tocomonoenols) and di-unsaturated (tocodienols) toco-
chromanols have been identified [10,11]. The mono-unsaturated
11’-a-tocomonoenol («T1; Fig. 1) contains a single double bond be-
tween carbons 11’ and 12’ of the sidechain [12] and has been found in
palm oil [13-15] pumpkin seed oil [16], maize oil [17], processed
vegetable oils [18], and cocoa [19]. aT1 is bioavailable in rodents [20,
21] and humans [22] and has a tissue distribution in mice similar to that
observed for aT3 [20]. However, little is known regarding its chemical
properties and its biological relevance as a vitamin E compound. A
structurally related isomer, marine-derived tocopherol (MDT or
12'-a-tocomonoenol), which only differs in the position of the
double-bond in the sidechain (at C-12’ instead of C-11") [12,22],

* Corresponding author. University of Hohenheim, Institute of Nutritional Sciences, Department of Food Biofunctionality (140b), Garbenstr. 28, 70599, Stuttgart,
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Abbreviations

aCMBHC a-carboxymethylbutyl-hydroxychroman

aCEHC  a-carboxyethyl-hydroxychroman

oTTP a-tocopherol transfer protein

HepG2 human hepatocellular carcinoma cell line
oT a-tocopherol

aTl a-tocomonoenol

aT3 a-tocotrienol

modulates adipocyte differentiation and reduces the inflammatory
response of macrophages in cell culture [23].

Since the chemical structure of aT1 is more similar to that of «T than
that of aT3, we hypothesized that the uptake and metabolism of aT1 in
cultured liver cells will resemble that of aT.

2. Methodology
2.1. Chemicals for cell culture experiments and quantification by HPLC

Commercial standards of o-tocopherol (oT; purity >95%, CAS
number, 59-02-9, cat#KP5101; Calbiochem/Merck Millipore, Darm-
stadt, Germany) and a-tocotrienol («T3; purity >97%, CAS number
58864-81-6, #07205 Sigma-Aldrich, Taufkirchen, Germany) were used.
a-Tocomonoenol (11’-a-tocomonoenol (aT1; purity >97%) was extrac-
ted from palm oil as described previously [24]. Commercial standards of
«CEHC (>98%, CAS number 4072-32-6) and (+)-aCMBHC (>98%, CAS
number 7083-09-2; both from Cayman Chemical Company, Canada)
were used for quantification of metabolites.

2.2. Cell culture

The hepatic uptake and metabolism of aT1, oT and «T3 was studied
in human hepatocellular carcinoma cells (HepG2; confirmed by Multi-
plex Human Cell Line Authentication Test (Multiplexion; Immenstaad;
Germany)). Cells were kept in T75 flasks at 5% CO2 and 37 °C using
Dulbecco’s Modified Eagle Medium (DMEM,; catalogue number D5796,
Sigma-Aldrich) supplemented with 10% (v/v) Fetal Bovine Serum

CH

3

a - Tocopherol

a - Tocomonoenol

a -Tocotrienol

Free Radical Biology and Medicine 177 (2021) 24-30

(catalogue number 10270-106, GIBCO, Life Technologies, Darmstadt,
Germany) and 1% (w/v) Penicillin/Streptomycin (catalogue number
P4333, Biochrom, Berlin, Germany). Cells were sub-cultured 3 times per
week when reaching 80-90% confluence by trypsinization and re-
seeding in T75 flasks.

2.3. Cell viability

Cytotoxicity of oT1, oT and aT3 was assessed with the neutral red
uptake assay [25]. HepG2 cells were seeded at 8 x 10 cells/cm? in
sterile 48 well-plates. Medium was removed 24 h after seeding and 300
pL/well of each test substance (12.5-100 pmol/L in the respective cul-
ture medium) were added for 48 and 72 h (thrice in triplicate). Cell
culture medium containing 0.1% ethanol and 0.1% Triton X-100 were
used as negative and positive controls, respectively. After incubation,
medium was aspirated, cells washed with PBS, and 3.6 pL neutral red
stock solution (0.33%, (w/v) in PBS (Sigma-Aldrich)) and 200 pL me-
dium were added per well and incubated for 2 h (37 °C, 5% COy).
Subsequently, neutral red solution and medium were removed and 250
pL destaining solution (50 : 49: 1 (v/v) > 99.5%: ethanol: deionized
water: glacial acetic acid) was added. Plates were incubated on a rota-
tion shaker for 15 min followed by photometric measurement (excita-
tion/emission wavelengths, 530 nm/590 nm) on an ELISA reader
(Bio-Tek Synergy HT microplate reader, BioTek Instruments, Winooski,
VT, USA). The cytotoxicity of the test compounds was determined by
comparing the viability of cells treated with the respective compound
with that of cells incubated with culture medium containing 0.1%
ethanol.

2.4. Uptake and metabolism of a-tocochromanols in HepG2 cells

Experiments were performed thrice in triplicate for uptake and four
times in triplicate for metabolite quantification. Cells were seeded at 9
x 10° cells/cm? in sterile 12 well-plates, cell culture medium was
removed after 24 h, and replaced with fresh medium containing 50
pmol/L of aT1, aT or aT3 and 0.1% ethanol. Medium containing 0.1%
ethanol was used as control. After 48 and 72 h of incubation, cell culture
medium was recovered and frozen at —80 °C. Cells were washed twice
with PBS at 37 °C and 200 pL trypsin/EDTA were added. After 10 min at
37 °C and 5% CO», trypsin was inactivated by adding 200 pL of sterile-

a CMBHC

COOH

Fig. 1. Chemical structures of a-tocopherol («T), 11’-a-tocomonoenol («T1), a-tocotrienol («T3) and their short-chain metabolites a-carboxymethylbutyl-hydrox-

ychroman («CMBHC) and a-carboxyethyl-hydroxychroman («CEHC).
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filtered fetal bovine serum. Trypsinated samples were resuspended and
transferred to a 2 mL micro-centrifuge tube. After centrifugation (3 min/
916xg, 4 °C), supernatant was discarded and the cell pellet washed with
500 pL ice-cold PBS and centrifuged again. The cell pellet was resus-
pended in 100 pL NP40-Buffer with protease inhibitor (150 mmol/L
NaCl; 50 mmol/L Tris(thydroxymethyl)-aminomethan hydrochloride
(Carl Roth, Karlsruhe, Germany), pH 8.0; 1% (v/v), Nonidet P-40
(Roche, Mannheim, Germany), 4% protease inhibitor cocktail (Roche,
Mannheim, Germany)), vortexed-mixed and incubated for 20 min on
ice. After mixing for 30 s in an ultrasonic bath (Bandelin Sonorex Super
RK 510H, Bandelin Electronic, Berlin, Germany), samples were centri-
fuged (10 min, 16 000xg, 4 °C) and 4 pL aliquots of the clear supernatant
used for determination of protein concentration using the Bradford
method [26].

2.5. HPLC analysis of tocochromanols

Concentrations of tocochromanols in cells were determined as pre-
viously described [27,28]. Briefly, cell lysates (100 pL) were added to
screw-cap glass tubes and mixed with 2 mL of 1% (w/v) ascorbic acid in
ethanol, 900 pL deionized water, and 300 pL saturated potassium hy-
droxide. Samples were saponified for 30 min at 70 °C under continuous
agitation. After cooling on ice, 25 pL of butylated hydroxytoluene in
ethanol (1 mg/mL) and 1 mL of deionized water were added. Samples
were neutralized by adding 300 pL glacial acetic acid. Tocochromanols
were then extracted with 2 mL HPLC-grade n-hexane by inversion at 60
rpm for 1 min. After centrifugation (188xg at 4 °C for 3 min), 1.5 mL of
the supernatant was transferred to a glass tube. The hexane extraction
was repeated a second time with 2 mL fresh n-hexane and recovering of
2 mL supernatant. Supernatants (3.5 mL) were pooled and the solvent
evaporated on a centrifugal evaporator (RVC 2-25 CD Plus, Martin
Christ Gefriertrocknungsanlagen, Osterode am Harz, Germany) under
light-protection. The dried residue was resuspended in 75 pL
HPLC-grade ethanol, transferred to micro-centrifuge tubes, and cooled
on ice for 10 min. After centrifugation at 17 000xg and 4 °C for 1 min
(Heraeus Fresco 17 microcentrifuge, Thermo Fischer Scientific, Wal-
tham MA, USA), the clear liquid phase was further diluted with HPLC
grade ethanol and transferred into amber HPLC vials, and 20 pL were
injected into a Jasco HPLC system (controller LC-Net II/ADC, pumps
P-U2080 Plus, auto injector AS-2059-SF Plus, column oven co-2060
Plus, mixer LG-2080-02S, degasser DG-2080-53 and fluorescence de-
tector FP-2020 Plus) equipped with a Phenomenex Kinetex PFP column
(2.6 pm particle size, 150 x 4.6 mm) maintained at 40 °C using meth-
anol: water (83:17 v/v) as mobile phase at a flow rate of 1.2 mL/min
during 20 min. Commercial standards of oT and oT3 as well as aT1
(>97%) isolated from palm oil [24] were used for quantification.

2.6. HPLC analysis of aCEHC and aCMBHC

Determination of 3-(6-hydroxy-2,5,7,8-tetramethylchroman-2-yl)-
propionic acid (a-carboxyethyl-hydroxychroman or «CEHC) and 5-(6-
hydroxy-2,5,7,8-tetramethyl-chroman-2-yl)-2-methyl-pentanoic  acid
(a-carboxymethylbutyl-hydroxychroman or «CMBHC) was performed
according to previously reported protocols [29]. Briefly, 800 pL cell
culture medium was transferred to a 2 mL micro-centrifuge tube and
mixed with 12.5 pL ascorbic acid in water (10% w/v) and 25 pL of a
B-glucuronidase solution (3 mg p-glucuronidase from Helix pomatia
(Sigma Aldrich, CAS RN 9001-45-0) in 100 pL in 0.1 M acetate buffer).
After vortex-mixing, samples were incubated 2 h at 37 °C and 300 rpm
using a dry incubation system (Thermomixer, Eppendorf). Samples were
cooled on ice for 5 min and 50 pL glacial acetic acid were added. For
extraction, 1 mL of a n-hexane: dichloromethane (1:1) solution with
0.1% (w/v) BHT was added and samples inverted for 5 min at 40 rpm
using a rotary shaker. Samples were centrifuged (17,000xg, 4 °C, 3 min)
and the organic phase transferred to a fresh vial. The extraction was
repeated and the organic phases pooled and evaporated to dryness using

26
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a vacuum centrifuge (RVC 2-25 CD Plus, Martin Christ Gefrier-
trocknungsanlagen). The dried sample was resuspended in 70 pL
acetonitrile: water solution (10:90, v/v), vortex-mixed, and transferred
to amber HPLC vials. For analysis, 50 pL were injected into a Jasco HPLC
system (controller LC-Net II/ADC, two pumps PU-2080, auto sampler
AS-2059-SF Plus, column oven CO-2060 Plus, 3-line solvent degasser
DG-2080-53 (Jasco Labor- & Datentechnik) equipped with an electro-
chemical detector (Model 5600ACoulArray (ESA, Chelmsford, MA,
USA). For separation, a ReproSil-Pur 120C18 AQ column (5 pm; 250 x
4.6 mm) maintained at 40 °C and a mobile phase of acetonitrile:
ammonium acetate (25:75, v/v) at a flow rate of 1.7 mL/min was used.
Authentic standards were used for the quantification aCEHC and
«CMBHC.

2.7. Statistical analysis

Reported values are arithmetic means + standard deviation (SD).
Statistical analysis was performed using SPSS software (IBM, Armonk,
NY, USA). One-way analysis of variance (ANOVA) with multiple com-
parison test was used to determine significant differences, which were
accepted at a p < 0.05.

3. Results and discussion

In the present work, we aimed to characterize the cytotoxicity, up-
take, and metabolism of the minor vitamin E-derivative a-tocomonoenol
(aT1) and to compare it to those of the well-known and recognized
vitamin E compounds a-tocopherol («T) and a-tocotrienol (aT3).

3.1. Cell viability

In order to investigate if aT1 has cytotoxic properties similar to or
different from oT and aT3 and to determine the highest non-toxic con-
centration for further experiments, HepG2 cells were incubated for 48
and 72 h with increasing concentrations of up to 100 pmol/L of each of
the three compounds. All three tocochromanols had negligible effects on
cell viability and did not significantly differ in their effect on cell
viability in cultured liver cells (Fig. 2).

Even though the effects on cell viability were generally small, oT
reduced viability stronger than aT1 and aT3 and its effects increased
with time (Fig. 2). It was previously reported that long-chain metabo-
lites of T and 3-tocopherol induce apoptosis and impair mitochondrial
function in HepG2 cells [30]. Tocotrienols are faster converted to
short-chain metabolites than tocopherols (see also section 3.3) [9]. The
observed effects of «T on cell viability after incubation for 48 h could be
a consequence of a slower conversion of the long-chain metabolites of «T
to the final short-chain end products and cellular effects of the
long-chain metabolites [30]. Cellular effects, such as an induction of
P-glycoprotein expression and activity, of the long-chain metabolites of
oT that are not exerted directly by the parent compound have previously
been reported [31]. The recovery of cell viability after 72 h incubation
with aT may then be a consequence of the clearance of the long-chain
metabolites. Future experiments elucidating the time-course of the for-
mation of all metabolites of tocopherols and the cellular effects of the
metabolites with different chain-lengths are therefore warranted.

Based on the lack of significant cytotoxicity of all three compounds
compared to control at a concentration of 50 pmol/L, this concentration
was chosen for all subsequent experiments.

3.2. Uptake of a-tocomonoenol into HepG2 cells

We incubated HepG2 cells for 48 or 72 h with oT, aT1, or T3 (50
pmol/L) and quantified their intracellular concentrations in order to
study if the small structural differences of the vitamers may impact their
cellular uptake.

The intracellular concentrations of «T1 and aT3 were significantly
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Fig. 3. Intracellular concentrations (nmol/mg protein) of the respective congeners in HepG2 cells incubated for 48 or 72 h with 50 pmol/L of (A) a-tocopherol («T),
(B) a-tocomonoenol (a«T1) or (C) a-tocotrienol (aT3). (D) Intracellular concentrations of oT, «T1, and aT3 (nmol/mg protein) after 72 h incubation. Values are
arithmetic means + SD (n = 9). Asterisks (*) indicate significant differences (1-way ANOVA, p < 0.05); ns indicates non-significant differences between samples.
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higher after 72 h than 48 h of incubation, while those of aT were similar
at both timepoints (Fig. 3). Because of the higher accumulation of the
parent compounds, the 72 h-incubation was chosen for the subsequent
experiments investigating hepatic metabolism (section 3.3).

We observed differences in the uptake of the different tocochroma-
nols, with «T3 concentrations being numerically higher than those of oT
and oT1 after 48 h and significantly higher after 72 h of incubation
(Fig. 3). The intracellular concentrations of aT and oT1 did not differ,
which is in agreement with our hypothesis that the cellular uptake of
aT1 is more similar to that of aT than that of aT3 (Fig. 3D).

The observed differences between «T3 and aT are consistent with
previous findings from our lab and others, showing that the uptake
(measured as intracellular concentrations) of oT3 is higher than that of
oT in HepG2 cells [27,32] and that these differences tend to be more
pronounced with longer incubation times [27]. Higher intracellular
concentrations of tocotrienols compared to tocopherols have also been
reported for other cell lines, including A549 lung carcinoma cells [33],
primary cortical neuron cells [34], and human Jurkat T-leukemia cells
[35,36].

The lower intracellular concentrations of tocopherols compared to
their tocotrienol counterparts were previously explained by their lower
stability in cell culture medium [27]. Whether or not the stability of aT1
in cell culture medium is similarly low as that of aT remains to be
determined in future experiments. We quantified oT and «T1 in culture
media prior to incubation of the HepG2 cells in a small pilot experiment
and found no significant differences («T, 15.3 &+ 3.8 pmol/L; aT1, 14.0
+ 10.2 pmol/L, n = 3, p = 0.854). Hence, processes other than stability
may have influenced cellular uptake in our present experiments. For
example, even though tocopherols may be slightly more lipophilic than
tocotrienols [37], the latter distribute more uniformly in simulated
membranes [38] and have higher intermembrane mobility [39], phe-
nomena that may influence cellular uptake of tocochromanols.

3.3. Metabolism of a-tocomonoenol in HepG2 cells

Next, we aimed to investigate if the metabolism of «T1 in cultured
liver cells results in the same sidechain-shortened end products as the
metabolism of oT and oT3 and if the extent of metabolism is similar to
that of the tocotrienols or if «T1 is hardly metabolized at all, as is the
case for oT [5,9,32].

We analyzed «CEHC and «CMBHC in blank medium samples from
control cells incubated without tocochromanols for 48 or 72 h and found
neither of the metabolites, demonstrating that any metabolites present
in the culture medium were indeed derived from the parent compounds
taken up into the cells and degraded to sidechain-shortened metabolites,
which then are secreted from the cells into the culture medium.

2.0+
[]48h

l72h

aCMBHC
(nmol/mg protein)

nd nd
0.0 T
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As expected, and in agreement with previous findings [5], no «aCEHC
was detected in culture medium following the incubation of HepG2 cells
with oT or aT3. Similarly, the incubation of HepG2 cells with aT1 did
also not result in the formation of quantifiable amounts of «CEHC. Very
low quantities (<25 pmol/mg protein) of ®CEHC were previously re-
ported in cell culture supernatant of cells incubated with 50 pmol/L of
oT [9]. We can therefore not completely rule out that «CEHC was pro-
duced in our cells, but if so, it was below the lower limit of quantification
of our method (ca. 0.35 nmol/mg protein) and thus likely of limited
biological relevance. Another possible explanation might be a higher
metabolic activity of the HepG2 cells used in the earlier experiments of
Birringer and colleagues, because they not only were able to quantify
aCEHC, but also found approximately 5-times higher concentrations of
the aCEHC precursor ®CMBHC in their experiments [9] compared to
ours (Fig. 4).

aCMBHC was the major sidechain-shortened end product of the
metabolism of aT1 and oT3 after 72 h in our HepG2 cells, whereas no
aCMBHC was detectable in culture medium of cells incubated for 48 or
72 h with oT or for 48 h with aT1 (Fig. 4). The formation of txCMBHC in
cells incubated for 72 h with oT3 was significantly higher than after
incubation with oT1, suggesting that the affinity of vitamin E meta-
bolism for aT1 is more similar to that of aT than that of aT3. These re-
sults are in agreement with the previously reported higher activity of the
rate-limiting enzyme in the metabolism of tocochromanols toward
tocotrienols than tocopherols [32] and the findings that «CMBHC is the
predominant end product of the metabolism of tocopherols and toco-
trienols in HepG2 cells [9].

These data and ours suggest that the number of double bonds in the
sidechain of tocochromanols and, perhaps, the resulting differences in
their 3-dimensional configuration are important determinants of the
interaction of these compounds with the metabolic enzymes. It has
indeed been proposed that the more rigid structure of the unsaturated
sidechain of aT3 may influence its binding affinity with proteins, as
reviewed by Comitato, Ambra & Virgili [40].

In addition to the number of double-bonds, their position on the
sidechain may be another factor determining the metabolism of toco-
chromanols. Previously unknown tocochromanols, such as p-tocomo-
noenol, y-tocomonoenol [41], &-tocomonoenol [41,42], and two
different a-tocodienols [11], have been identified in foods and have thus
become available for isolation and purification. Future evaluation of the
rate of transformation of these novel tocochromanols to metabolites may
lead to a more comprehensive understanding of the structural features
controlling the metabolism of vitamin E-derivatives.

ns

T

nd

==

aT

1 1
aT1 aT3

Fig. 4. Metabolism of a-tocopherol («T), a-tocomonoenol («T1) and a-tocotrienol («T3) in HepG2 cells incubated with the test substances for 48 or 72 h was assessed
as protein-normalized total ®CMBHC secreted into the cell culture medium (nmol xCMBHC/mg protein). Values represent arithmetic means + SD (n = 12). Asterisks
(***) indicate significant differences (1-way ANOVA, p < 0.001); ns indicates non-significant differences between samples. nd = no metabolites were detected.
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4. Conclusions

aT1 does not possess cytotoxic activity towards HepG2 cells in cul-
ture at concentrations up to 100 pmol/L and is taken up and metabolized
by these cells. The rate of uptake into the cells and conversion to short-
chain metabolites of aT1 is intermediate between those of «T and oT3,
but more similar to oT. The major end product of the metabolism of aT1
and oT3 was aCMBHC, but the formation of the metabolite was much
lower in cells incubated with aT1. To the best of our knowledge, we are
the first to report that aT1 undergoes similar metabolic conversion to
short-chain metabolites than aT and to identify «CMBHC as its pre-
dominant degradation end product. These results suggests that the
number and position of double bonds in the side chain of tocochroma-
nols that share the same methylation pattern on the chromanol ring,
may define their rate of metabolism.

Because the intracellular fate of «T1 appears to nearly resemble that
of aT, it may share some of the biological activities of this major vitamin
E congener. Future research aimed at elucidating the biological func-
tions of aT1 in adequate in vivo models is thus warranted.
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11’-a- and -y-tocomonoenols in HepG2 cells favors the y-congener and results predominantly in

carboxymethyl-hydroxy-chromans

Abstract
Tocomonoenols (T1) are little-known vitamin E derivatives that have gained attention because
they have been increasingly found in common foods. Little is known about the cellular uptake and
metabolism of a-tocomonoenol (aT1) and nothing about that of y-tocomonoenol (yT1). We
therefore investigated the cytotoxicity, uptake and metabolism of aT1 and yT1 in comparison to
the a- and y-congeners of tocopherols (T) and tocotrienols (T3) in HepG2 cells. None of the six
studied tocochromanols was cytotoxic up to 100 umol/L. The uptake of the y-congeners was
significantly higher than the corresponding a-forms, whereas no significant differences were
observed based on the degree of saturation of the sidechain. CMBHC was the predominant short-
chain metabolite of all tocochromanols. The rate of conversion was higher for yT1 than aT1 as
well as for the y-congeners of T and T3. The rate of metabolism increased with the number of
double bonds in the sidechain for the y-congeners. The presented data is the first evidence that
both aT1 and yT1 follow the same sidechain degradation pathway and result in the same
metabolites as aT and yT in HepG2 cells, with CMBHC being the quantitatively predominant
metabolite. The rate of metabolic conversion of the tocomonoenols was intermediate between

those of tocopherols and tocotrienols, but more similar to that of the tocopherols.
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Abstract
Tocomonoenols (T1) are little-known vitamin E derivatives that have gained attention because
they have been increasingly found in common foods. Little is known about the cellular uptake and
metabolism of a-tocomonoenol (aT1l) and nothing about that of y-tocomonoenol (yT1). We
therefore investigated the cytotoxicity, uptake and metabolism of aT1 and yT1 in comparison to
the a- and y-congeners of tocopherols (T) and tocotrienols (T3) in HepG2 cells. None of the six
studied tocochromanols was cytotoxic up to 100 umol/L. The uptake of the y-congeners was
significantly higher than the corresponding a-forms, whereas no significant differences were
observed based on the degree of saturation of the sidechain. CMBHC was the predominant short-
chain metabolite of all tocochromanols. The rate of conversion was higher for yT1 than aT1 as
well as for the y-congeners of T and T3. The rate of metabolism increased with the number of
double bonds in the sidechain for the y-congeners. The presented data is the first evidence that
both aTl and yT1 follow the same sidechain degradation pathway and result in the same
metabolites as aT and yT in HepG2 cells, with CMBHC being the quantitatively predominant
metabolite. The rate of metabolic conversion of the tocomonoenols was intermediate between

those of tocopherols and tocotrienols, but more similar to that of the tocopherols.

Keywords: Tocomonoenol, HepG2, short-chain metabolites, vitamin E.
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Introduction

Tocochromanols are a group of lipid-soluble compounds composed of a chromanol ring and a
16-carbon sidechain. Based on the number of double bonds in the sidechain, tocopherols, with
a saturated chain, and tocomonoenols (T1), tocodienols (T2), and tocotrienols (T3), with one,
two or three double bonds in the sidechain, respectively, can be distinguished. T, T1, T2 and T3
are further classified according to the number and positions of methyl groups attached to the
chromanol ring and named by assigning the prefixes a, 8, y, and & (Figure 1) [1]. T and T3 are
considered to have vitamin E activity, with a-tocopherol being the biologically most active
congener [2,3]. Tocomonoenols [4-7] have been found in plants, marine organisms, and foods.
Particularly, 11'-y-tocomonoenol (yT1) (Figure 1) has been reported in pumpkin seed oil [8][9],
Arabidopsis seeds [10], corn oil [11], linseed oil, rapeseed oil [10], sesame oil [12], leaves of K.
daigremontiana and P. coccineus [7], and in vitamin E supplements [13].

11'-a-Tocomonoenol (aT1) is present in vegetable oils [5,10—-12] is bioavailable in mice [14]
and humans [15] and its uptake and metabolism in cultured liver cells is more similar to aT than
aT3, suggesting the possibility that, due to structural similarities, it may share some biological
functions with aT [16]. Also, the so-called marine-derived tocopherol (MDT) 12'-a-
tocomonoenol, an isomer of 11'-a-tocomonoenol, that was found in marine food sources [6,17]
has been reported to modulate the response of immune cells [18] and to be bioavailable in both
rodents [19,20] and humans [15].

Tocochromanols are metabolized in hepatocytes by oxidative shortening of the sidechain,
without modification of the chromanol ring, to carboxymethylbutyl-hydroxychromans (CMBHC)
and carboxyethyl-hydroxychromans (CEHC; Figure 1). Both, the saturation of the sidechain and
the methylation of the chromanol ring determine the affinity of tocochromanols for the
metabolizing enzymes, with a higher rate of metabolism of the 6-, y-, and B- compared to the a-
congeners and higher biotransformation of T3 compared to the corresponding T [21,22]. We
recently reported that the main metabolite of 11'-aT1 in HepG2 cells is aCMBHC and that the
rate of metabolism is intermediate between that of aT and that of aT3 [16]. A comprehensive
investigation of the uptakes and rates of metabolism of the a- and y-T, -T1 and -T3 has not yet

been made. We therefore aimed to investigate structure-activity relationships regarding the
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67  uptake and metabolism of the a- and y-congeners of tocopherols, tocomonoenols and

68  tocotrienols in liver cells.
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Materials and methods

Chemicals

For cell treatment, commercial standards of a-tocopherol (purity 295%, Calbiochem/Merck
Millipore, Darmstadt, Germany), y-tocopherol (purity 296%, Calbiochem/Merck Millipore,
Darmstadt, Germany); and a-tocotrienol (purity = 97% Sigma-Aldrich, Taufkirchen, Germany)
were used. y-Tocotrienol (purity > 98 %) was extracted from vitamin E capsules [23], y-
tocomonoenol (11'-y-tocomonoenol, purity > 97 %) was extracted from pumpkin seed oil [9]
and a-tocomonoenol (11'-a-tocomonoenol, purity = 97 %) was extracted from a palm oil
vitamin E rich extract [24], as previously described.

Commercial standards of aCEHC, aCMBHC, yCEHC (purity = 98%, Cayman Chemical Company,

Canada) were used for quantification of metabolite production.

Cell culture experiments

Hepatic uptake and metabolism of tocochromanols was studied in HepG2 cells. The identity of
the cells was confirmed by Multiplex Human Cell Line Authentication Test (Multiplexion;
Immenstaad; Germany). After defrosting, cells were kept in T75 flask at 5% CO; and 37 °C using
Dulbecco’s Modified Eagle Medium (DMEM; Sigma-Aldrich Co. LLC, Steinheim, Germany)
supplemented with 10% (v/v) Fetal Bovine Serum (Life Technologies GmbH, Darmstadt,
Germany) and 1% (w/v) Penicillin/Streptomycin (Biochrom GmbH, Berlin, Germany). Cells were

subcultured by trypsinization when reaching 80 to 90% confluence.

Cell viability assay

Cytotoxicity of tocochromanols was assessed using the neutral red uptake (NRU) assay [25].
Cells were seeded at 8 x 10% cells/cm?in sterile 48 well-plate. After 24 h, medium was removed
and 300 pL of each test compound (12.5 to 100 pmol/L in the culture medium) were added and
incubated in triplicates for 72 h wells for three different cell passages. Cell culture medium
containing 0.1% EtOH and 0.1% Triton X-100 were used as negative and positive controls,
respectively. After incubation, medium was aspirated and cells washed with PBS. Then, 200 uL
medium and 3.6 pL neutral red stock solution (0.33 % (w/v) in PBS (Sigma- Aldrich)) were added

per well and incubated for 2 hours (37 °C, 5% CO,). After incubation, neutral red solution and
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medium were removed and 250 pL of destaining solution (EtOH : deionized water : glacial acetic
acid; 50 : 49 : 1 by volume) was added. Plates were incubated on a rotation shaker for 15 min
before photometric determination (excitation, 530 nm; emission, 590 nm) using a microplate
reader (Bio-Tek Synergy HT, BioTek Instruments Inc., Winooski, VT, USA). Cell viability was
determined based on the relative fluorescence after treatment using cells treated with culture

medium containing 0.1% EtOH as viability control.

Hepatic uptake and metabolism of tocochromanols

HepG2 cells were seeded at 2 x 10° cells/cm? in sterile 6 well-plates. 24 hours after seeding, cell
culture medium was removed and fresh medium containing individual congeners (a- and y-
tocomonoenol, -tocopherol, and -tocotrienol) were added at a concentration of 50 umol/L and
0.1% ethanol. Medium containing only 0.1% ethanol was used as control. After 72 hours (37 °C
and 5% CO), cell culture medium was recovered and frozen at -80 °C. Cells were washed twice
with PBS at 37 °C and 200 pL Trypsin/EDTA were added per well and incubated for 10 min at 37
°C and 5% CO,. Subsequently, trypsin was inactivated with 200 uL of sterile-filtered fetal bovine
serum. Samples were suspended, transferred to 2 mL micro-centrifuge tubes, and centrifuged
for 3 min at 916 x g at 4 °C. The supernatant was discarded and the cell pellet washed twice
with 500 L cold PBS, followed by centrifugation (3 min, 916 x g, 4 °C). The cell pellet was frozen
at -80 °C until lysis. For cell lysis, the cell pellet was suspended in 200 uL NP40-Buffer including
protease inhibitor (150 mmol/L NaCl, 50 mmol/L Tris(hydroxymethyl)-aminomethan
hydrochloride (Tris-HCI; Carl Roth, Karlsruhe, Germany), pH 8.0; 1% (v/v) Nonidet P-40 (NP-40;
Roche, Mannheim, Germany); 4% protease inhibitor cocktail (Roche, Mannheim, Germany),
vortexed mixed and incubated for 20 min on ice bath. After mixing in an ultrasonic bath for 30
seconds (Sonorex Super RK 510 H, Bandelin Electronic GmbH & Co. KG, Berlin, Germany), samples
were centrifuged (10 min, 16000 x g, 4 °C) and 4 pL aliquots of the clear supernatant were used

for determination of protein concentration using Bradford method [26].

Quantification of tocochromanols in cells
Tocochromanol content in cell pellets after treatment with single congeners was determined as

previously described [27]. Briefly, cell lysates (196 uL) were placed in screw-cap glass tubes and
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mixed with 2 mL of 1% (w/v) ascorbic acid in ethanol, 900 uL deionized water and 300 pL
saturated potassium hydroxide. Samples were saponified for 30 min at 70 °C under continuous
agitation. After cooling on ice, 25 pL of butylated hydroxytoluene in ethanol (1 mg/mL), 1 mL of
deionized water, and 300 uL glacial acetic acid were added. Tocochromanols were then
extracted with 2 mL HPLC-grade hexane by inversion at 60 RPM for 1 min. After centrifugation
(188 x g at 4 °C for 3 min), 1.5 mL of the supernatant were transferred to a clean glass tube.
Hexane extraction was repeated adding 2 mL of fresh hexane and recovering of 2 mL
supernatant. Supernatants (3.5 mL) were pooled and the solvent evaporated using a centrifugal
evaporator (RVC 2-25 CD Plus, Martin Christ Gefriertrocknungsanlagen, Osterode am Harz,
Germany) protected from light. The dried residue was suspended in 100 pL of HPLC-grade
ethanol, transferred to micro-centrifuge tubes, and cooled on ice for 10 min. After
centrifugation at 17000 x g and 4 °C for 1 min (Heraeus Fresco 17 microcentrifuge, Thermo
Fischer), the clear liquid phase was transferred to amber HPLC vials.

Clear supernatants (20 pL) were injected into a Jasco HPLC system (controller LC-Net Il / ADC,
pumps P-U2080 Plus, auto injector AS-2059-SF Plus, column oven co-2060 Plus, mixer LG-2080-
02S, degasser DG-2080-53 and fluorescence detector FP-2020 Plus) and tocochromanols
separated on a Phenomenex Kinetex PFP column (2.6 um particle size, 150 x 4.6 mm)
maintained at 40 °C, using methanol : water (85:15, v/v) as mobile phase at a flow rate of 1.2
mL/min. For tocochromanol quantification, standard curves were prepared using authentic a-

and y-tocomonoenol, -tocopherol, and -tocotrienaol.

Quantification of short-chain tocochromanol metabolites

Determination of a- and y-CMBHC and -CEHC concentrations was performed as previously
described [28]. Briefly, 800 uL cell culture medium was transferred to 2 mL micro-centrifuge
tubes and mixed with 12.5 pL of ascorbic acid in water (10% m/v) and 25 pL B-glucuronidase
solution (3 mg B-glucuronidase from Helix pomatia (Sigma Aldrich, CAS RN 9001-45-0) in 100 pL
0.1 M acetate buffer). After vortex mixing, samples were incubated for 2 hours at 37 °C at 300
rpm using a dry incubation system (Thermomixer®, Eppendorf). Then, samples were cooled
down on ice for 5 min and 50 pL of glacial acetic acid was added. For lipid extraction, 1 mL of a

hexane : dichloromethane (1:1, by volume) solution with 0.1% (m/v) BHT was added and the
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sample was inverted for 5 min at 40 rpm on a rotary shaker. Then, samples were centrifuged
(17000 x g, 4 °C, 3 min) and the organic phase transferred to a fresh vial. Extraction was
repeated once, the organic phases pooled, and evaporated to dryness (RVC 2-25 CD Plus, Martin
Christ Gefriertrocknungsanlagen). The dried sample was resuspended in 100 uL of acetonitrile :
water solution (10:90, by volume), vortex-mixed and centrifuged. Subsequently, the sample was
transferred to a HPLC vial and 40 pL injected into a Jasco HPLC system (controller LC-Net II/ADC,
two pumps PU-2080, auto sampler AS-2059-SF Plus, column oven CO-2060 Plus, 3-line solvent
degasser DG-2080-53 (Jasco Labor- & Datentechnik GmbH) equipped with an electrochemical
detector (Model 5600ACoulArray (ESA Inc., Chelmsford, MA, USA). For separation, a ReproSil-
Pur 120 C18 AQ column (5 um; 250 x 4.6mm) was maintained at 40 °C and the mobile phase
(acetonitrile : ammonium acetate (25:75, by volume) was delivered at a flow rate of 1.7 mL/min.
For quantification, commercial standards for a- and y-CEHC and a-CMBHC were used.

Quantification of y-CMBHC was performed using the standard curve of a-CMBHC.

Statistical analyses

Values are reported as mean + standard deviation (SD). Statistical analysis was performed with
SPSS software (IBM Corporation, USA). One-way analysis of variance (ANOVA) with multiple
comparison test was used to determine significant differences between means using a

significance value of a = 0.05.
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Results and discussion

The aim of this work was to investigate structure-activity relationships with regard to the
cytotoxicity, uptake into and metabolism by HepG2 cells of tocopherols (T), tocomonoenols
(T1), and tocotrienols (T3), taking into consideration the methylation pattern of the chromanol

ring (a- vs. y-congeners) and the saturation of the sidechain (T vs. T1 vs. T3).

Cell viability

The tested a- and y-congeners of tocopherols (T), tocomonoenols (T1), and tocotrienols (T3), at
concentrations up to 100 umol/L, were not cytotoxic to HepG2 cells incubated for 72 hours
(Figure 2), which is in agreement with our previous findings for the a-congeners only [16] and
for the a- and y-tocopherols and -tocotrienols [27]. For all analyzed congeners and
concentrations, cell viability was higher than 95% of the respective medium control. A

concentration of 50 pumol/L was therefore chosen for all subsequent experiments.

Uptake of a- and y-tocochromanols into liver cells

The intracellular concentrations of the y-congeners of tocopherols, tocomonoenols and
tocotrienols were higher than those of the corresponding a-forms (Figure 3). This is in
agreement with the previously reported higher cellular uptake of y- compared to a-congeners
by HepG2 cells incubated with a-, B-, y- or 6-tocopherols or -tocotrienols [27].

When comparing among y-congeners, intracellular yT1 was significantly higher than yT or yT3,
whereas no significant differences were observed between the three analyzed a-congeners
(Figure 3). These observations are in partial agreement with previous findings that unsaturation
of the sidechain increases the cellular uptake of tocochromanols [27,29], but then also in partial
disagreement, because intracellular yT3 in the present experiment was not higher than yT and
even lower than yT1 (Figure 3). While the degree of saturation in the present study thus had
little impact on intracellular concentrations of tocochromanols, the majority of published data

supports higher uptake of T3 in HepG2 [27,29] and non-hepatic cultured cells [30-33].

Metabolism of a- and y-tocochromanols in liver cells
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207  The quantitatively major metabolites of all investigated a- and y-tocochromanols were aCMBHC
208  and yCMBHC, respectively, whereas the end products of sidechain degradation, aCEHC and

209  yCEHC, were present at significantly lower concentrations (Figure 4). Our data thus confirms
210  previous reports indicating that CMBHC, and not CEHC, is the main metabolite secreted by

211 HepG2 cells incubated with tocomonoenols [16] as well as tocopherols and tocotrienols [16,21].
212 CMBHC concentrations in the cell supernatant numerically increased in the order T< T1
213 < T3 for both the a-and y-congeners (Figure 4), confirming that sidechain unsaturation is an
214  important determinant of metabolic conversion of the parent tocochromanols, as originally
215  discovered for T3 [21,29][34]. In the present experiment, we found significantly higher CMBHC
216  secretion of HepG2 cells incubated with aT3 or yT3, compared to the respective T and T1, but
217  no significant differences between cells incubated with the respective T and T1 congeners

218  (Figure 4). This data is in agreement with our previous findings that the rate of metabolism of
219  aT1lis more similar to that of aT than that of aT3 [27].

220 No aCEHC was detectable in supernatants of cells incubated with aT or aT1 and only
221  very low concentrations of aCEHC were found in culture medium of cells incubated with aT3.
222 CEHC concentrations were 11-22 times higher in yT3 compared to aT3 treated cells. In cells

223 treated with y-congeners, yCEHC concentration was similar for cells incubated with yT and yT1
224  and twice as high for cells incubated with yT3 (Figure 4). The preferential metabolism of the y-
225  over the a-congeners, as observed here (Figure 4), was initially discovered in HepG2 cells

226  [21,29,35] and later confirmed in rodents [36] and humans [37,38]. Here, we show for the first
227  time that tocomonoenols follow the same behavior and is not an exception.

228 The observed differences in the extent of metabolism of T3 and T1 suggest that the

229  degree of saturation and/or the position of double bonds in the sidechain may influence the
230  affinity of tocochromanols for their metabolizing enzymes. One could further speculate that
231  differences in physicochemical properties, such as the slightly more polar sidechain of T3

232 compared to T [39], might lead to differences in intracellular distribution in general or to the
233 endoplasmic reticulum in particular, where the rate-limiting enzymes catalyzing the first step in
234 vitamin E metabolism are localized. However, we previously reported that the intracellular

235  localization of vitamin E congeners in HepG2 cells is not affected by ring methylation or

236  sidechain saturation [27].

121



237

238

239

240

241

242

243

244

245

246

247

248

249

250

251

252

253

254

255

256

257

258

259

Here, we show for the first time that both aT1 and yT1 undergo a similar metabolic

conversion to short-chain metabolites as the respective tocopherols and tocotrienols (Figure 4).

Anti-inflammatory activities, such as the inhibition of cyclooxygenase-1 and -2, have been
reported for the vitamin E metabolites yCEHC, aCMBHC as well as the long-chain metabolites
13’-carboxychromanol and 9’-carboxychromanol [40,41]. Since T1 are increasingly identified in

commonly consumed foods (see Introduction for details), they may be a source for potentially

bioactive vitamin E metabolites and thus contribute to biological effects previously attributed to

oT. The biological activities of T1 thus warrant further investigation.

Conclusions

The presented data is the first evidence that both aT1 and yT1 follow the same sidechain
degradation pathway and result in the same metabolites as aT and yT in HepG2 cells. The
quantitatively predominant metabolite for all tocochromanols investigated was CMBHC. The
rate of metabolic conversion of T1 is somewhat intermediate between those of T and T3, but

overall more similar to the T.

Conflict of interests

Authors declare to have no conflict of interest regarding this investigation.

Acknowledgments
A. M. acknowledges the Food Security Center of the University of Hohenheim for providing a
scholarship supported by the German Academic Exchange Service (DAAD) with funds of the

German Federal Ministry for Economic Cooperation and Development (BMZ).

122



260

261

262

263

264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

283

284

285

References

[1]

(2]

3]

[4]

5]

(6]

[7]

8]

[9]

M. Birringer, K. Siems, A. Maxones, J. Frank, S. Lorkowski, Natural 6-hydroxy-chromanols
and -chromenols: structural diversity, biosynthetic pathways and health implications, RSC

Adv. 8 (2018) 4803-4841. https://doi.org/10.1039/C7RA11819H.

L.J. Johnson, S.L. Meacham, L.J. Kruskall, The Antioxidants-Vitamin C, Vitamin E, Selenium,
and Carotenoids, J. Agromedicine. 9 (2003) 65-82.
https://doi.org/10.1300/J096v09n01_07.

EFSA, Scientific Opinion on Dietary Reference Values for vitamin E as a-tocopherol, EFSA

J. 13 (2015) 1-72. https://doi.org/10.2903/j.efsa.2015.4149.

A. Fiorentino, C. Mastellone, B. D’Abrosca, S. Pacifico, M. Scognamiglio, G. Cefarelli, R.
Caputo, P. Monaco, 6-Tocomonoenol: A new vitamin E from kiwi (Actinidia chinensis)
fruits, Food Chem. 115 (2009) 187-192.
https://doi.org/10.1016/j.foodchem.2008.11.094.

A. Matsumoto, S. Takahashi, K. Nakano, S. Kijima, Identification of New Vitamin E in Plant

Qil, J. Japan Oil Chem. Soc. 44 (1995) 593-597. https://doi.org/10.5650/j0s1956.44.593.

Y. Yamamoto, N. Maita, A. Fujisawa, J. Takashima, Y. Ishii, W.C. Dunlap, A new vitamin E
(a-tocomonoenol) from eggs of the pacific salmon Oncorhynchus keta, J. Nat. Prod. 62

(1999) 1685-1687. https://doi.org/10.1021/np990230v.

J. Kruk, A. Pisarski, R. Szymanska, Novel vitamin E forms in leaves of Kalanchoe
daigremontiana and Phaseolus coccineus, J. Plant Physiol. 168 (2011) 2021-2027.
https://doi.org/10.1016/j.jplph.2011.06.015.

B. Butinar, M. Bucar-Miklavci¢, C. Mariani, P. Raspor, New vitamin E isomers (gamma-
tocomonoenol and alpha-tocomonoenol) in seeds, roasted seeds and roasted seed oil
from the Slovenian pumpkin variety ‘Slovenska golica,’ Food Chem. 128 (2011) 505-512.
https://doi.org/10.1016/j.foodchem.2011.03.072.

A. Kropfl, N.J. Nemetz, A. Goncalves Peca, W. Vetter, Countercurrent chromatography

123



287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

303

304

305

306

307

308

309

310

311

312

[10]

[11]

[12]

[13]

[14]

[15]

isolation of 11'-y-tocomonoenol from pumpkin seed oil with detection of novel minor
tocochromanols, J. Am. Qil Chem. Soc. 99 (2022) 15-26.
https://doi.org/10.1002/aocs.12559.

S. Pellaud, A. Bory, V. Chabert, J. Romanens, L. Chaisse-Leal, A.V. Doan, L. Frey, A. Gust,
K.M. Fromm, L. Méne-Saffrané, WRINKLED1 and ACYL-COA:DIACYLGLYCEROL
ACYLTRANSFERASE1 regulate tocochromanol metabolism in Arabidopsis, New Phytol. 217
(2018) 245-260. https://doi.org/10.1111/nph.14856.

J. Alberdi-Cedefio, M.L. Ibargoitia, M.D. Guillén, Monitoring of minor compounds in corn
oil oxidation by direct immersion-solid phase microextraction-gas chromatography/mass
spectrometry. New oil oxidation markers, Food Chem. 290 (2019) 286-294.
https://doi.org/10.1016/j.foodchem.2019.04.001.

S. Hammann, M. Englert, M. Mller, W. Vetter, Accelerated separation of GC-amenable
lipid classes in plant oils by countercurrent chromatography in the co-current mode, Anal.

Bioanal. Chem. 407 (2015) 9019-9028. https://doi.org/10.1007/s00216-015-9068-5.

S. Hammann, A. Kropfl, W. Vetter, More than 170 polyunsaturated tocopherol-related
compounds in a vitamin E capsule: Countercurrent chromatographic enrichment, gas
chromatography/mass spectrometry analysis and preliminary identification of the
potential artefacts, J. Chromatogr. A. 1476 (2016) 77-87.
https://doi.org/10.1016/j.chroma.2016.11.018.

A. Irias-Mata, N. Sus, M.-L. Hug, M. Miiller, W. Vetter, J. Frank, a-Tocomonoenol Is
Bioavailable in Mice and May Partly Be Regulated by the Function of the Hepatic a-
Tocopherol Transfer Protein, Molecules. 25 (2020) 4803.
https://doi.org/10.3390/molecules25204803.

Y. Yamamoto, A. Fujisawa, A. Hara, W.C. Dunlap, An unusual vitamin E constituent (a-
tocomonoenol) provides enhanced antioxidant protection in marine organisms adapted
to cold-water environments, Proc. Natl. Acad. Sci. 98 (2001) 13144-13148.
https://doi.org/10.1073/pnas.241024298.

124



314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

A. Montoya-Arroyo, T. Wagner, N. Sus, M. Miiller, A. Kropfl, W. Vetter, J. Frank,
Cytotoxicity, cellular uptake, and metabolism to short-chain metabolites of 11'-a-
tocomonoenol is similar to RRR-a-tocopherol in HepG2 cells, Free Radic. Biol. Med.

Accepted (2021) 24-30. https://doi.org/10.1016/].freeradbiomed.2021.10.018.

N. Gotoh, D. Mashimo, T. Oka, K. Sekiguchi, M. Tange, H. Watanabe, N. Noguchi, S. Wada,
Analyses of marine-derived tocopherol in processed foods containing fish, Food Chem.

129 (2011) 279-283. https://doi.org/10.1016/j.foodchem.2011.04.041.

F. Beppu, Y. Aida, M. Kaneko, S. Kasatani, Y. Aoki, N. Gotoh, Functional evaluation of
marine-derived tocopherol, a minor homolog of vitamin E, on adipocyte differentiation
and inflammation using 3T3-L1 and RAW264.7 cells, Fish. Sci. 86 (2020) 415-425.
https://doi.org/10.1007/s12562-020-01404-6.

N. Gotoh, H. Watanabe, T. Oka, D. Mashimo, N. Noguchi, K. Hata, S. Wada, Dietary
Marine-Derived Tocopherol has a Higher Biological Availability in Mice Relative to Alpha-

Tocopherol, Lipids. 44 (2009) 133-143. https://doi.org/10.1007/s11745-008-3257-3.

F. Beppu, H. Kondo, S. Kasatani, Y. Aoki, N. Gotoh, Quantitative Analysis of the
Accumulation of Marine-derived Tocopherol in the Tissue of Mice Fed with Salmon Roe
Oil Using HPLC-fluorescence, J. Oleo Sci. 67 (2018) 283—-288.
https://doi.org/10.5650/jos.ess17218.

M. Birringer, P. Pfluger, D. Kluth, N. Landes, R. Brigelius-Flohé, Identities and Differences
in the Metabolism of Tocotrienols and Tocopherols in HepG2 Cells, J. Nutr. 132 (2002)
3113-3118. https://doi.org/10.1093/jn/131.10.3113.

M. Birringer, D. Drogan, R. Brigelius-Flohe, Tocopherols are metabolized in HepG2 cells by
side chain w-oxidation and consecutive B-oxidation, Free Radic. Biol. Med. 31 (2001) 226—

232. https://doi.org/10.1016/50891-5849(01)00574-3.

W. Vetter, S. Hammann, M. Miiller, M. Englert, Y. Huang, The use of countercurrent
chromatography in the separation of nonpolar lipid compounds, J. Chromatogr. A. 1501

(2017) 51-60. https://doi.org/10.1016/j.chroma.2017.04.035.

125



341

342

343

344

345

346

347

348

349

350

351

352

353

354

355

356

357

358

359

360

361

362

363

364

365

[24]

[25]

[26]

[27]

[28]

[29]

(30]

(31]

M. Miller, S. Hommann, W. Vetter, Countercurrent chromatographic isolation and
purification of 11'-a-tocomonoenol from the vitamin E extract of palm oil, Food Chem.

256 (2018) 327-332. https://doi.org/10.1016/j.foodchem.2018.02.133.

G. Repetto, A. del Peso, J.L. Zurita, Neutral red uptake assay for the estimation of cell
viability/cytotoxicity, Nat. Protoc. 3 (2008) 1125-1131.
https://doi.org/10.1038/nprot.2008.75.

M.M. Bradford, A rapid and sensitive method for the quantitation of microgram
guantities of protein utilizing the principle of protein-dye binding, Anal. Biochem. 72

(1976) 248-254. https://doi.org/10.1016/0003-2697(76)90527-3.

A. Irias-Mata, N. Sus, S. Flory, D. Stock, D. Woerner, M. Podszun, J. Frank, a-Tocopherol
transfer protein does not regulate the cellular uptake and intracellular distribution of a-
and y-tocopherols and -tocotrienols in cultured liver cells, Redox Biol. 19 (2018) 28-36.

https://doi.org/10.1016/j.redox.2018.07.027.

M.C. Podszun, N. Grebenstein, U. Hofmann, J. Frank, High-dose supplementation with
natural a-tocopherol does neither alter the pharmacodynamics of atorvastatin nor its
phase | metabolism in guinea pigs, Toxicol. Appl. Pharmacol. 266 (2013) 452—458.
https://doi.org/10.1016/j.taap.2012.11.018.

T.J. Sontag, R.S. Parker, Influence of major structural features of tocopherols and
tocotrienols on their w-oxidation by tocopherol-w-hydroxylase, J. Lipid Res. 48 (2007)
1090-1098. https://doi.org/10.1194/jlr.M600514-JLR200.

Y. Saito, Y. Yoshida, K. Nishio, M. Hayakawa, E. Niki, Characterization of Cellular Uptake
and Distribution of Vitamin E, Ann. N. Y. Acad. Sci. 1031 (2004) 368—-375.
https://doi.org/10.1196/annals.1331.047.

Y. Saito, Y. Yoshida, T. Akazawa, K. Takahashi, E. Niki, Cell Death Caused by Selenium

Deficiency and Protective Effect of Antioxidants, J. Biol. Chem. 278 (2003) 39428-39434.

https://doi.org/10.1074/jbc.M305542200.

126



367

368

369

370

371

372

373

374

375

376

377

378

379

380

381

382

383

384

385

386

387

388

389

390

391

392

(32]

(33]

[34]

[35]

(36]

(37]

(38]

(39]

K. Nishio, M. Horie, Y. Akazawa, M. Shichiri, H. Iwahashi, Y. Hagihara, Y. Yoshida, E. Niki,
Attenuation of lipopolysaccharide (LPS)-induced cytotoxicity by tocopherols and
tocotrienols, Redox Biol. 1 (2013) 97-103. https://doi.org/10.1016/j.redox.2012.10.002.

Y. Saito, K. Nishio, Y.O. Akazawa, K. Yamanaka, A. Miyama, Y. Yoshida, N. Noguchi, E. Niki,
Cytoprotective effects of vitamin E homologues against glutamate-induced cell death in
immature primary cortical neuron cultures: Tocopherols and tocotrienols exert similar
effects by antioxidant function, Free Radic. Biol. Med. 49 (2010) 1542—-1549.
https://doi.org/10.1016/j.freeradbiomed.2010.08.016.

H. Freiser, Q. Jiang, y-Tocotrienol and y-Tocopherol Are Primarily Metabolized to
Conjugated 2-(B-carboxyethyl)-6-Hydroxy-2,7,8-Trimethylchroman and Sulfated Long-
Chain Carboxychromanols in Rats, J. Nutr. 139 (2009) 884—889.
https://doi.org/10.3945/jn.108.103309.

T.J. Sontag, R.S. Parker, Cytochrome P450 w-Hydroxylase Pathway of Tocopherol
Catabolism, J. Biol. Chem. 277 (2002) 25290-25296.
https://doi.org/10.1074/jbc.M201466200.

N. Grebenstein, M. Schumacher, L. Graeve, J. Frank, a-Tocopherol transfer protein is not
required for the discrimination against y-tocopherol in vivo but protects it from side-
chain degradation in vitro, Mol. Nutr. Food Res. 58 (2014) 1052—-1060.
https://doi.org/10.1002/mnfr.201300756.

J.K. Lodge, J. Ridlington, S. Leonard, H. Vaule, M.G. Traber, a- and y-tocotrienols are
metabolized to carboxyethyl-hydroxychroman derivatives and excreted in human urine,

Lipids. 36 (2001) 43—48. https://doi.org/10.1007/s11745-001-0666-z.

J. Frank, S. Lee, S.W. Leonard, J.K. Atkinson, A. Kamal-Eldin, M.G. Traber, Sex differences
in the inhibition of gamma-tocopherol metabolism by a single dose of dietary sesame oil

in healthy subjects., Am. J. Clin. Nutr. 87 (2008) 1723-9.

Y.J. Suzuki, M. Tsuchiya, Y.M. Choo, V.E. Kagan, L. Packer, S.R. Wassall, G. Govil, V.E.

Kagan, Structural and Dynamic Membrane Properties of a-Tocopherol and a-Tocotrienol:

127



393

394

395

396

397

398

399

400

401

402

403

404

[40]

[41]

Implication to the Molecular Mechanism of Their Antioxidant Potency, Biochemistry. 32

(1993) 10692-10699. https://doi.org/10.1021/bi00091a020.

Q. Jiang, I. Elson-Schwab, C. Courtemanche, B.N. Ames, y-Tocopherol and its major
metabolite, in contrast to a-tocopherol, inhibit cyclooxygenase activity in macrophages
and epithelial cells, Proc. Natl. Acad. Sci. 97 (2000) 11494-11499.
https://doi.org/10.1073/pnas.200357097.

Q. Jiang, X. Yin, M.A. Lill, M.L. Danielson, H. Freiser, J. Huang, Long-chain
carboxychromanols, metabolites of vitamin E, are potent inhibitors of cyclooxygenases,
Proc. Natl. Acad. Sci. 105 (2008) 20464—-20469.
https://doi.org/10.1073/pnas.0810962106.

128



405

406  Graphical Abstract

Tocomonoenol

Ry
HO.
Rg s = =
Ry
Tocotrienol

Tocochromanols

L daddd, =

11'- y-tocomonoenol (yT1)

|::> | Short Chain Metabolites l |:>

CMBHC concentration

CEHC concentration

25

20

1.5

0.5

0.0

O a-congener
W y-congener

O a-congener
W y-congener

T1 mostly metabolized to CMBHC,

and higher for yT1 than at aT1.

Metabolism of tocochromanols
increase with number of double

bondsin side chain

129



408  Figures

HO
R1
R3
Tocopherol
R3 o COoH
Ry Rs
o CMBHC
RS o \/\.)\/\./’\/J\
Ry R1
Tocomonoenol Ha
R, R; (gl COOH
HO 3
CEHC
RS 0 F =3 #
Ry
Tocotrienol
a- y-
R1 - CH; -H
R2 - CH3 -CH;
R3 - CH; -CH;
409
410 Figure 1. Chemical structure of y- and a-tocochromanol congeners (tocopherols,

411  tocomonoenols and tocotrienols) and corresponding short chain metabolites: CMBHC and CEHC

412

413

130



415

416

417

418

419

420

421

422

423

424

425

426

427

428

429

430

431

120~ O1 12.5umol/L B3 25 ymol/L B 50 pmol/L. EA 100 pmol/L

)
3‘% 1001 A il il I & IR 1@
% It 801
© S
- 0 i
ga %
° 201
S, 0 r = T = r = T T = r =
aT yT aT1 yT1 aT3 yT1

Figure 2: Cell viability measured by Neutral Red Uptake after treatment of HepG2 for 72 h with
y- and a-tocochromanols (T: tocopherol, T1: tocomonoenol, T3: Tocotrienol). Medium
containing 0.1% EtOH was used as control. Values correspond to mean #* standard deviation (n =
9). Statistical analysis corresponds to ANOVA test with a significance level a = 0.05. Asterisks
above bars indicates statistically significant differences (* = p < 0.05; ** =p <0.01 and ***=p <

0.001)

131



432

433

434

435

436

437

438

439

440

c

.g *%

© 100-

E E ' '

S~® 801

5209

°35 60

2L wf e Ll
g.sg

E £

0-

S aT yvT  aT1  yT1  oT3 T3

Figure 3. Uptake in liver cells measured as intracellular normalized concentration of each
corresponding tocochromanol (nmol/mg protein of cell pellet) after treatment of HepG2 cells
for 72 h (T: tocopherol, T1: tocomonoenol, T3: Tocotrienol). Values correspond to mean *
standard deviation (n = 9). Statistical analysis corresponds to ANOVA test with a significance
level a = 0.05. Asterisks above bars indicates statistically significant differences (* = p < 0.05; **

=p <0.01and *** =p<0.001)

132



441

* *

z 40- —
g5

(A) 28 3
g a i
§2 20- —
o £ *
0o | |
I g 10
m c
E N
(&) 0 -

aT vT aT1 yT1 aT3 vyT3

: 2-5- * *
ST —l
© "§ 2.0-
=0

(B) a8 1.5
c g
8 % 1.0'
O
TE o5
(&)

0.0 T
aT vyT aT1 yT1 aT3 yT3
442
443 Figure 4. Metabolism of y- and a-tocochromanols in liver cells assessed as normalized CMBHC

444 (A) or CEHC (B) concentration in cell culture medium (nmol/mg protein of cell pellet) after 72 h
445  in HepG2 cells (T: tocopherol, T1: tocomonoenol, T3: Tocotrienol). Values correspond to mean +
446 standard deviation (n = 9). Statistical analysis corresponds to ANOVA test with a significance
447 level a = 0.05. Asterisks above bars indicates statistically significant differences (* = p < 0.05; **
448 =p<0.01and *** =p<0.001)

449

133



5. General discussion

5.1. Tocomonoenols in plants, cyanobacteria and microalgae.

5.1.1. Identification and quantification of T1.

The presence and content of aT1 was analyzed by reverse phase high performance liquid
chromatography coupled with fluorescence detection (HPLC-FLD), using an adaptation of a
previously published method that permitted the baseline separation of a-, -, y-, 8T and a-, -, y-,
OT3 %3, Modification of the method allowed the additional baseline separation of aT1 from BT and
yT (Paper 3). aT1 were quantified using 11'-aT1 (purity >97%) isolated as previously described
2 This is the first quantification of aT1 using a corresponding standard, in contrast to previous
reports 4922,

11'-aT1 was used for quantification of both aT1 isomers, since fluorescence behavior of
tocochromanols depends on ring structure 7 and excitation/emission wavelengths do not differ
significantly among tocochromanols %%4. The difference in elution of both aT1 isomers in reverse
phase HPLC was not considered significant 565566,

Using HPLC-FLD, no evidence of aT1 in Acrocomia oils (Paper 1) or aerial structures of Urtica
leptophylla (stems, petioles, flowers, and leaves) (Paper 2) were observed. Quantifiable amounts
of aT1 were found in microalgae N. oceanica, Tetraselmis sp. (Paper 3), T. suecica, C.
sorokiniana (Paper 4), and M. subterranea (Paper 5). Traces of aT1 were detected in C. vulgaris
(Paper 3), while no appreciable quantities were found in N. limnetica (Paper 4) and cyanobacteria
A. platensis (Paper 3). aT1 concentrations in microalgae ranged from 0.8 mg/kg DW in C.
sorokiniana to 15.2 mg/kg DW in Tetraselmis sp. (Papers 3-5).

The proportion of aT1 in microalgae (as percentage of total tocochromanols) was variable and
increased in the order: traces in C. vulgaris; 0.1% in C. sorokiniana; 0.6% in N. oceanica, 0.9% in
T. suecica; 6% in M. subterranea, and 17% in Tetraselmis sp. (Papers 3-5). No pattern was
observed in the data suggesting effects of phylogenetic relationships on aT1 content. Tetraselmis
and Chlorella are genera from taxa Chlorophyta *’, while Nannochloropsis, and Monodopsis are
members of taxa Eustigmatophyta .

aT1 was confirmed by liquid chromatography coupled with mass spectroscopy detection, and an
atmospheric pressure chemical ionization system (LC-APCI-MS) (Paper 3). Using T and T3
standards and isolated 11'-aT1, it was possible to confirm the presence of aT1, but also of T3 in

microalgae (Paper 3, Supplementary Material).
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LC-MS analyses confirmed aT1 in N. oceanica, Tetraselmis sp, (Paper 3), C. sorokiniana, T.
suecica (Paper 4), and M. subterranea (Paper 5). In addition, the presence of aT1 was confirmed
in microalgae C. vulgaris, in cyanobacteria A. platensis (Paper 3), and in leaves and flowers of
Urtica leptophylla (Paper 2, Supplementary Material). APCI permits the identification of
molecular mass (M+H)* %* and aT1 have two characteristic ions in positive mode, a benzopyranic
ion m/z 205 ((C13H+1702)*), and a tropylium ion m/z 165 3 present in all a-congeners #%°. LC- MS”"
allowed the identification of a m/z 69.07 ion (CsHy) in cyanobacteria, and microalgae, consistent
with the 1-isopentenyl radical characteristic of sidechains with a double bond in 11'-12'* as in 11'-
aT1 2.

aT1 was expected in A. aculeata oils, due to its phylogenetic proximity with the oil palm Elaeis sp.
41 the main reported source of aT1 243316.17.19-2231.32  hyt no evidence of its presence was
observed. However, the presence of aT1 in Acrocomia cannot be ruled out. Variation of
tocochromanol profile within sites of collection in Costa Rica, and in comparison to other
geographical locations (Paper 1) is a hint of potential genetic diversity 448, High genetic variability
exists in Acrocomia #5°7° without specific information for Costa Rican plants. Geographical
location, and natural barriers promote genetic variability in Acrocomia °”', and Costa Rican territory
has variations in geomorphic and climatic patterns 572 that promotes tremendous biodiversity %3,
making suitable to expect genotypic variants 2. In Elaeis spp., aT1 content varies from 0 to 1.7%
of total tocochromanols in Costa Rican samples depending on genetic background 2.

Detection of aT1 varied between photosynthetic structures of the land-plant U. leptophylla
compared to the aquatic photosynthetic microalgae, in agreement with previous reports. In leaves
of land-plants, aT1 has been reported mostly under limited light availability 2. In contrast, aT1 are
significant congeners in phytoplankton, where they acount 3 to 21% of total tocochromanols 2%,
Comparison to aT1 reported in phytoplankton is limited since it has been reported on a wet weight
basis without information of moisture content or phylogenetic description of samples 252,
Phytoplankton is a vague concept ¢! that includes cyanobacteria, microalgae, and other
microscopic organisms %62,

The presence of 11'-aT1 in microalgae isolated from tropical environments and cultured at 25-30
°C suggests that aT1 might not only be related to membrane protection in cold water
environments, as previously suggested . Tetraselmis sp. isolated in Costa Rica (10°04'01" N;
84°57'26" W) (Paper 3) contained the highest proportion of aT1 observed in all analyzed samples
(17% of total tocochromanols) (Papers 2-5), which is higher than that of Antarctic phytoplankton
(3% of the total tocochromanols). Similarly, aT1 content is seven times higher in Japanese
phytoplankton compared to artic samples *%. In Euglena gracilis, aT3 content and proportion

decreases in cold-acclimated cultures %, contrasting also the hypothesis of a potential role of
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tocochromanols with unsaturated sidechains in cold environments 2°. Despite a tendency of
increased aT1 concentrations in microalgae with higher content of unsaturated fatty acids, no
correlation was observed in absolute nor relative aT1 content, and the proportion of unsaturated
or poly-unsaturated fatty acids in microalgae 2. To define whether aT1 isomers are present at
higher extent in cold water organisms, more exhaustive studies are required. Microalgae from
polar regions 4%574 are an interesting approach in that respect.

The presence of 12'-aT1 in cold water phytoplankton 2°26 indicates that the presence of aT1 in
marine organisms might have a trophic origin, but does not provide enough evidence to sustain
that aT1 biosynthesis is restricted to or promoted in cold water environments, 2%, Reported
studies in wild fishes have several limitations, including limited sample size and collection
methods. Moreover, studies on 12'-aT1 distribution in marine sources does not consider trophic
relationships 2>-?” that might modulate distribution of dietary elements along trophic chain 7. aT
can be stored for long periods in tissues 32 due to its low metabolic rate 2°8343363.365 gnd
metabolism of aT1 resembled that of aT (Papers 6-7), which can influences its bioaccumulation
576—578_

MS data indicates the presence of yT1 in flowers and leaves of U. leptophylla. At retention time of
12.97-12.98 min, similar to that of 8T (12.96 min), ions m/z 415.36 (C2sH4702), m/z 191.11
(C12H1502), and m/z 151.07(C1oH1102) were observed (Paper 2, Supplementary Material),
consistent with expected molecular ([M+H] *), benzopyranol, and tropylium ions of yT1 569579,
respectively. yT1 has been reported in leaves of Kalanchoe daigremontiana 8, and Phaseolus
coccineus 8, etiolated maze shoots 7, Arabidopsis thaliana seeds '?, palm oil 3°, and in seed oils
including those from pumpkin seed °'257%; linseed "2, rapeseed '?, maize '"'¢, soy '® and wheat
germ oil *°. To the best of our knowledge, this is the first report of yT1 in flowers.

Coelution of yT1 and 8T poses the question whether the 8T content quantified by HPLC-FLD in
leaves and flowers of U. leptophylla corresponds mostly to this T, or if yT1 might comprises a
significant proportion in the tocochromanol profile. Availability of standards and co-elution limited
quantification of yT1 using HPLC-FLD-based methods, but recent protocols for isolation of yT1 57
provides further resources for future analysis.

The relatively high content of aT1 observed in microalgae, where aT was the main congener (ca.
90% of total tocochromanol) (Papers 3-5), and the presence of yT1 in U. leptophylla flowers where
yT reached 25% of total tocochromanols (Paper 2) is in agreement with previous hypotheses,
suggesting that aT1 might be present in sources with high content of aT, while yT1 must be
observed in samples with high content of yT 6.

In agreement, matching of ring structure between major T congener and identified T1 forms has

been reported in Arabidopsis thaliana flowers and leaves ®', Phaseolus coccineus leaves &, Kiwi
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fruit peels '3, Cuscuta japonica shouts 88, Kalanchoe daigremontiana leaves 8, pumpkin seed oil
%, corn oil ', sunflower oil and sesame oil 3. In contrast to this hypothesis, in kiwi fruit pulp, 8T1
comprised 34% of tocochromanol profile, despite aT is the major congener 3. To confirm whether
T1 biosynthesis correlates with major T, additional sources rich in non-aT might be analyzed in
the future.

Relative proportion of aT1 in microalgae is among the highest reported for T1. In seed oils, T1
tend to be minor congeners, with contents ranging from 0 to 4% of total tocochromanols 20223031
with the exception of pumpkin seed oil, where total T1 (yT1 and aT1) and yT1 reaches 17% and
15% of total tocochromanols, respectively. The highest reported content of T1 in relative terms,
corresponds to 8T1 in Kiwi fruit pulp with 34% of total tocochromanol content 3. Biosynthesis of
T1 has been inversely related with GG-reductase activity ', and it has been proposed that T1
might not be at significant extent in green structures due to their GG-reductase activity 8, in
contrast to results from microalgae (Papers 3-5).

Differences in T1 content can reflect differential efficiency on synthesis. Synthesis of T1 in
tocopherol-producing structures depends on sidechain availability and its use as substrate by
tocochromanol biosynthetic enzymes 258 HPT has higher affinity for saturated sidechains % but
uses GG-PP, and THGG-PP as substrates in plants and cyanobacteria '2%*58! which would lead
to generation of T1, as observed in photosynthetic structures such U. leptophylla, cyanobacteria
and microalgae (Papers 2-5). MPBQ methyltransferase, does not have preference for sidechain
saturation °” and might not limit the next biosynthetic steps. In agrement, overexpression of the
HPT1 in Arabidopsis seeds increases yT1 by 770%, while yT, 8T increases only 66; and 160%
respectively 2.

Variation in recognition of unsaturated sidechains by HPT might exist among species due to
structure variability. Mutational events as those involved in HGGT and HPT evolution %82 can lead
to changes in binding affinity or substrate specificity %83. Single nucleotide polymorphisms (SNPs)
in biosynthetic enzymes have been associated with significant variations in tocochromanol profiles
%84, 585 Sequence variability in biosynthetic enzymes and its potential impact on T1 biosynthesis
might be analyzed in the future. It has been proposed that T1 can be generated from saturation
of T3 78, nevertheless, there is not current evidence to consider that T1 are formed from reduction
of T3 sidechains &12.

The presence of T1 and T3 in U. leptophylla, cyanobacteria, and microalgae (Papers 2-5)
constrasts with the widely considered concept that photosynthetic tissues produce mostly or only
T (aT) 98101588 gnd that tocochromanols with unsaturated sidechains must be restricted to non-
photosynthetic tissues, like seeds 74%9-9%100 However, our results are in agreement with other

reports of T3 in microalgae 9219, in leaves of Rosaceae trees '%°, leafy vegetables °7, and other

137



non-photosynthetic structures 5. The results of the present study confirm that current paradigms

of tocochromanol biosynthesis might be re-evaluated.

5.1.2. Distribution of 11'-aT1 and 12'-aT1 isomers in cultured cyanobacteria and

microalgae.

LC-MS confirmed the presence of aT1 in cyanobacteria, and microalgae and indicated the
presence of 11'-aT1, but did not allow to determine whether both 11'-aT1, and 12'-aT1 isomers
were equally present, or if a differential accumulation existed. It has been suggested that
biosynthetic pathways of T1 might differ between land-plants and marine organisms '? since 12'-
aT1 has been mostly reported in aquatic organisms 312252628 and 11'-aT1 has only been reported
once in marine sources 2/, nonetheless, based on the reported biosynthetic pathways in
cyanobacteria, and microalgae 7%, the hypothesis in the present study was that 11'-aT1 must be
the major aT1 in aquatic photosynthetic organisms.

Identification of aT1 isomers was done using previously reported GC-MS approaches, taking the
advantage that isolated 11'-aT1 (purity >97%) from palm oil contains minor amounts of 12"-aT1 .
With this approach, it was confirmed that 11'-aT1, and not 12'-aT1 was the major aT1 isomer in
A. platensis, C. wvulgaris, C. sorokiniana, Tetraselmis sp., T. suecica, N. oceanica,
Nannochloropsis limnetica, and M. subterranea, in agreement with the previous hypothesis. Signal
intensity of the molecular ion of 12'-aT1 was only 1.0%; 3.8%, and 7.3% of the signal intensity of
11'-aT1 in Tetraselmis sp, M. subterranea, and T. suecica respectively. In cyanobacteria only
minor signals of 11'-aT1, and no 12'-aT1 was detected by GC-MS, probably, due to the general
low aT1 content observed in the sample. Relative proportion of 12'-aT1 compared to 11'-aT1 in
microalgae is higher than that reported in palm oil (0.5% of the isolated aT1 fraction) 2°, but clearly
contrasts with previous reports in marine phytoplankton, where only 12’-aT1 has been reported
25,26_

The presence of 11°-aT1 in tuna fish oil was considered a thermic-induced artifact 27, since no 11'-
aT1 was observed in similar extracts from salmon roe *'. However, the 11'-aT1 content in tuna
fish oil scum was 2.6 times higher than that of 12'-aT1 27, which is notably high for a potential by-
product. Together, it is possible to argue that the presence of 11'-aT1 in marine sources might
occur naturally, and is not a processing artifact. Moreover, present results (Paper 3-5), indicate
that 11’-aT1 might be a characteristic aT1 isomer of microalgae, not restricted to growing
conditions or phylogenetic determinants.

Limited evidence exists regarding the allocation of double bonds in reported T1, and several of

the known reported sources of T1 do not provide sufficient information to determine whether the
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reported compounds correspond to 11'- or 12'-T1. However, T1 congeners from higher plants
must contain a 11'-12' unsaturation due to their biosynthetic isoprenoid origin 65676858959 |n
agreement, reported aT2 457951 and yT2 isomers ®%"° contain double bond in 3'-4' and 11'-12' or
7'-8' and 11'-12" in the sidechain. 8T1, and BT1 reported in pumpkin seed oil °°, and 8T1 in kiwi
fruit '3 contain the double bond in 11' position. Altogether, these results suggest that unsaturation
of position 11" is highly conserved in unsaturated chains, and might be related with GG-reductase
activity.

Same allocation of double bonds is expected in cyanobacteria and microalgae due to conservation
of isoprenoid biosynthetic pathways 6792593 Apart from the 12'-aT1 in marine sources, and palm
oil 2°, the only known report of 12'-T1, is the presence of a 12'-6T1-like congener in the roots of
Livistona halongensis palm . However, the reported tocochromanol in L. halongensis contains
also an additional methyl substitution in 11' suggesting a different origin of its sidechain 6568589,
It has been demonstrated that the 12'-aT1 is present in marine photosynthetic organisms 2%,
primary consumers %, fish 32526 gand tissues of marine mammals 2°. Also, 12'-aT1 content in wild
fish is higher than that of fishes feed with diets deprived of this congener ?7. This suggests a trophic
transfer of 12'-aT1 in marine ecosystems, but does not demonstrate its biosynthetic origin. It has
been suggested that 12'-aT1 could be originated in photosynthetic organisms by partial
dehydrogenation of aT3 78 or by enzymatic desaturation of aT 28 but, to the best of our knowledge,
no experimental data exists to support a mechanistic approach.

Whether 12'-aT1 is originated directly from photosynthetic pathways or from biotransformation of
11'-aT1 must be further analyzed. Also, whether sidechains precursors of 12'-aT1 are generated
by non-enzymatic oxidative reactions %%-%%7 or incorporated into phytoplankton from the
environment %% might be also addressed in the future. Finally, whether aT1 isomers in aquatic
photosynthetic organisms occur only in free forms, or if they are also present in the form of fatty
acyl esters as it occurs with other tocochromanols °-'52 is still an open research opportunity.

Particularly, T1 esters, have been reported in palm olein (aT1) ', and palm oil 5.

5.1.3. Effect of nitrogen depletion on aT1 content of Monodopsis subterranea.

Nitrogen depletion increases tocochromanols in microalgae '46:559.60.600 " therefore the effect of
nitrogen depletion on aT1 was studied in Monodopsis subterranea (Paper 5). Nitrogen depletion
did not significantly affect the absolute, nor the relative aT1 content in Monodopsis subterranea,
despite a significant increase in total tocochromanols and total T. aT1 content tended to decrease

both in absolute, and relative terms under nitrogen depletion, while a significant reduction in the
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relative content but no effect on absolute content was observed for T3 (Paper 5), indicating that
no significant promotion of tocochromanols with unsaturated chains occurred.

Two main physiological processes might influence content of total tocochormanols during nitrogen
depletion in phototrophic conditions: tocochromanol biosynthesis and tocochcromanol
degradation. Biosynthesis would limit aT1 content by two main mechanisms: phytol recycling, and
light availability.

Phytol recycling from chlorophyll is a source of sidechains in tocochromanol biosynthesis of plants,
cyanobacteria, and microalgae 49°0:72:88:601-603 ‘gnd js suggested as the main route of obtention of
the sidechain for tocopherol biosynthesis 2. Phytol hydrolase has been suggested to mediate
relocation of THGG sidechain from chlorophyll biosynthetic intermediates to T1 biosynthesis °'. .

Chlorophyll content decreased by 42-fold in M. subterranea (Paper 5), and might be a source of
nitrogen ¢4, and phytol 39695606 ynder nitrogen depletion. In plants, stress conditions promote aT
biosynthesis through mobilization of phytol %, limiting the biosynthesis of T3 4°. Phytol recycling
might limit biosynthesis of aT1 in microalgae based on previous reports. Loss of phytol recycling
produces 75.5 to 83.6% less tocochromanols but increases 2.3 to 4.0 times the yT1 content in
seeds 2.

Since decrease in chlorophyll content clearly surpassed the magnitude of tocochromanol increase
observed in M. subterranea, and having that recycling of phytol has been reported in microalgae
49,603,605 jt js feasible to consider that phytol mobilization might play a relevant role in the response
to nitrogen starvation.

Light availability during phototrophic conditions might limit T1 biosynthesis 2. Photosynthesis-
derived electrons might provide the NADPH 7 required for fully reduction of GG-PP into P-PP 45~
48 limiting the availability of the partially reduced THGG-PP for T1 biosynthesis '2. Reduction of
GG-PP can be even expected to occur, despite that nitrogen depletion caused a reduction in
photosynthetic efficiency %880 and that NADPH is also required for TAG biosynthesis 7 typically
observed during nitrogen limitation 611616,

Nitrogen depletion induces oxidative stress 6", alters photosynthetic membranes ¢'° and increases
sensitivity to light ¢°°, and might therefore increase aT requirements in chloroplast membranes.
Tocochromanols with unsaturated sidechains, do not differ in the scavenging capacity 203205206,
but they possess higher mobilization within membranes in comparison to T 293297 |t is possible to
consider, that accumulation of aT1 isomers might be limited by a higher degradation of aT1 forms
due to higher intramembrane mobility compared to aT 26293207 The analysis of oxidation products
of tocochromanols 1%1861° might provide further evidence regarding the role of aT, aT1, and T3

oxidation during nitrogen depletion in microalgae. aT-quinone, an non-enzymatic oxidation
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product of aT, has been reported in different plant tissues 62°, cyanobacteria °°2 and in microalgae
under light stress 62°.

Under nitrogen depletion, 11'-aT1 remained as major aT1 isomer, but the relative intensity of the
molecular ion of 12'-aT1 tended to increase (Paper 5). De novo synthesis of sidechain precursors
via the DOXP/MEP pathway might generate isoprenoid-derivatives with double bond in position
11'-12" 1288 |imiting the synthesis of 12'-aT1. Since no significant differences in the reactivity
towards oxidative reactions, nor the scavenging capacities in membranes would be expected
between 12'-aT1, and 11'-aT1 203:205.206.208.209 't is considered that no significant differences will be
observed in the oxidative degradation of both aT1 isomers. However, whether the oxidative
distress promoted in chloroplast during nitrogen depletion ®'7 favors enzymatic or non-enzymatic
reactions that promote isomerization of 11'-aT1 or other tocochromanols into 12'-aT1, might be
further addressed.

Finally, 12'-aT1 is referred as “marine derived tocopherol’ (MDT), due to its initial detection in
marine samples and structural similarity to tocopherol 3, but this nomenclature is considered
inaccurate. The detection of 12'-aT1 in non-marine sources 2°, and the presence of 11'-aT1 in
microalgae of marine origin (Paper 3) strongly indicate that the use of the term “marine derived

tocopherol’ must be discourage, and the use of the term 12'-aT1 must be promoted.

5.2. Uptake and metabolism of tocomonoenols in liver cells

5.2.1. Uptake of 11'-aT1 and 11'-yT1 in liver cells

In HepG2 cells, the intracellular content of tocochromanols increased with incubation time, it was
higher for y-tocochromanols compared to a-congeners irrespectively from sidechain structure, and
tended to increase with an increase in the number of double bonds in the sidechain (Papers 6-7).
These results are in agreement with the higher uptake of y- compared to a- congeners reported
in HepG2 cells %4, and colon cells 2°', and with the higher uptake of T3 compared to T reported in
HepG2 cells 34365 pulmonary cells 2", primary cortical neurons 22, and human Jurkat T-leukemia
cells 823624 The higher uptake observed for 11'-aT1 compared to aT (Paper 7) is in agreement
with the higher membrane mobility of 12'-aT1compared to aT 6,

The present study does not reflect the physiological conditions of tocochromanol hepatic uptake
in vivo, since this process involves lipoprotein-mediated mechanisms 284-286.290.306 that were not
investigated. However, current data provide relevant evidence regarding bioavailability of aT1
isomers. The membrane mobility of 12'-aT1 has been used to propose its role as protector against

membrane oxidation ?°, however it can also partially explain the accumulation of this congener in
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marine trophic chains #2526 and the higher bioavailability compared to T3, and T different from
aT, observed for aT1 in rodents 7.

Tissue distribution of tocochromanols is affected by conversion of parent compounds into
metabolites 298:342343346351353 = phyt also by its transport by lipoproteins 182316.317.625626
Tocochromanols are distributed into tissues by lipoproteins 307:309-314627 gnd T3 are transferred
within membranes, and lipoproteins faster than T due to unsaturated sidechains 2%. This behavior
can be hypothesized also for T1, and might explain distribution and uptake of aT1 in animal

tissues.

5.2.2. Metabolism of 11'-aT1 and 11'-yT1 in liver cells

Previous studies evaluated metabolism of T3 compared to T, demonstrating that the presence of
unsaturated sidechains increases the metabolic transformation of tocochromanols 34334 but no
evidence existed regarding the effect of the number of double bonds in the sidechain. Therefore,
the hypothesis of the present work was that the number of double bonds in the sidechain and not
only its presence determines the metabolic conversion of tocochromanols.

11'-aT1 was metabolized in HepG2 cells in a time dependent manner and at significantly lower
ratio compared to aT3. CMBHC, and not CEHC was observed as major metabolite for all a- (Paper
6), and y-tocochromanols (Paper 7). This is in partial agreement with previous results, since both
CMBHC 3#3, and CEHC *#" have been reported as major metabolite of tocochromanols in HepG2
cells. aCMBHC concentrations in culture medium after treatment with oT, and aT3 were ca. 5
times lower of that reported in previous experiments 343, Cellular capability to perform B-oxidation
on ICM metabolites has been suggested as determinant of final metabolites **¢, and might explain
the observed results.

The lower metabolism of 11'-aT1 compared to aT3 is in agreement with reports of aT1 in human
plasma 26, and in blood, and tissues of rodents 27331332 Reduced metabolism of T1 might promote
higher bioavailability compared to T3 34231 or T 342 as it occurs with aT 298342:343,351.353,365  gnd
might explain why in mice liver and brain, relative bioavailability of 11'-aT1, and 12'-aT1 is higher
than that of BT, yT, and 8T #'.

No aT was detected in 11'-aT1-treated cells (Papers 6-7) and no evidence of conversion of 11'-
yT1into yT was observed in respective cultures (Paper 7), indicating that the potential conversion
of T1 congeners into T that has been previously suggested %32 is not a relevant process, at least
in cultured liver cells. The similarities between 11'-aT1, and aT regarding their rate of conversion
into metabolites in non-aTTP-expressing HepG2 cells, confirms previous studies in mice,

indicating that aT1 bioavailability might be influenced but not determined by aTTP 332,
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The intracellular transport by aTTP is considered as one of the main determinants 30:3°2 of the
selective retention of aT compared to other tocochromanols 342351353 TTP presents higher affinity
to aT 30039 and oTTP affinity to tocochromanols correlates with relative biopotency from
resorption tests *°'. However, multiple evidence emphasizes the relevance of non- aTTP
mechanisms in aT retention, as observed in the present study, where non-aT TP-expressing cells
selectively converted tocochromanols into metabolites (Papers 6- 7).

CYP450 metabolizes oT at lower extent compared to other tocochromanols 29343365 gnd
intracellular distribution of tocochromanols is independent of aTTP expression *%*. Suppression of
the aTTP expression in mice does not increase the concentration of yT in tissues %328 and does
not abolish preferential accumulation of aT ¢2°. In contrast, inhibition of CYP450-mediated
metabolism reduces excretion of metabolites, and increases tissue, and plasma concentrations of
non-aT congeners 372:373375.377.630631 " Gelective metabolism of tocochromanols is also observed in
Drosophila larvae not expressing aTTP 3%, and aTTP-independent metabolism of tocochromanol
might occur in intestinal cells 345373,

However, since plasma concentration of 11'-aT1 tended to be lower in aTTP-knockout animals
332 it is possible to hypothesize that aTTP might also have significant affinity to 11'-aT1.
Preliminary results suggest that aTTP expression in HepG2 cells reduce the metabolism of 11'-
aT1, and aT3 (Figure 6), in agreement with previous studies in cells ¢ and supporting data from

animal studies 332,
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Figure 6. Effect of aTTP expression on the conversion of a-tocopherol (aT); a-tocomonoenol (aT1), and a-
tocotrienol (aT3) into aCMBHC. Transfected HepG2 cells with induced expression of aTTP protein, and
HepG2 cells containing the empty transfection vector were cultured as previously described 364. Cells were
incubated for 72 h in medium containing single tocochromanols at a concentration of 50 uM in culture
medium following the methodology described in Paper 6, Methodology 2.4. Statistical analysis
corresponds to an ANOVA test (a = 0.05) (** p < 0.01).
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For a high aTTP affinity, it is required a methyl group in position 5 and a free OH group in the
chromanol ring 3%, while methyl groups in 7, and 8 position favor interaction of tocochromanols
with the binding pocket of the protein 3%2. Also, a twisted configuration of the sidechain involving
stereoisomeric centers at 4' and 8' occurs for aT in the binding pocket of aTTP 3%2, 11'-aT1 shares
the ring methylation pattern of oT, and conserves both 4', and 8' sterecisomeric centers '
possessing all the structural requirements for binding affinity to aTTP in contrast to other
tocochromanols.

However, bioavailability studies regarding aT1 do not evaluate concentration of metabolites in
plasma, or liver, and it is not possible to determine whether observed differences in aT1
bioavailability are caused by metabolic rate 27332, Two different approaches have been used to
evaluate in vivo bioavailability: single administration of aT1 332, and administration as
tocochromanol mixture containing aT1 2. Whether the presence of other tocochromanols affect
T1 metabolism 327634 must be further addressed. Due to structural similarity with aT, aT1 might
induce its own metabolism, or eventually modulate the metabolism of other tocochromanols. Also,
the presence of aT could induce metabolism of aT1 limiting its bioavailability in vivo. Intestinal
CYP-mediated metabolism has been suggested to play a relevant role on bioavailability of parent
tocochromanols, and metabolites 2°6:345, and might also influence bioavailability of aT1 and can be
addressed in the future.

Based on the evidence recovered from the present study, and previous reports, it is possible to
consider that trophic accumulation of aT1, might be a summatory effect of a significant mobility of
aT1 within membranes, a reduced CYP mediated conversion into metabolites, and due to a certain
affinity to aTTP. Reduced metabolism of aT1 might influence the reported bioavailability of 12'-
aT1 3122528 A comparative analysis of the metabolic conversion of both 11'-aT1, and 12"-aT1 will
provide additional relevant information regarding aT1 bioavailability. Tocochromanol metabolism
in fish occurs similar of that in mammals, and favors accumulation of aT ¢3°. Future experimental
approaches in aT1 metabolism can include both human 295:2%8:346.347 ' gn( fish 636-638 Jiver cells.

To evaluate the hypothesis that the degree of unsaturation determines the rate of tocochromanol
metabolism independently of the ring methylation pattern, studies included 11'-yT1, yT3 and yT.
In agreement with previous studies, y-forms were metabolized faster than corresponding a-
congeners 29343346 gnd metabolism of both 11'-yT1 and 11'-aT1 compared to corresponding T
and T3 confirmed that the number of double bonds determines tocochromanol metabolism, with
T1 showing lower conversion than T3 (Paper 7).

Standards of yYCMBHC were not available for HPLC determinations. Quantification of this
metabolite was done using the calibration curve of the yCEHC standard, based on the fact that

redox properties of tocochromanols are determined by the ring structure 203299206  gnd that
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identical properties in ECD detector have been reported for tocochromanols sharing the same
chromanol ring 3.

In the present study, culture medium was treated using only B-glucosidase, as enzymatic
preparation (Papers 6-7) due to different reasons. First, because previous reports indicate that
liver cells secrete mostly unconjugated metabolites 3%, second because glucuronide has been
reported as the main conjugation moiety in tocochromanol metabolites excreted by humans
340,341,352,360 and third, because conjugation with other chemical moieties might occur at significant
extent in non-hepatic tissues 336639,

Experiments were limited by availability of isolated compounds and efficiency of extraction
protocols 2%57° but the identification of novel sources with high content and proportion of T1 like
microalgae (Papers 3-5), provides novel substrates for future isolation. The use of isolated
compounds as in the present research 2°°”° and others 2531 is the most accurate way to evaluate
bioavailability, and biological functions of tocochromanols. Hydrogenation of T3 provides T2, T1,
and T %9 but conventional hydrogenation generate a mixture of stereoisomers ' with S
configurations ®4? that are metabolized at higher extent 2%83¢5 and are less bioavailable than
natural R forms 323330643-647

Whether the position of double bonds further influences metabolism of tocochromanols might be
addressed in the future, by evaluating the metabolism of additional tocochromanol congeners. 12'-
aT1, and T2 are tocochromanols varying in the position, and number of unsaturations in the
sidechain compared to T, T3, and 11'-T1 3579591 and evaluation of their metabolic conversion will
provide evidence to strengthen the results of this research.

Evidence suggests higher bioavailability of 12'-aT1 compared to 11'-aT1 ?’. aT1, aT2 but also Bly
-T1, Bly -T2, and &T2 from a hydrogenated tocotrienol-rich extract supplement reached adipose
tissue of mice, while aT2, and (B/y) T2 have been reported in mice liver after supplementation,

demonstrating their bioavailability 4°.
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6. Conclusions

The present work allowed to identify aT1 in photosynthetic structures such leaves, cyanobacteria,
and microalgae, with significant amounts in microalgae, with up to 17% of tocochromanol profile
in Tetraselmis sp. Through a combined strategy involving LC-MS, and GC-MS, it was possible to
confirm that 11'-aT1 and not 12'- aT1, isomer mainly reported in marine samples, is the major aT1
isomer in the cyanobacteria Arthrospira platensis, and microalgae from genus Chlorella,
Nannochloropsis, Tetraselmis, and Monodopsis, independently of origin, or species in agreement
with the hypothesis of this study.

This is the first report of 11'-aT1 in aquatic photosynthetic organisms, and is in agreement with
our hypothesis that microalgae, and cyanobacteria might be natural sources of 11'-aT1 due to the
concordance of the double bond position in sidechain of this tocochromanol with the double bond
allocation in isoprenoid-derived molecules. This data contrasts with the reported abundance of
12'-aT1 in marine sources, and opens the discussion for future studies to define the biosynthetic
origin of 12'-aT1.

In addition, this work is the first description of the presence, and content of aT1 congeners in
photosynthetic organisms, with description at level of individual species. Presence of aT1 in
microalgae isolated from tropical regions indicates that protection from oxidation in cold water
environments might not be the sole determinant factor for aT1 biosynthesis in photosynthetic
organisms, and provide valuable points for further discussion regarding bio-functionality, and bio-
accumulation of aT1 in marine ecosystems.

The present work evaluated the effect of nitrogen depletion on tocochromanol profile of
microalgae, and represent a novel approach due to its focus in minor tocochromanol congeners,
in contrast to previous works focusing only in major T, or aT. Nitrogen depletion did not significantly
affect the aT1 content of M. subterranea, despite a significant increase of tocochromanol content.
Nitrogen depletion did neither significantly alter the proportion of aT1 isomers. Nevertheless, data
indicates that aT1 is produced in microalgae even under stress conditions, and brings into
discussion the relevance of future approaches evaluating the role of physiological mechanisms
such phytol recycling in tocochromanol biosynthesis in microalgae.

Based on LC-MS analysis, it was possible to identify the presence of a-, and yT1 in leaves, and
flowers of Costa Rican Urtica leptophylla. No detection of aT1 was observed using HPLC-FLD,
and quantification of yT1 was restricted by method limitations, but results of the present study
open the stage for further discussion on T1 biosynthesis, and its relationship with biosynthesis of
major T congeners.

Despite identification of T and T3 congeners not previously reported in oils of Costa Rican
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Acrocomia aculeata, and the phylogenetic relationship of this palm with the oil palm Elaeis spp,
no evidence of the presence of aT1 was observed in mesocarp and endosperm oils in fruits of
Costa Rican A. aculeata. The observed variability within analyzed samples and in relationship to
previous reports, indicate that the presence of aT1 cannot be ruled out. The present results open
the stage for further confirmatory analysis evaluating the effect of eco- and/or genotypes, and the
tocochromanol profile of this plant.

Uptake of 11'-aT1, and 11'-yT1 in liver HepG2 cells occurs at higher extent compared to
corresponding T, indicating that sidechain unsaturation impacts membrane distribution and might
potentially be related with the reported bioavailability of T1 congeners.11'-aT1, and 11'-yT1 are
metabolized in HepG2 cells mostly to CMBHC, and at lower extent compared to corresponding
T3 indicating that not only presence but also the number of double bonds in the sidechain of
tocochromanols determine its conversion into metabolites, in agreement with the hypothesis of
this study. This study confirms higher metabolism of y-tocochromanols compared to

corresponding a-forms in liver cells.
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