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A B S T R A C T

Despite its 50-year history, the conventional diet-heart hypothesis holding that dietary saturated fats raise serum
cholesterol, and with it, cardiovascular risk, remains controversial. Harsh chemical and physical treatment
generates process contaminants, and refined oils raise serum and tissue cholesterol in vivo independent of sa-
turated fat content. We developed an in vitro bioassay for rapidly assessing the influence of oils on cholesterol
metabolism in the human liver HepG2 cell line, and tested it using coconut oil (CO) of various stages of re-
finement. CO was dissolved with dipalmitoyl phosphatidylcholine (DPPC) surfactant, solvent evaporated, and
emulsified into fat-free cell culture media. After 24 h treatment cellular cholesterol and triacylglycerol increased;
HMG-CoA Reductase (HMGCR) increased and CYP7A1 (cholesterol 7α-hydroxylase) decreased with sequential
processing steps, deacidification, bleaching, deodorization, while fatty acid profiles were not affected. Glycerol-
derived process contaminants glycidyl esters and monochloropropandiol (MCPD) increased with processing.
Addition of glycidyl or MCPD to virgin CO (VCO) had similar effects to processing, while addition of phenolic
antioxidants to fully refined CO reduced HMGCR and increased CYP7A1. We conclude that harsh processing
creates contaminants that raise cholesterol levels in vitro, consistent with a role as a contributing atherosclerotic
factor.

1. Introduction

The traditional diet-heart hypothesis posits that the atherogenicity
of food fats is related to their saturated fat character through raising of
serum cholesterol and/or lipoprotein sub-fractions, specifically LDL
cholesterol (Bier, 2016). Saturated animal fats, tallow, dairy fat (e.g.
butter), and lard among others, removed and replaced by poly-
unsaturated vegetable fats, corn oil and later soy oil, reliably lowered
serum cholesterol (Anderson et al., 1957), which was assumed to re-
duce accumulation of cholesteryl ester rich fatty streaks in the coronary
arteries (Hegsted et al., 1965). Later, saturated plant fats, chiefly co-
conut oil and palm kernel oils originating from equatorial regions
(hence “tropical oils”) were shown also to raise serum cholesterol
(Edem, 2002; Elson, 1992). Dozens of studies in rats and rabbits

produced concordant data, showing that both these tropical plant fat
sources dramatically increase cholesterol levels in the liver and serum
so reliably that they were routinely used as positive controls in com-
parative animal feeding studies (Tyburczy et al., 2009). As recently as
the 1990s, activist groups in the US successfully campaigned for the
removal of coconut oil from common foods such as popcorn toppings
(Grimes, 1994). Similarly, partially hydrogenated vegetable oils con-
taining trans fats, among the most harshly processed oils, were removed
from the US food supply as the 2006 requirement mandates that trans
fat content be listed on Nutrition Facts labels and unless specifically
authorized must no longer be a component of foods as of June 2018 (US
Food and Drug Administration, 2017). The American Heart Association
recently issued a Presidential Advisory against consumption of satu-
rated fat for cardiovascular health, including specific advice against
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coconut oil as among the most saturated of food fats (Sacks et al.,
2017).

Since about 2000, virgin coconut oil (VCO) has come to be a
common commodity in US natural and healthy food stores as an al-
ternative to saturated animal fats. VCO is produced by a wet low
temperature process applied to fresh coconut intended to retain max-
imal constituents (Marina et al., 2009a, 2009b) whereas refined-
bleached-deodorized (RBD) coconut oil, produced from coconut kernel
dried for several days, pulverized, solvent extracted, deacidified,
bleached, and deodorized, many of the latter steps at high temperature
for extended periods. Such steps alter the oil chemically by generating
or introducing process contaminants, including trans fatty acids. As a
general matter, processing is required to extract oils and fats from their
native state, and some chemical processing is required to make many
oils edible and/or acceptable to the consumer. Recent advances in
analysis have led to careful evaluation of process contaminants induced
by harsh chemical processing, as well as process contaminants entering
the oils from external sources (Cassiday, 2016). Health effects of pro-
cess contaminants are not well understood, though prudence suggests
that chemical compounds appearing in foods incidental to processing,
detectable by modern methods or not, should be minimized because
oxidation products and contaminants may have potent effects.

Human cholesterol biosynthesis and metabolism is highly regulated
via complex mechanisms. Among the many steps in cholesterol bio-
synthesis from 2 to 4 carbon units is the target of statin therapy, 3-
hydroxy-3-methylglutaryl-CoA (HMGCoA) reductase (HMGCR), widely
recognized as the rate limiting step. The first committed step in cho-
lesterol degradation is mediated by the P450 gene CYP7A1 coding for
cholesterol 7α-hydroxylase, leading to the classic bile salt synthesis
pathway (Pikuleva, 2006).

Animal studies have compared VCO with RBD CO and found low
serum and liver cholesterol with VCO and high serum cholesterol with
RBD CO (Arunima and Rajamohan, 2014; Brenna and Kothapalli,
2014). For instance, a recent rat study found that serum and liver
cholesterol were 29% and 104% greater, respectively, in the RBD group
compared to the VCO group (Arunima and Rajamohan, 2014). A study
of purified elaidic acid (trans-9-octadecenoic acid), the most prominent
trans fatty acid in hydrogenated soy oil and many other hydrogenated
oils, was found to lower serum cholesterol and raise LDL receptor levels
in Syrian golden hamsters compared to rapeseed oil controls, opposite
expectations and in stark contrast to the hydrogenated soy oil positive
control (Tyburczy et al., 2009). Similarly, vaccenic acid (trans-11-oc-
tadecenoic acid) did not alter plasma cholesterol compared to the ra-
peseed control (Tyburczy et al., 2009). In human studies, the scant
epidemiology around high traditional consumers of coconut fat sup-
ports low, not high, levels of cardiovascular disease, for instance in
populations on Pacific islands, The Philippines, Indonesia, India, and
Sri Lanka (Brenna and Kothapalli, 2014). Careful evaluation/re-eva-
luation of data from early studies on saturated fat show no evidence of
benefit and some evidence of harm from the substitution of high PUFA
oils for butter (Ramsden et al., 2016), though this interpretation is
controversial (Sacks et al., 2017).

The totality of evidence leads us to hypothesize that process con-
taminants created, as well as native compounds lost, contributes to
atherogenicity of fats and oils. We tested this hypothesis considering
cholesterol synthesis and degradation using a novel method of in-
troducing whole oil, rather than fatty acids, into human HepG2 cells.

2. Materials and methods

2.1. Chemicals

Solvents for lipid extraction were HPLC grade from Sigma-Aldrich
(St. Louis, MO) and from Burdick & Jackson (Muskegon, MI). Cell
culture and fatty acid supplementation media, PBS, FBS and reagents
for cell culture work were obtained from Life Technologies (NY),

Corning (MA) and Thermo Fisher Scientific (MA). The 1,2-dihex-
adecanoyl-sn-glycero-3-phosphocholine (DPPC) was purchased from
Avanti Polar Lipids (Alabaster, AL). Tocopherols (α, β, γ and δ), β-si-
tosterol, campesterol and stigmasterol standards were purchased from
Sigma Chemical Co. (St Louis, MO, USA). 3-MCPDE (rac-1,2-distearoyl-
3-chloropropanediol 3-MCPD-SS, purity> 98%) and glycidyl stearate
GE-S (purity> 98%) were obtained from Toronto Research Chemicals
(Toronto, Ontario, Canada). Total phenolics were extracted from virgin
coconut oil according to previous methods (Gouvinhas et al., 2014).

2.2. Coconut oil

Two sets of virgin/processed CO samples were evaluated. A set of
four coconut oils starting with J1 VCO (kind gift of Coconut Research
Institute of Chinese Academy of Tropical Agricultural Sciences) was
generated by processing at our Jiangnan University laboratories by J2)
deacidification, J3) bleaching, and J4) deodorization according to ex-
isting protocols (Canapi et al., 2005). Briefly, for deacidification a 12%
NaOH solution was added dropwise to stirred oil held at 90 °C and
stirred for 30min, centrifuged for 20min, and washed with hot water to
remove soap and later dried under vacuum at 90 °C. Deacidified oil was
bleached at 110 °C, under vacuum with constant stirring for 30min
using 2% activated palygorskite clay (a magnesium aluminum silicate)
and 0.5% activated carbon (% of oil weight) and filtered. Finally,
deodorization was carried out by molecular distillation at 185 ± 2 °C
under 9.7×10−4 mbar, collecting the remaining heavy fraction as
deodorized CO.

A second pair of oils was obtained commercially, U1) VCO
(SimplyNature, distributed by ALDI Inc. Batavia, IL 60510) and U2)
refined CO (Nutiva, 213W. Cutting Blvd. Richmond, CA 94804).

2.3. Cell culture

HepG2 cells were grown in MEM-α with 10% FBS, in a humidified
environment at 37 °C with 5% CO2. Cells (1× 106) were treated with
oils for 24 h, washed twice with 1X PBS and harvested using trypsin for
analysis.

2.4. Delivery of oil to cells

Our intent was to deliver oil retaining all components to the cells
rather than, for instance, only fatty acids absent nonsaponifiables. The
coconut oil (average molecular weight was calculated as trilaurin) was
solubilized in tetrahydrofuran (THF) and ethanol (1:1, v:v), and DPPC
dissolved in chloroform were evaporated under nitrogen and re-
suspended in THF and ethanol to a final concentration of 0.5 M oil in
solvent. The oil-in-water emulsion was produced by adding the lipid
mix into a flask containing MEM-α and sonicating for 5min then rapid
vortex mixing for final concentration of 500 μM DPPC and 50 μM co-
conut oil. The final concentrations of THF and ethanol were about 0.1%
each in the incubation media.

2.5. Fatty acid extraction and analysis

Harvested cell pellets were used for fatty acid extraction and ana-
lysis. Fatty acid methyl esters (FAME) were prepared using a modified
one step method (Garces and Mancha, 1993). Samples were analyzed
by gas chromatography with flame ionization detection (GC-FID) as
described in detail elsewhere (Brenna, 2016). Response factors from an
equal weight mixture were used to adjust responses and data are re-
ported as percent by weight (%, w/w).

2.6. Isolation of total genomic RNA

RNeasy Mini kit was used to isolate total RNA from HepG2 cells
(Qiagen, MD). RNA concentration and quality were determined by 260/
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280 nm ratio using a UV–Vis spectrophotometer (NanoDrop, 2000,
Thermo Scientific). Total RNA (800-ng) was reverse-transcribed into
cDNA using the High Capacity cDNA Reverse Transcription Kit (Life
Technologies, NY) as per manufacturer's instructions. The resulting
cDNA was used as the template for semi-quantitative real time PCR
reactions.

2.7. cDNA synthesis and RT-PCR

Gene specific primers were designed using PrimerQuest software
from Integrated DNA Technologies (Coralville, IA). All the gene specific
primer sequences are presented in Table 1. Semiquantitative RT-PCR
amplification reactions were run on a gradient thermal cycler (Eppen-
dorf, NY) using EmeraldAmp GT PCR Master Mix (Clontech, CA). Ex-
pression levels of transcripts were normalized to expression values of
the control GAPDH and/or Beta-Actin genes.

2.8. Oxidation products and phytochemicals

The total 3-chloropropane-1,2-diol (3-MCPD) esters and glycidyl
esters were determined using AOCS method Cd 29c-13. Total phytos-
terol content was determined according to the method described by Shi
(Shi et al., 2015). The extraction and determination of total phenolic
content (TPC) of coconut oil samples was carried out according to
Appaiah and Sunil (Appaiah et al., 2014). AOCS methods were used for
determination of peroxide value (PV, Cd 8-53) and Acid value (AV, Cd
3d-63).

Total cholesterol (T-CHO) and Triacylglycerol (TG) analysis. T-CHO
content and TG content of packed cell pellets was measured using the
Total Cholesterol Assay Kit and Triacylglycerol Assay Kit (Nanjing
Jiancheng Bioengineering Institute, China) according to the manu-
facturer protocols.

Tests of minor components on the key genes of cholesterol metabolism.
We tested whether isolated minor process contaminants and depleted
phytochemicals influence HMGCR and/or CYP7A1 gene expression.

Genuine 3-MCPDE or GEs were added to J1 (virgin coconut oil) at
levels measured in J4 (fully refined) to yield J1+3-MCPDE and
J1+GEs coconut oils. Similarly, total phytosterols and total phenolics
measured in J1 (virgin coconut oil), total phytosterols standard and
total phenolics extracts were respectively added back to J4 (deodor-
ization) in order to get J4+Phytosterols and J4+Phenolics.

2.9. Statistical analysis

For analysis of virgin and refined oils, data are presented as
means ± SD of two independent biological replicates. Statistical

analysis was performed by one-way analysis of variance and when
significant was followed by two sided pairwise t-test comparison using
Microsoft Excel 2013 for the in-house refined samples, and simple
pairwise t-test for the commercial samples. p < 0.05 was considered
significant; p < 0.1 marginally significant.

For analysis of virgin and fully refined oils with added components,
results are presented as the mean ± SD for at least three replicates.
Statistical analyses were performed using the SPSS program, version
20.0 (SPSS Inc., IBM Corp, Armonk, NY). Asterisks indicate significant
(p < 0.05) and highly significant (p < 0.01).

3. Results

3.1. Fatty acid profiles of test oils

The fatty acid composition of test oils is presented in Fig. 1. No
significant trends are found in the in-house refined oil so only the
profile of the VCO is presented. The commercially obtained pair oils
differed slightly in fatty acid profile, with the refined CO having more
PUFA than the VCO.

3.2. HepG2 cell uptake of coconut oil

A convenient indicator of test oil uptake was needed to ensure that,
in this case, CO, was taken up by cells. CO is rich in 12:0 but has
negligible 16:1. To verify uptake of CO by HepG2 cells, the ratio of 12:0
to 16:1 was determined in the cells post-treatment. A ratio of 10 to 1 of
DPPC to CO was used, based on previous reports (Fujisawa et al., 2004).
The ratio of (DPPC/VCO) dependent on uptake of liposomes shows that
the 12:0 to 16:1 ratio increased 15 fold post-treatment (Fig. 2), ver-
ifying that the lipid was taken up by the cells.

3.3. Transcriptional regulation of cholesterol homeostasis genes

Initially, five genes with metabolic relationships to cholesterol le-
vels were probed for transcriptional changes. Of these, two were found
responsive to oil treatment, HMGCR and CYP7A1. The mean HMGCR
significantly increased with deacidification and further with bleaching,
and was marginally significantly increased with deodorization, com-
pared to VCO. In contrast, CYP7A1 followed an opposite trend, de-
creasing after de-acidifcation and bleaching, and leveling off after
deodorization (Fig. 3). No trends were found for the other genes,
SREBP-2, SCARB1, and CYP51A1. The mean increase in HMGCR for
fully processed (deodorized) oil was 57%, while the mean decrease for
CYP7A1 was 35%. Compared to VCO (J1) group total cholesterol and
TG levels are significantly higher in the J2, J3 and J4 groups (Fig. 3,
Lower panel). The results for the commercially obtained VCO and RBD
CO were concordant with the in-house processed samples. HMGCR in-
creased significantly VCO to RBD CO, while CYP7A1 decreased (Fig. 4)

Table 1
PCR primer sequences.

Genes Sequence(5′-3′)

HMG-CR F: AGCTTGTGTGTCCTTGGTATT
R:CTGAGTTACAGGATTCGGCTTAT

CYP7A1 F: CCAGCGACTTTCTGGAGTTTAT
R: GATTGCCTTCCAAGCTGACT

SREBP-2 F: GGTCTGGAGACCATGGAGAC
R: GGGAACTCTCCCACTTGATTAC

SCARB1 F: CATCAAGCAGCAGGTCCTTA
R:CGTCAAAGAAGTAGACGGAGAG

CYP51A1 F: AACGCAGACAGTCTCAAGAAA
R: AAGCATCCCTGCTACTTCATC

β-ACTIN F: ATTGCCGACAGGATGCAGAA
R: AAGCATTTGCGGTGGACGAT

GAPDH F: AACGGATTTGGTCGTATTGGGC
R: TTGACGGTGCCATGGAATTTGC

F: Forward Primer.
R: Reverse Primer.

Fig. 1. Fatty acid composition of virgin CO (U1), refined CO (U2) and virgin CO
(J1). No significant differences were found between the oils, though refined oil
tended to be lower in saturates and higher in PUFA.
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by +79% and −35%, respectively.

3.4. Oxidation products and phytochemicals of CO

Indices of processing effects on the oils indicated increases in pro-
cessing contaminants and a decrease in phytochemical content
(Table 2). 3-MCPD was undetectable in either sample of VCO. In the in-
house processed samples, it was detectable after deacidification, dou-
bled with bleaching, and then increased by a factor of 10 in the deo-
dorization step. The commercial RBD oil had detectable 3-MCPD but
with substantially lower absolute concentration than our in-house fully
processed (deodorized) oil. Total glycidyl esters were not detectable in
either commercial CO.

Phytosterols and polyphenols both decreased with each step for the
in-house processed oils and the commercial oils. In both sets of oils, the
phytosterol content dropped to about half its VCO value in the full
processed oils. Similarly, the polyphenol content dropped to about half
its VCO value for in-house processing, and the commercial RBD oil was
about two thirds the value of the commercial VCO. We also measured
the acid value as a routine measure of oil status. The in-house processed
oil decreased as expected for deacidification, then increased in the
bleaching step presumably due to heating, and finally settled out to a
value between the deacidified and VCO. Both commercial samples were
lower than any of the in-house oils. Peroxides were undetectable in
VCOs but were detectable in the processed oils.

3.4.1. Process contaminants-phytochemicals and HMGCR expression
Fig. 5 shows HMGCR expression levels in VCO (J1) with process

contaminants added to reach J4 levels, and in fully processed (J4) oils
with phytochemicals added to simulate J1 levels. HMGCR expression
increased significantly with addition of GEs or 3-MCPD, and was not
different between those two groups. For the fully processed CO, phe-
nolics addition significantly reduced HMGCR expression, whereas ad-
dition of phytosterols to J4 had no effect.

4. Discussion

Our results show that harsh processing increases cholesterol
synthesis as well as TAG accumulation in human cells. We further show
that processing-induced creation of glycidol and 3-MCPD recapitulated
this activity in VCO. The magnitude of increase in HMGCR upon ad-
dition of glycidyl esters or 3-MCPD to VCO was similar to that in fully

processed oil, suggesting that these process contaminants are major
drivers of HMGCR gene expression within the chemically complex oil
matrix. We also show that reintroduction of phenolics generally con-
sidered to be antioxidants reduces this activity in RBD CO.

Our method is novel in that it enables study of the effect of the
whole oil in vitro, rather than the isolated fatty acids. In this respect the
method represents a rapid bioassay for a key property of edible oils,
their effects on cholesterol synthesis and degradation, long recognized
as key to health indicators. Net functional activity, for instance by
metabolite concentrations, may be regulated at any level from the
abundance and activation of transcription factors, splicing and splice
variants, translation, post-translational modifications, and substrate
activation. As a result the correlation between gene expression and, for
instance, protein abundance, is weak on average across the genome
(Maier et al., 2009). In the present cases, HMGCR is regulated at mul-
tiple levels including at transcription (Vock et al., 2008), while CYP7A1

Fig. 2. Uptake of oil in cells as measured by the ratio of 12:0 to 16:1 in-
corporation in cells for VCO liposome or blank (media only) incubations. VCO
increased in the cells by 15-fold (p < 0.05) compared to blank.

Fig. 3. mRNA expression levels of HMGCR and CYP7A1 genes in HepG2 cells
(n= 2 independent biological replicates), J1) VCO and processed in our
Jiangnan University laboratories J2) deacidification, J3) bleaching, and J4)
deodorization. One-way analysis of variance was significant for both genes,
pairwise t-test significantly different for bars with different letters. †p=0.082
vs Virgin. Lower panel. Cholesterol and TG in cells. Bars with different super-
scripts are significantly different (p < 0.05).
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is primarily regulated at transcription (Gupta et al., 2001), and our
results show that cellular cholesterol did change in the direction ex-
pected from gene expression.

Glycidol and MCPD have long been known as carcinogens, however

to our knowledge the present data are the first to indicate that they
induce hepatic cholesterol synthesis. When these results are confirmed
in vivo, they can be considered an identifiable chemical risk for cardi-
ovascular disease. In rats, glycidyl esters are hydrolyzed to fatty acids
and glycidol in the intestinal lumen and glycidol is absorbed, dis-
tributed widely, metabolized, and excreted. In humans, consumption of
glycidyl ester containing oil cause glycidol urinary metabolites to rise.
Glycidol is a recognized non-mutagenic carcinogen, however its activity
as a stimulator of cholesterol synthesis has not yet previously been
shown in any biological system, to our knowledge (EFSA CONTAM
Panel (EFSA Panel on Contaminants in the Food Chain), 2016).

Saturated fat content cannot be the source of the changes in cho-
lesterol metabolism because the fatty acid profiles of the in-house
processed oils did not differ with stage of processing, while the com-
mercial VCO had more saturated fat than the commercial RBD oil.
HMGCR is the rate-limiting step for cholesterol biosynthesis and the
target of statin therapy, which lowers serum cholesterol through in-
hibition of HMGCR and the “gold standard” drug class which has
clearly been shown to lower risk for cardiovascular disease events
(Jacobson et al., 2014; Stone et al., 2014). Thus, intake of oils that
oppose the statin mechanism are likely to have the opposite effect.
CYP7A1 is the principal rate-limiting step in the degradation of cho-
lesterol to bile salts. Humans with a genetic polymorphism that renders
the product of the CYP7A1 gene inoperative are hypercholesterolemic,
and CYP7A1 polymorphorisms are associated with cardiovascular
events, (Pullinger et al., 2002). Moreover, CYP7A1 is transcriptionally
regulated in vivo, (Gilardi et al., 2007). Modifying cholesterol levels in
humans by modulating this mechanism is not a focus of current therapy
except secondarily via bile acid sequestrants (Jacobson et al., 2014;
Wada et al., 2008). Harshly processed fats may induce CYP7A1 in-
directly either via inducing liver X receptor (LXR) or farnesoid X re-
ceptor (FXR) (Chiang et al., 2000). The net effect of an increase in
synthesis and a decrease in degradation is expected to be an increase in
the overall cholesterol level, though our in vitro data cannot be used to
estimate its magnitude without further studies.

Because fatty acid profile cannot be the cause of changes in gene
expression, we looked at other parameters known to change with pro-
cessing. Process contaminant 3-MCPD increased with each step of in-
house processing. Total glycidyl esters increased at the last step of in
house processing but were below the detection limits of our method for
other steps. 3-MCPD or other process contaminants for which it serves
as a proxy could be the causative agent in altering transcript levels.

Total phytosterols and polyphenolics decreased with processing
steps. Others have suggested that it is their reduction that leads to less
healthfulness of processed oils (Marina et al., 2009b). Our results are
consistent with this hypothsis for polyphenoics, and to our knowledge
ours are the first data to demonstrate in vitro reduction in an athero-
genic risk factor directly by phenolics in oils.

Brief comments on the putative atherogenicity of saturated fatty
acids per se will be useful. Through the last quarter of the 20th century
coconut oil was widely assumed to be inalterably atherogenic because
of its highly reproducible influence on serum cholesterol in experi-
mental animal models. Much but not all of the published work used

Fig. 4. mRNA expression levels of HMGCR and CYP7A1 genes in HepG2 cells.
U1) VCO and U2) refined CO, were obtained in the USA. Refined oil sig-
nificantly altered both genes (pairwise t-test, p < 0.05). Lower panel.
Cholesterol and TG in cells. Bars with different superscripts are significantly
different (p < 0.05).

Table 2
Minor components and properties of sample coconut oils (CO; mean ± SD).

Virgin CO (J1) De-acidified CO (J2) Bleached CO (J3) Deodorized CO (J4) Virgin CO (U1) Refined CO (U2)

(mg/kg)
Total 3-MCPD
Total Glycidyl esters

n.d.
n.d.

0.12 ± 0.017a n.d. 0.23 ± 0.012b n.d. 2.37 ± 0.01c

1.48 ± 0.04
n.d.
n.d.

0.44 ± 0.03 n.d.

(mg/kg)
Total Phytosterols
Total Phenolics

82.31 ± 0.00a

8.10 ± 0.11
71.24 ± 1.58b

6.25 ± 0.90
66.56 ± 0.70c

5.11 ± 1.30
43.13 ± 0.85d

4.23 ± 0.95
97.2 ± 0.10A

6.75 ± 0.15A
59.8 ± 1.45B

4.65 ± 0.34B

AV (mg KOH/g)
PV(mmol/KG)

0.37 ± 0.01
0

0.16 ± 0.01
0.15 ± 0.02

0.73 ± 0.01
0.53 ± 0.02

0.23 ± 0.00
0.11 ± 0.01

0.08 ± 0.01
0

0.12 ± 0.02
0.32 ± 0.01
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hydrogenated coconut oil and with few documenting the sources of
those oils (Kritchevsky et al., 1976, 1980, 1982, 2003). In mid-2017,
the American Heart Association issued a Presidential Advisory against
consumption of satuated fats based on a new meta-analysis of four

cornerstone studies said to compare high saturated with high poly-
unsaturated fat intake (Sacks et al., 2017). Careful assessment of these
studies reveals that three of the four studies were conducted in Europe
in the 1960 and 70s with soybean oil as a test fat to replace habitual oil
intake which served as the control. Habitual fat and oil intake at that
time was rich in partially hydrogenated fish oil; the Oslo study speci-
fically estimated that daily intake of partially hydrogenated fish oil was
40–50 g per day (Leren, 1970). The widespread use of partially hy-
drogenated fish oil as a feed stock for European margarines nearly as-
sures that comparator habitual diets in the studies in Finland (Leren,
1970) and the UK(Haigh et al., 1968) were similar. These diets there-
fore compared soybean oil as a parttial substitute for a mixture of
highly processed hydrogenated fish oil rather than as asserted in the
paper, oil with no trans fatty acids. The sole US study in the meta-
analysis specifically tested replacement of the saturated animal fats and
hydrogenated shortenings of the conventional diet by equal quantities
of unsaturated fat in the form of vegetable oils. The study took place in
a domicilied participants and a designed control fat was used with non-
hydrogenated margarine (Hiscock et al., 1962). No significant reduc-
tion in coronary disease was found in this study (Sacks et al., 2017).

The carcinogenicity of glycidyl esters and 3-MCPD were not iden-
tified until decades after the conclusion of these studies (B.S. et al.,
1993), and there were no standard checks on process contaminants in
oils of the day. The AHA Advisory acknowledges the atherogenicity of
“trans unsaturated fat”, though we interpret this statement as re-
cognition of the atherogenicity of partially hydrogenated vegetable oil.
We also note that others have found no evidence for the atherogenicity
of saturated fat (Ramsden et al., 2016) nor evidence that full fat dairy
should be avoided (Mozaffarian, 2016). Integrating these data with
animal and the present in vitro data, the totality of evidence suggest that
the AHA meta-analysis considered mostly studies which were tests of
harshness of processing rather than the saturated fatty acids per se, and
that saturated fats are not inherently athergenic compared to mildly
processed vegetable oils.

The widespread availability of VCO in the U.S. has precipitated a
renaissance in use of these oils in home cooking and prepared products
which, in the absence of specific studies, remains controversial (Sacks
et al., 2017). A recent systematic review (Eyres et al., 2016) of eight
controlled human trials of coconut oils versus cis unsaturated vegetable
oils found no evidence that coconut oil is different in its effect on blood
lipid parameters compared to cis unsaturated oils (Sacks et al., 2017).
However, only one of these studies reported the processing method for
the coconut oil tested (Ng et al., 1991). Of the others, only two reported
the commericial source of the oils (Reiser et al., 1985; Voon et al.,
2011), and the others did not report the source or the processing (Cox
et al., 1995, 1998; Fisher et al., 1983; Mendis and Kumarasunderam,
1990; Mendis et al., 2001; Ng et al., 1991). None specifically tested RBD
versus verified VCO. The widespread availability of RBD coconut oils as
well as the relatively recent and rare availabiity of virgin coconut oils
suggest that the majority of the oils in these studies were RBD coconut
oil. A plausible explanation for the net results obtained in these studies
is an overemphasis on the fatty acid profile without considering the
differences in minor and trace chemical constituents of oils induced by
differences in processing that may have definitive biological effects,
particularly over the time scales of years relevant to chronic disease
development. Head-to-head in vivo comparison of VCO and RBD-CO in
animals resulting in different outcomes for oils of the same fatty acid
profile are definitive in showing, at a minimum, that more than a fatty
acid profile is an issue for the healthfulness of oils. (Arunima and
Rajamohan, 2014; Nevin and Rajamohan, 2004, 2009).

Our method is not inherently restricted to coconut oil but applies to
all oils and, in modified form, probably all foods. As a practical matter,
rapid methods for assessing the effects of novel foods on chronic disease
are needed to improve the commercial food chain on which a large
fraction of the human population depends. Ours and similar biology-
based strategies have the potential to move nutritional science to a

Fig. 5. Process contaminant-phytochemical recapitulation of activity. Top. VCO
(J1) with GE2 increased HMGCR mRNA significantly (+59%) while the in-
crease in 3-MCPDE was less and did not reach significance. Bottom. Fully
processed CO (J4) plus phenolics significantly attenuated the rise in HMGCR
(33% decrease) while phytosterols had no effect. Process contaminants contents
(mg/kg): J1+3-MCPDE (2.33 ± 0.21); J1+GEs (1.45 ± 0.18);
J4+Phytosterols (82.30 ± 1.05); J4+Phenolics (8.00 ± 0.92).
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more nuanced view of food processing.

Author contributions

RL and JTB conceived and designed the research. RL, MC, KSDK,
ZW, EM, HGP executed the research. All authors contributed writing
and approved the final version of the manuscript.

Notes

The authors declare no competing financial interest.

Transparency document

Transparency document related to this article can be found online at
https://doi.org/10.1016/j.fct.2019.03.005.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.fct.2019.03.005.

Funding sources

This work was supported by NIH grant AT007003 and the
International Joint Research Laboratory on Lipid Nutrition and Safety
at Jiangnan University.

References

Anderson, J.T., Grande, F., Keys, A., 1957. Essential fatty acids, degree of unsaturation,
and effect of corn (maize) oil on the serum-cholesterol level in man. Lancet 272,
66–68.

Appaiah, P., Sunil, L., Kumar, P.P., Krishna, A.G., 2014. Composition of coconut testa,
coconut kernel and its oil. J. Am. Oil Chem. Soc. 91, 917–924.

Arunima, S., Rajamohan, T., 2014. Influence of virgin coconut oil-enriched diet on the
transcriptional regulation of fatty acid synthesis and oxidation in rats–a comparative
study. Br. J. Nutr. 111, 1782–1790.

B.S., L., Bryant, D.W., Hook, G.J., Nestman, E.R., Munro, I.C., 1993. Carcinogenicty of
monochloro-1,2-propandiol (a-chlorohydrin, 3-MCPD). Int. J. Toxicol. 17, 47–76.

Bier, D.M., 2016. Saturated fats and cardiovascular disease: interpretations not as simple
as they once were. Crit. Rev. Food Sci. Nutr. 56, 1943–1946.

Brenna, J.T., 2013. Fatty acid analysis by high resolution gas chromatography andmass
spectrometry for clinical and experimental applications. Curr. Opin. Clin. Nutr.
Metab. Care 16, 548–554.

Brenna, J.T., Kothapalli, K., 2014. Commentary on ‘Influence of virgin coconut oil-en-
riched diet on the transcriptional regulation of fatty acid synthesis and oxidation in
rats–a comparative study’by Sakunthala Arunima and Thankappan Rajamohan. Br. J.
Nutr. 112, 1425–1426.

Canapi, E.C., Agustin, Y.T.V., Moro, E.A., Pedrosa, E., Bendano, M.L., 2005. Coconut oil.
In: Shahidi, F. (Ed.), Bailey's Industrial Oil and Fat Products. Wiley-Interscience,
Hoboken, New Jersey, pp. 123–147.

Cassiday, L., 2016. Minimizing process contaminants in edible oils. Inform 27, 6–11.
Chiang, J.Y., Kimmel, R., Weinberger, C., Stroup, D., 2000. Farnesoid X receptor responds

to bile acids and represses cholesterol 7alpha-hydroxylase gene (CYP7A1) tran-
scription. J. Biol. Chem. 275, 10918–10924.

Cox, C., Mann, J., Sutherland, W., Chisholm, A., Skeaff, M., 1995. Effects of coconut oil,
butter, and safflower oil on lipids and lipoproteins in persons with moderately ele-
vated cholesterol levels. J. Lipid Res. 36, 1787–1795.

Cox, C., Sutherland, W., Mann, J., de Jong, S., Chisholm, A., Skeaff, M., 1998. Effects of
dietary coconut oil, butter and safflower oil on plasma lipids, lipoproteins and la-
thosterol levels. Eur. J. Clin. Nutr. 52, 650–654.

Edem, D.O., 2002. Palm oil: biochemical, physiological, nutritional, hematological, and
toxicological aspects: a review. Plant Foods Hum. Nutr. 57, 319–341.

EFSA CONTAM Panel (EFSA Panel on Contaminants in the Food Chain), 2016. Scientific
opinion on the risks for human health related to the presence of 3- and 2-mono-
chloropropanediol(MCPD), and their fatty acid esters, and glycidyl fatty acid esters in
food. EFSA J. 2016 (5), 159 4426.

Elson, C.E., 1992. Tropical oils: nutritional and scientific issues. Crit. Rev. Food Sci. Nutr.
31, 79–102.

Eyres, L., Eyres, M.F., Chisholm, A., Brown, R.C., 2016. Coconut oil consumption and
cardiovascular risk factors in humans. Nutr. Rev. 74, 267–280.

Fisher, E.A., Blum, C.B., Zannis, V.I., Breslow, J.L., 1983. Independent effects of dietary
saturated fat and cholesterol on plasma lipids, lipoproteins, and apolipoprotein E. J.
Lipid Res. 24, 1039–1048.

Fujisawa, S., Kadoma, Y., Ishihara, M., Atsumi, T., Yokoe, I., 2004.

Dipalmitoylphosphatidylcholine (DPPC) and DPPC/cholesterol liposomes as pre-
dictors of the cytotoxicity of bis‐GMA related compounds. J. Liposome Res. 14,
39–49.

Garces, R., Mancha, M., 1993. One-step lipid extraction and fatty acid methyl esters
preparation from fresh plant tissues. Anal. Biochem. 211, 139–143.

Gilardi, F., Mitro, N., Godio, C., Scotti, E., Caruso, D., Crestani, M., De Fabiani, E., 2007.
The pharmacological exploitation of cholesterol 7alpha-hydroxylase, the key enzyme
in bile acid synthesis: from binding resins to chromatin remodelling to reduce plasma
cholesterol. Pharmacol. Therapeut. 116, 449–472.

Gouvinhas, I., Machado, J., Gomes, S., Lopes, J., Martins-Lopes, P., Barros, A.I., 2014.
Phenolic composition and antioxidant activity of monovarietal and commercial
Portuguese olive oils. J. Am. Oil Chem. Soc. 91, 1198=1203.

Grimes, W., 1994. How about Some Popcorn with Your Fat?, the New York Times. The
New York Times Company, New York.

Gupta, S., Stravitz, R.T., Dent, P., Hylemon, P.B., 2001. Down-regulation of cholesterol
7alpha-hydroxylase (CYP7A1) gene expression by bile acids in primary rat hepato-
cytes is mediated by the c-Jun N-terminal kinase pathway. J. Biol. Chem. 276,
15816–15822.

Haigh, M., Heady, J.A., Morris, J.N., Antonis, A., Brigden, W.W., Burns-Cox, C.J., Fulton,
M., Hall, G.J., Hanington, E., McAllen, P.M., Pilkington, T.R., Royston, G.R.,
Sharland, D.E., Sowry, G.S., Wilson, C., 1968. Controlled trial of soya-bean oil in
myocardial infarction. Lancet 2, 693–699.

Hegsted, D.M., McGandy, R.B., Myers, M.L., Stare, F.J., 1965. Quantitative effects of
dietary fat on serum cholesterol in man. Am. J. Clin. Nutr. 17, 281–295.

Hiscock, E., Dayton, S., Pearce, M.L., Hashimoto, S., 1962. A palatable diet high in un-
saturated fat. J. Am. Diet. Assoc. 40, 427–431.

Jacobson, T.A., Ito, M.K., Maki, K.C., Orringer, C.E., Bays, H.E., Jones, P.H., McKenney,
J.M., Grundy, S.M., Gill, E.A., Wild, R.A., Wilson, D.P., Brown, W.V., 2014. National
Lipid Association recommendations for patient-centered management of dyslipi-
demia: part 1 - executive summary. J. Clin. Lipidol. 8, 473–488.

Kritchevsky, D., Davidson, L.M., Kim, H.K., Krendel, D.A., Malhotra, S., Mendelsohn, D.,
van der Watt, J.J., duPlessis, J.P., Winter, P.A., 1980. Influence of type of carbohy-
drate on atherosclerosis in baboons fed semipurified diets plus 0.1% cholesterol. Am.
J. Clin. Nutr. 33, 1869–1887.

Kritchevsky, D., Tepper, S.A., Bises, G., Klurfeld, D.M., 1982. Experimental athero-
sclerosis in rabbits fed cholesterol-free diets. Part 10. Cocoa butter and Palm Oil.
Atherosclerosis 41, 279–284.

Kritchevsky, D., Tepper, S.A., Kim, H.K., Story, J.A., Vesselinovitch, D., Wissler, R.W.,
1976. Experimental atherosclerosis in rabbits fed cholesterol-free diets. 5.
Comparison of peanut, corn, butter, and coconut oils. Exp. Mol. Pathol. 24, 375–391.

Kritchevsky, D., Tepper, S.A., Wright, S., Czarnecki, S.K., Wilson, T.A., Nicolosi, R.J.,
2003. Cholesterol vehicle in experimental atherosclerosis 24: avocado oil. J. Am.
Coll. Nutr. 22, 52–55.

Leren, P., 1970. The Oslo diet-heart study. Eleven-year report. Circulation 42, 935–942.
Maier, T., Guell, M., Serrano, L., 2009. Correlation of mRNA and protein in complex

biological samples. FEBS Lett. 583, 3966–3973.
Marina, A.M., Che Man, Y.B., Amin, I., 2009a. Virgin coconut oil: emerging functional

food oil Trends in. Food Sci. Technol. 20, 481–487.
Marina, A.M., Man, Y.B., Nazimah, S.A., Amin, I., 2009b. Antioxidant capacity and

phenolic acids of virgin coconut oil. Int. J. Food Sci. Nutr. 60 (Suppl. 2), 114–123.
Mendis, S., Kumarasunderam, R., 1990. The effect of daily consumption of coconut fat

and soya-bean fat on plasma lipids and lipoproteins of young normolipidaemic men.
Br. J. Nutr. 63, 547–552.

Mendis, S., Samarajeewa, U., Thattil, R.O., 2001. Coconut fat and serum lipoproteins:
effects of partial replacement with unsaturated fats. Br. J. Nutr. 85, 583–589.

Mozaffarian, D., 2016. Dietary and policy priorities for cardiovascular disease, diabetes,
and obesity: a comprehensive review. Circulation 133, 187–225.

Nevin, K.G., Rajamohan, T., 2004. Beneficial effects of virgin coconut oil on lipid para-
meters and in vitro LDL oxidation. Clin. Biochem. 37, 830–835.

Nevin, K.G., Rajamohan, T., 2009. Wet and dry extraction of coconut oil: impact on lipid
metabolic and antioxidant status in cholesterol coadministered rats. Can. J. Physiol.
Pharmacol. 87, 610–616.

Ng, T.K., Hassan, K., Lim, J.B., Lye, M.S., Ishak, R., 1991. Nonhypercholesterolemic ef-
fects of a palm-oil diet in Malaysian volunteers. Am. J. Clin. Nutr. 53, 1015S–1020S.

Pikuleva, I.A., 2006. Cholesterol-metabolizing cytochromes P450. Drug Metab. Dispos.
34, 513–520.

Pullinger, C.R., Eng, C., Salen, G., Shefer, S., Batta, A.K., Erickson, S.K., Verhagen, A.,
Rivera, C.R., Mulvihill, S.J., Malloy, M.J., 2002. Human cholesterol 7α-hydroxylase
(CYP7A1) deficiency has a hypercholesterolemic phenotype. J. Clin. Investig. 110,
109–117.

Ramsden, C.E., Zamora, D., Majchrzak-Hong, S., Faurot, K.R., Broste, S.K., Frantz, R.P.,
Davis, J.M., Ringel, A., Suchindran, C.M., Hibbeln, J.R., 2016. Re-evaluation of the
traditional diet-heart hypothesis: analysis of recovered data from Minnesota
Coronary Experiment (1968-73). BMJ 353, i1246.

Reiser, R., Probstfield, J.L., Silvers, A., Scott, L.W., Shorney, M.L., Wood, R.D., O'Brien,
B.C., Gotto Jr., A.M., Insull Jr., W., 1985. Plasma lipid and lipoprotein response of
humans to beef fat, coconut oil and safflower oil. Am. J. Clin. Nutr. 42, 190–197.

Sacks, F.M., Lichtenstein, A.H., Wu, J.H.Y., Appel, L.J., Creager, M.A., Kris-Etherton,
P.M., Miller, M., Rimm, E.B., Rudel, L.L., Robinson, J.G., Stone, N.J., Van Horn, L.V.,
American Heart, A., 2017. Dietary fats and cardiovascular disease: a presidential
advisory from the American heart association. Circulation 136, e1–e23.

Shi, C., Chang, M., Liu, R., Jin, Q., Wang, X., 2015. Trans-free shortenings through the
interesterification of rice bran stearin, fully hydrogenated soybean oil and coconut
oil. Int. J. Food Eng. 11, 467–477.

Stone, N.J., Robinson, J.G., Lichtenstein, A.H., Bairey Merz, C.N., Blum, C.B., Eckel, R.H.,
Goldberg, A.C., Gordon, D., Levy, D., Lloyd-Jones, D.M., McBride, P., Schwartz, J.S.,

R. Liu, et al. Food and Chemical Toxicology 127 (2019) 135–142

141

https://doi.org/10.1016/j.fct.2019.03.005
https://doi.org/10.1016/j.fct.2019.03.005
https://doi.org/10.1016/j.fct.2019.03.005
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref1
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref1
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref1
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref2
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref2
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref3
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref3
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref3
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref4
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref4
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref5
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref5
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref53
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref53
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref53
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref6
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref6
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref6
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref6
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref7
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref7
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref7
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref8
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref9
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref9
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref9
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref10
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref10
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref10
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref11
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref11
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref11
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref12
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref12
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref13
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref13
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref13
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref13
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref14
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref14
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref15
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref15
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref16
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref16
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref16
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref17
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref17
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref17
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref17
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref18
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref18
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref19
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref19
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref19
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref19
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref20
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref20
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref20
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref21
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref21
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref22
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref22
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref22
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref22
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref23
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref23
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref23
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref23
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref24
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref24
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref25
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref25
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref26
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref26
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref26
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref26
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref27
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref27
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref27
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref27
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref28
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref28
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref28
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref29
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref29
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref29
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref30
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref30
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref30
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref31
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref32
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref32
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref33
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref33
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref34
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref34
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref35
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref35
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref35
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref36
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref36
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref37
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref37
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref38
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref38
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref39
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref39
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref39
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref40
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref40
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref41
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref41
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref42
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref42
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref42
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref42
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref43
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref43
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref43
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref43
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref44
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref44
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref44
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref45
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref45
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref45
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref45
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref46
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref46
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref46
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47


Shero, S.T., Smith Jr., S.C., Watson, K., Wilson, P.W., Eddleman, K.M., Jarrett, N.M.,
LaBresh, K., Nevo, L., Wnek, J., Anderson, J.L., Halperin, J.L., Albert, N.M., Bozkurt,
B., Brindis, R.G., Curtis, L.H., DeMets, D., Hochman, J.S., Kovacs, R.J., Ohman, E.M.,
Pressler, S.J., Sellke, F.W., Shen, W.K., Smith Jr., S.C., Tomaselli, G.F., American
College of Cardiology/American Heart Association Task Force on Practice, G., 2014.
2013 ACC/AHA guideline on the treatment of blood cholesterol to reduce athero-
sclerotic cardiovascular risk in adults: a report of the American College of
Cardiology/American Heart Association Task Force on Practice Guidelines.
Circulation 129, S1–S45.

Tyburczy, C., Major, C., Lock, A.L., Destaillats, F., Lawrence, P., Brenna, J.T., Salter, A.M.,
Bauman, D.E., 2009. Individual trans octadecenoic acids and partially hydrogenated
vegetable oil differentially affect hepatic lipid and lipoprotein metabolism in golden
Syrian hamsters. J. Nutr. 139, 257–263.

US Food and Drug Administration, 2017. Final Determination Regarding Partially
Hydrogenated Oils (Removing Trans Fat).

Vock, C., Doring, F., Nitz, I., 2008. Transcriptional regulation of HMG-CoA synthase and
HMG-CoA reductase genes by human ACBP. Cell. Physiol. Biochem. 22, 515–524.

Voon, P.T., Ng, T.K., Lee, V.K., Nesaretnam, K., 2011. Diets high in palmitic acid (16:0),
lauric and myristic acids (12:0 + 14:0), or oleic acid (18:1) do not alter postprandial
or fasting plasma homocysteine and inflammatory markers in healthy Malaysian
adults. Am. J. Clin. Nutr. 94, 1451–1457.

Wada, T., Kang, H.S., Angers, M., Gong, H., Bhatia, S., Khadem, S., Ren, S., Ellis, E.,
Strom, S.C., Jetten, A.M., Xie, W., 2008. Identification of oxysterol 7alpha-hydro-
xylase (Cyp7b1) as a novel retinoid-related orphan receptor alpha (RORalpha)
(NR1F1) target gene and a functional cross-talk between RORalpha and liver X re-
ceptor (NR1H3). Mol. Pharmacol. 73, 891–899.

R. Liu, et al. Food and Chemical Toxicology 127 (2019) 135–142

142

http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref47
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref48
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref48
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref48
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref48
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref49
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref49
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref50
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref50
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref51
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref51
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref51
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref51
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref52
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref52
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref52
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref52
http://refhub.elsevier.com/S0278-6915(19)30109-7/sref52

	Glycerol derived process contaminants in refined coconut oil induce cholesterol synthesis in HepG2 cells
	Introduction
	Materials and methods
	Chemicals
	Coconut oil
	Cell culture
	Delivery of oil to cells
	Fatty acid extraction and analysis
	Isolation of total genomic RNA
	cDNA synthesis and RT-PCR
	Oxidation products and phytochemicals
	Statistical analysis

	Results
	Fatty acid profiles of test oils
	HepG2 cell uptake of coconut oil
	Transcriptional regulation of cholesterol homeostasis genes
	Oxidation products and phytochemicals of CO
	Process contaminants-phytochemicals and HMGCR expression


	Discussion
	Author contributions
	Notes
	Transparency document
	Supplementary data
	Funding sources
	References




