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Introduction
Long-chain n-3 polyunsaturated fatty acids (n-3 PUFA, eg, 
docosahexaenoic acid and eicosapentaenoic acid) are condi-
tionally essential fatty acids derived mostly from marine foods. 
They have been widely studied for their putative health bene-
fits, including for infant brain development, cognitive function, 
weight management and reduced cardiovascular disease risk.1 
Extensive clinical investigations have examined the health 
benefits of fish oil and n-3 PUFA in individuals with existing 
cardiovascular diseases.2-4 Both the American Heart 
Association and the Dietary Guidelines for Americans advo-
cate consumption of 2 servings of fatty fish per week for the 
prevention of cardiovascular diseases.5,6

The diverse mechanisms through which n-3 PUFA found 
in fish oil act to have health benefits include transcriptional 
regulation, allosteric alteration of signalling, physiochemical 
properties and autocrine signalling modulation.7 These n-3 
fatty acids might also directly affect physiologic functions (eg, 
lipoprotein particle size) or act through mediators such as 
inflammatory cytokines. However, whether n-3 PUFA may 
have health benefits through improving the metabolomic pro-
file has not been examined.

Evidence for fish oil reducing body weight and adiposity is 
inconsistent. Studies with rodents have indicated that an 
increased intake of fish oil reduces adipose mass.8-10 However, 
none of these investigations found that fish oil reduced body 
weight following diet-induced obesity but did reduce the rate 

of weight gain in rats consuming obesogenic diets after excess 
adiposity had been induced.8,11 Human studies indicate that 
increased dietary intake of n-3 PUFA, from marine origins, 
enhances satiety and body weight management during weight 
loss regiments for overweight and obese subjects.12,13

Consumption of fish oil alters the expression of genes asso-
ciated with metabolic homeostasis. For example, rhythmic 
expression of clock genes is altered in mice fed a diet contain-
ing fish oil.14,15 Addition of fish oil to a hyperlipidemic diet 
suppresses expression of genes encoding fatty acid synthesis16 
and ameliorates metabolic disturbance caused by apolipopro-
tein E deficiency by regulating genes involved in liver fatty acid 
transport and lipid metabolism in mice.17 Previously, we found 
that replacing corn oil with fish oil in an obesogenic diet 
decreased pro-inflammatory leptin, increased anti-inflamma-
tory adiponectin and reduced insulin in plasma in mice.18 
Changes found in these studies might have occurred through 
n-3 PUFA altering the expression of genes and proteins and 
their corresponding signalling pathways for metabolism.

Animal studies investigating the roles of n-3 PUFA in met-
abolic homeostasis have been primarily initiated in rodents 
prior to their development of obesity or hyperlipidemia.11,18,19 
However, investigating the effects in rodent models with estab-
lished excess adiposity has been limited. To our knowledge, the 
determination of hepatic metabolomics that might indicate the 
potential mechanistic bases for n-3 PUFA affecting metabolic 
health has not been performed. Thus, evaluation of the roles 
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that n-3 PUFA play in metabolic homeostasis in models with 
existing obesity may give important insights into the basis for 
their health benefits.

We hypothesised that dietary intake of chromista oil (a 
marine food product particularly rich in n-3 PUFA) amelio-
rates metabolic impairments in mice with excess adiposity. To 
test this hypothesis, the effect of chromista oil consumption on 
the metabolomic profile was determined in adult mice with 
diet-induced excess adiposity.

Materials and Methods
Animals and diets

Three- to four-week-old mice (C57BL/6NHsd, male, Envigo, 
Madison, WI) were housed in polycarbonate cages on contact 
bedding in a rodent-housing room (temperature: 22 ± 1°C, 
light cycle: 12:12-hour light-dark cycle). Three powder diets 
were compared in this study, a control diet, a high-fat diet 
(HFD) and a HFD with chromista oil. Diets conformed to the 
AIN93G formulation20 (Table 1). Dietary oil provided 16% of 
energy in the control diet and 48% of energy in both the HFD 
and chromista oil containing HFD (Table 1). Fatty acid com-
position of chromista oil is presented in Table 2. Chromista oil 
(Source Oil, Chapel Hill, NC, USA) provided 8.76 g doco-
sahexaenoic acid (DHA) and 0.13 g eicosapentaenoic acid 
(EPA) per kg diet. The quantity of chromista oil added to the 
HFD was based upon the National Institutes of Health sug-
gested adequate intakes of 1.1 to 1.6 g of n-3 fatty acids per day 
for American adults.21 Diets were stored in sealed containers at 
−20°C. Mice were fed ad libitum, receiving fresh diet and 
deionised water every other day.

Fatty acid composition of chromista oil

Fatty acid composition of chromista oil was determined using 
the fatty acid methyl ester (FAME) method,22 with separation, 
identification and quantification performed by gas chromatog-
raphy with flame ionisation detection (Thermo Trace-1310 
equipped with a TriPlus RHS auto-sampler, Thermo Fisher 
Scientific, Waltham, MA, USA). Data were analysed using the 
Dionex Chromeleon 7.2 chromatography data system.23

Experimental design

To meet the reduction, refinement and replacement principles 
of humane use of laboratory rodents,24 this study was designed 
to use fewer mice by performing it concurrently with a study 
investigating the effect of food timing on metabolic flexibility 
in mice with excess fat mass.25 These 2 studies shared the same 
control and HFD groups. Body weight was the outcome of 
interest for power analysis for these studies. Given a residual 
standard deviation of 3.4 and a significant level of α = .05, 11 
mice per group were needed to detect a 5 g decrease in body 
weight through food timing for 90% power. To avoid attrition, 

an extra mouse was added to each group to bring the total to 12 
mice per group.

This was a 24-week study during which excess fat mass in 
HFD-fed mice was established in the first 12 weeks. Mice were 
fed the chromista oil containing HFD diet for the second 
12 weeks for determination of the effect chromista oil intake on 
metabolomic disturbances in mice with established adiposity. 
After 1-week acclimation, mice were fed the control diet 
(n = 12) or the HFD (n = 24) for 12 weeks. Then, the HFD-fed 
mice were split to 2 groups of 12 each and fed the HFD and 
the chromista oil containing HFD, respectively, for the 

Table 1. Diet composition.

INGREDIENT CONTROL HFD HFD-CO

 G/kG G/kG G/kG

Casein 200 250 250

Cornstarch 540 250 250

Sucrose 100 125 125

Cellulose 41 62 62

Fat 71 266 266

 Palm oil 20.9 137.1 131.7

 Cocoa butter 12.1 90.4 81.1

 Flaxseed oil 8.5 10.5 10.5

 Safflower oil 26.8 17.3 17.3

 Coconut oil 2.8 10.6 10.6

 Chromista oil 14.8

L-Cystine 3 3.6 3.6

Vitamin mix 10 12 12

Mineral mix 35 42 42

Choline bitartrate 3 3 3

t-Butylhydroquinone 0.014 0.02 0.02

Total 1003 1013.6 1013.6

Energy, %  

 Protein 20 20 20

 Carbohydrates 64 32 32

 Fat 16 48 48

 Total 100 100 100

 Gross energy, kcal/g 4.08 4.99 4.99

Modification of the AIN93G formulation.20 Palm oil (no. 18928), cocoa butter (no. 
80612) and safflower oil-Linoleic (no. 5004) were obtained from Natural Oils 
International, Inc. (Simi Valley, CA, USA). Flaxseed oil (no. 20123) was from 
Dyets, Inc. (Bethlehem, PA, USA). Chromista oil (no. 1800610, containing 30% 
docosahexaenoic acid and 0.3% eicosapentaenoic acid) was from Source Oil, 
LLC. (Chapel Hill, NC, USA).
Abbreviations: HFD: high-fat diet; HFD-CO: chromista oil-containing high-fat diet.
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remainder of the study. After 4 weeks on the chromista HFD, 
all mice were recorded for their food intake for 3 consecutive 
weeks (7 days per week). Body fat and lean mass of each mouse 
were assessed after the completion of food intake measurement 
using the Echo whole-body composition analyzer (Echo 
Medical System, Houston, TX, USA). The feed efficiency was 

calculated using the total weight gain and total food intake 
over the three-week period by the formula (weight gain/food 
intake) × 100. At the end of the study, mice were euthanised at 
Zeitgeber time 5 to 7. Plasma and livers were collected and 
stored at −80°C.

Whole body metabolic study

During the 8th week of feeding the chromista HFD, whole 
body metabolism was evaluated in all mice by indirect calo-
rimetry (Comprehensive Laboratory Animal Monitoring 
System, Columbus Instruments, Columbus, OH, USA). After 
acclimation to the metabolic chamber for 1 day, the consump-
tion of O2 (VO2) and production of CO2 (VCO2) of each 
mouse were recorded for 1 minute every 12 minutes for 2 days. 
The respiratory exchange ratio (RER) was calculated using 
the formula RER = VCO2/VO2. The modified Weir equation 
(3.815 + 1.232 × RER) × VO2

26 was used for energy expendi-
ture calculations. Total physical activity was assessed by the 
number of ambulatory × beam breaks measured by infrared 
photocells.

Quantification of biomarkers in plasma

Blood glucose was quantified using an Accu-Chek Aviva blood 
glucose metre (Roche Diagnostics, Indianapolis, IN, USA). 
Plasma concentrations of insulin, leptin and adiponectin were 
quantified using sandwich enzyme-linked immunosorbent 
assay kits from Mercodia, Inc., Winston Salem, NC, USA (for 
insulin) and R&D Systems, Minneapolis, MN, USA (for lep-
tin and adiponectin). Homeostatic model assessment of insulin 
resistance (HOMA-IR) score was calculated using the formula 
(mg glucose/dL × mUnit insulin/L)/405.

Quantification of triacylglycerol in liver

Hepatic triacylglycerol was analysed as previously described.27 
Briefly, liver samples were homogenised in a hexane:isopropanol 
(3:2 v/v) buffer with 50 μmoL butylated hydroxytoluene. The 
supernatant was collected and evaporated. The remaining fat 
residue was solubilised in 100% ethanol for quantifying tria-
cylglycerol (analyzer no. 20767107) using the COBAS 
INTEGRA 400 Plus analyzer (Roche Diagnostics, Ramsey, 
MN, USA).

RNA isolation and real-time qPCR

Total RNA from liver samples was extracted using the RNeasy 
Mini Kit (Qiagen, Germantown, MD, USA). RNA purity was 
determined using a NanoDrop 8000 Spectrophotometer 
(Thermo Scientific, Wilmington, DE, USA). The cDNA syn-
thesis was performed using a High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Waltham, MA, USA). 
Circadian locomotor output cycles kaput (Clock), aryl 

Table 2. Fatty acid composition of chromista oil.

FATTY ACIDS G/kG

C8:0 1.10 ± 0.24

C10:0 1.88 ± 0.22

C12:0 1.22 ± 0.13

C14:0 10.25 ± 0.74

C14:1n5, E 0.55 ± 0.07

C15:0 0.83 ± 0.04

C16:0 224.96 ± 9.77

C16:1n7, Z 5.30 ± 0.14

C18:0 12.25 ± 0.17

C18:0 Me16 0.72 ± 0.01

C18:1n9, E 0.35 ± 0.06

C18:1n9, Z 1.44 ± 0.08

C18:1n7, Z 2.81 ± 0.02

C18:2n6, Z, Z 2.37 ± 0.11

C18:3n6 0.95 ± 0.05

C18:3n3 1.37 ± 0.03

C_20:0 2.87 ± 0.01

C20:2n6 2.48± 0.09

C20:3n6 1.98 ± 0.12

C20:3n3 10.89 ± 0.03

C20:4n6 1.86 ± 0.04

C20:5n3 8.53 ± 0.39

C22:0 1.63 ± 0.05

C22:5n6 107.56 ± 2.03

C22:5n3 0.89 ± 0.02

C22:6n3 592.16 ± 9.30

C24:0 0.75 ± 0.02

Values are means ± standard deviation (n = 3).
Abbreviations: E: trans isomers, Z: cis isomers.
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hydrocarbon receptor nuclear translocator-like protein 1 
(Bmal1/Arntl), period-1 (Per1) and Per2, cryptochrome 1 
(Cry1), nuclear receptor subfamily 1 group D member 1 
(Nr1d1/1Rev-erbα), acetyl-CoA carboxylase (Acaca), fatty acid 
desaturase (Fads) 1 and 2, fatty acid synthase (Fasn), stearoyl-
CoA desaturase 1 (Scd1) and sterol regulatory element-binding 
protein 1 (Srebf1) were determined and normalised to 18s 
rRNA on ABI QuantStudio 12K-Flex Real-time quantitative 
PCR system (Applied Biosystems). The relative changes in 
transcription were calculated using the 2-ΔΔCT method.28 
Probes for 18s rRNA and genes analysed were obtained from 
Applied Biosystems (Clock (Mm00455950_ml), Bmal1/Arntl 
(Mm00500223_ml), Per1 (Mm00501813_ml), Per2 
(Mm00478099_ml), Cry1 (Mm00514392_ml), Nr1d1/Rev-
erb (Mm00520708_ml), Acaca (Mm01304257_m1), Fads1 
(Mm00507605_m1), Fads2 (Mm00517221_m1), Fasn 
(Mm00662319_m1), Scd1 (Mm00772290_m1) and Srebf1 
(Mm00550338_m1)).

Hepatic metabolomic analysis

Liver samples suspended in an acetonitrile/isopropanol/deion-
ised water (3:3:2) buffer were homogenised, centrifuged, resus-
pended in an acetonitrile/deionised water (1:1) buffer, and 
analysed by gas chromatography time-of-flight mass spec-
trometry (GC-TOF-MS) for untargeted metabolomic analy-
sis29,30 at the West Coast Metabolomics Center (University of 
California-Davis, Davis, CA, USA). The BinBase database31 
was used to process the GC-TOF-MS data. The identified 
analyte ion peak heights were standardised to the sum intensi-
ties of all known analytes. To be qualified for metabolomic and 
statistical analyses, analytes must have their ion peak heights 
⩾0.02% of the total signal intensity and must be a metabolite 
or an intermediate common to mammalian metabolism accord-
ing to the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) Database or the Human Metabolome database.32,33

Statistical analyses

A mixed model with Tukey’s honestly significant difference 
test was performed for all pairwise comparisons of weekly body 
weights. One-way analysis of variance (ANOVA) followed by 
Tukey contrasts were performed for differences in hepatic 
metabolites with the false discovery rate (FDR) -corrected P 
values reported (SAS 9.4, SAS Institute, Cary, NC, USA). 
Sparse partial least square-discriminant analysis (sPLS-
DA)34,35 was utilised in the analysis of the GC-TOF-MS data 
(MetaboAnalyst 5.0, McGill University, Quebec, Canada). 
Functional relationships of identified metabolites were ana-
lysed using the KEGG global metabolic network analysis and 
the metabolite-metabolite interaction network analysis 
(MetaboAnalyst 5.0). Values are means ± standard error of the 
mean (SEM); P ⩽ .05 are considered significant.

Results
Measurements in live animals

Compared to the control diet, the HFD increased body weight; 
the difference became significant after 9 weeks of the HFD feed-
ing and remained for the remainder of the study (Figure 1A). At 
the end of the study, liver weight of the HFD-fed groups was 
more than 30% higher than that of the control group (Table 3). 
Both body weights and liver weights were similar between the 2 
HFD-fed groups (Figure 1A and Table 3).

Regardless of the source of dietary oil, the HFD increased 
body fat mass by 29% and decreased lean mass by 12% com-
pared to the control diet (Table 3). Body fat mass and lean mass 
were similar in the 2 HFD-fed groups (Table 3). The absolute 
lean mass was similar among the 3 groups (Table 3). Mice of 
both HFD groups ate 20% less food than mice fed the control 
diet; however, caloric intake of the 3 groups remained similar 
(Table 3). Feed efficiencies of the HFD-fed groups were 150% 
greater than that of the control group but remained similar 
between the 2 HFD-fed groups (Table 3).

Daily oscillation of RER occurred in mice fed the control 
diet with the peak in the dark phase (Figure 1B). The differ-
ence in mean RER for the control mice between light and dark 
phases was significant (Table 3). Regardless of dietary oil 

Figure 1. Changes in body weight (A) and respiratory exchange ratio (B) 

in mice fed the control diet, high-fat diet (HFD), or chromista oil-

containing HFD (HFD-CO). Results are means ± SEM (n = 12 per group for 

body weight; n = 9 per group for respiratory exchange ratio).
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composition, the HFD diminished rhythmic oscillation of 
RER; these mice had no significant difference in RER between 
the light and dark phases (Figure 1B and Table 3). Energy 
expenditure was similar among the 3 groups (Table 3). 
However, all 3 groups exhibited a significantly higher energy 
expenditure in the dark phase than in the light phase. Mice of 
all groups were more physically active in the dark phase; how-
ever, mice of both HFD groups were less physically active than 
control mice (Table 3).

Biomarkers in blood and lipids in liver

Both HFDs elevated blood glucose concentrations, but only 
the chromista HFD group was significantly greater than the 
control group (Table 4). The HFD, compared to the control 
diet, did not significantly affect plasma insulin. However, the 
chromista HFD elevated plasma insulin by 104% compared to 

the HFD (Table 4). These results concurred with the calcu-
lated HOMA-IR score. Plasma leptin concentrations were 
higher in both HFD-fed groups than in the control group 
(Table 4). Plasma adiponectin of the HFD-fed mice was 19% 
lower than that of the control mice but adding chromista oil to 
the HFD resulted in a 41% increase in adiponectin than the 
HFD-fed mice (Table 4). Compared to the control diet, both 
HFDs elevated concentrations of total cholesterol by more 
than 30% and high-density lipoprotein (HDL) cholesterol by 
26% in plasma and elevated triacylglycerol by more than 200% 
in liver (Table 4).

Genes encoding circadian rhythms and fatty acid 
metabolism

Elevated transcription of Per1, Per2 and Rev-erb occurred in 
both HFD-fed groups relative to the control group; the 

Table 3. Body composition, food and caloric intakes, feed efficiency, liver weight, respiratory exchange ratio (RER), energy expenditure and physical 
activity of mice fed the control diet, high-fat diet (HFD), or chromista oil-containing HFD.

MEASUREMENTS CONTROL HFD HFD-CO

Body composition

 Fat mass, % 29.59 ± 1.40b 38.27 ± 0.88a 39.22 ± 0.53a

 Lean mass, % 61.65 ± 1.36a 54.26 ± 0.81b 54.02 ± 0.85b

 Absolute lean mass, g 22.36 ± 0.35 23.28 ± 0.74 23.68 ± 0.57

 Food intake, g/day 3.54 ± 0.05a 2.92 ± 0.07b 2.88 ± 0.03b

 Caloric intake, kcal/day 14.44 ± 0.19 14.59 ± 0.34 14.38 ± 0.14

 Feed efficiency 1.27 ± 0.49b 3.28 ± 0.58a 3.26 ± 0.61a

 Liver weight, g 1.67 ± 0.81b 2.19 ± 0.16a 2.33 ± 0.15a

RER

 Mean 0.90 ± 0.01a 0.83 ± 0.01b 0.83 ± 0.01b

 Light phase 0.86 ± 0.01 0.82 ± 0.01 0.83 ± 0.01

 Dark phase 0.94 ± 0.01a* 0.84 ± 0.01b 0.84 ± 0.01b

Energy expenditure, kcal/hour/mouse

 Mean 0.49 ± 0.02 0.50 ± 0.02 0.52 ± 0.02

 Light phase 0.47 ± 0.02 0.48 ± 0.02 0.49 ± 0.02

 Dark phase 0.52 ± 0.02* 0.53 ± 0.02* 0.56 ± 0.02*

Physical activity, Total beam breaks

 Mean 16 205 ± 1635a 10 597 ± 880b 8573 ± 1035b

 Light phase 7841 ± 1256 6407 ± 975 4749 ± 645

 Dark phase 24 569 ± 3021a* 14 785 ± 1465ab* 12 398 ± 1967b*

Values (means ± SEM) in the same row with different superscripts are significant at P ⩽ .05 (n = 12 per group for body composition, food and caloric intakes, feed 
efficiency and liver weight; n = 9 per group for RER, energy expenditure and physical activity). Values in the same column with a * are different at P ⩽ .05 when dark phase 
is compared to light phase (Bonferroni-adjusted P values).
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elevation was similar between the 2 HFD groups (Figure 2). 
Transcription of Clock, Bmal1 and Cry1 did not differ among the 

3 groups (Figure 2). Transcription of Acaca, Fads1, Fads2, Fasn, 
Scd1 and Srebf1 was similar among the three groups (Figure 2).

Table 4. Metabolic biomarkers in plasma and triacylglycerols in liver from mice fed the control diet, high-fat diet (HFD), or chromista oil-containing 
HFD (HFD-CO).

MEASUREMENTS CONTROL HFD HFD-CO

Plasma

 Glucose (blood), mg/dL 134.71 ± 3.58b 151.00 ± 9.13ab 158.86 ± 4.77a

 Insulin, µU/L 36.08 ± 10.75b 108.92 ± 32.62b 222.15 ± 25.28a

 HOMA-IR 12.08 ± 4.19b 53.19 ± 019.18b 95.46 ± 13.81a

 Leptin, ng/mL 31.15 ± 3.68b 49.14 ± 3.33a 49.89 ± 2.62a

 Adiponectin, µg/mL 20.67 ± 0.36b 16.84 ± 0.31c 23.69 ± 1.24a

 Total cholesterol, mg/dL 100.81 ± 5.58b 134.88 ± 5.53a 131.99 ± 6.07a

 HDL cholesterol, mg/dL 86.08 ± 4.07b 108.50 ± 3.69a 109.00 ± 4.12a

Liver

 Triacylglycerols, mg/g 33.70 ± 7.06b 131.81 ± 23.13a 100.96 ± 12.02a

Values are means ± SEM (n = 12 per group). Values in the same row with different superscripts are significant at P ⩽ .05. HOMA-IR: Homeostatic model assessment of 
insulin resistance. HDL: high-density lipoprotein.

Figure 2. Changes in hepatic transcription of genes encoding circadian rhythm (A) and fatty acid metabolism (B) in mice fed the control diet (Ctl), high-fat 

diet (HFD), or chromista oil-containing HFD (HFD-CO). Results are means ± SEM (n = 12 per group, P ⩽ .05 for different letters in each panel).
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Hepatic metabolomes

A total of 160 analytes were detected by GC-TOF-MS 
(Supplemental Table 1). Among them, 87 analyte ion peak 
heights were ⩾0.02% of the total signal intensity and were 
considered to be metabolites or common intermediates of 
mammalian metabolism.32,33 These metabolites were used for 
metabolomic and statistical analyses. Based upon their meta-
bolic functions, these metabolites were categorised into 4 
groups related to amino acid (Table 5), energy (Table 6), lipid 
(Table 7), and nucleotide and vitamin metabolism (Table 8).

The heatmap of hierarchical clustering showed the 25 most 
differentiating metabolites in liver and grouped these metabo-
lites into 3 clusters (Figure 3). Cluster 1 was characterised by 
elevated responses of 12 metabolites in the chromista group 
compared to the control and HFD groups. These metabolites 
included cholesterol, malic acid, fumaric acid, inositol-
4-monophosphate, dehydroascorbic acid, glucuronic acid, glu-
tamic acid, adenosine, succinic acid, pyrophosphate, oxoproline 
and glycerol-α-phosphate. Arachidonic acid, glycerol, oleic 
acid and flavin adenine, which comprised cluster 2, were greater 
in the HFD group than in the control and chromista groups. 
Thirteen metabolites were lower in the chromista group; nine 
of which were represented in cluster 3 (mannose, palmitoleic 
acid, methionine, inosine, maltotiose, linoleic acid, tryptophan, 
xanthine and maltose) and with 4 in cluster 2 (arachidonic acid, 
glycerol, oleic acid and flavin adenine) (Figure 3).

The sparse partial least square-discriminant analysis showed 
separation of the 3 dietary groups (Figure 4A). Component 1, 
representing 30.7% of the explained variance, showed the sepa-
ration of the chromista group from the control and HFD 
groups. Component 2 showed separation of the HFD group 
from the control and chromista groups.

The major determinants of separation for component 1, as 
shown in loadings plot 1 (Figure 4B), were metabolites related to 
energy metabolism (succinic acid, glycerol-α-phosphate and 
mannose), nucleotide metabolites (adenosine, xanthine and 
pyrophosphate), lipid metabolites palmitoleic acid and linoleic 
acid, and amino acid metabolites oxoproline and methionine. 
Lipid metabolites (arachidonic acid, squalene, phosphoethanola-
mine, phosphate, ethanolamine and cholesterol) predominated 
the loadings plot of component 2, with the energy metabolite 
glutathione, the amino acid metabolite cysteine-glycine, and 
nucleotide metabolites 5-methyl-thioadenosine and uracil, also 
major determinants of separation (Figure 4C). Nucleotide 
metabolites (adenine, inosine-5-monophosphate, inosine, adeno-
sine-5-monophosphate and UDP-N-acetylglucosamine), lipid 
metabolites (arachidonic acid, 4-hydroxybutyric acid and phos-
phate), the energy metabolite citric acid, and amino acid phenyla-
lanine evoked differentiation in the loadings plot of component 3 
(Figure 4D).

Thirty-three metabolic pathways were identified compar-
ing the HFD group to the control group by the network anal-
ysis (Supplemental Table 2). Significant alterations in the 

aminoacyl-tRNA-biosynthesis pathways and the glutathione 
metabolism pathway were apparent between the 2 groups 
(Table 9). Thirty-six metabolic pathways were identified when 
the chromista group was compared to the HFD group 
(Supplemental Table 3). The aminoacyl-tRNA-biosynthesis 
pathways were altered significantly between the 2 groups 
(Table 9). Functional relationships of the metabolites between 
the HFD and control groups and between the chromista and 
HFD groups are presented in Figures 5 and 6, respectively.

Discussion
Whether carbohydrate or fat is primarily being utilised for 
energy is indicated by the RER with a value of near 1.0 indicat-
ing that carbohydrates predominate and a value near 0.7 indi-
cating that fatty acids predominate. The oscillation of RER 
between light and dark phases as shown by the control mice in 
this study demonstrates the metabolic flexibility to which mice 
adapt substrate utilisation to fed and fasting conditions. 
Feeding a HFD has been shown to impair metabolic flexibil-
ity,18,36 which was also demonstrated in the present study. 
Adding chromista oil to the HFD did not alter the flattened 
diurnal oscillations of RER induced by the HFD, which indi-
cates that chromista oil was unable to correct the metabolic 
inflexibility caused by the HFD.

Mice fed either the HFD were heavier than mice fed the 
control diet. However, their caloric intake and energy expendi-
ture were similar to those of the control mice. This lack of con-
sistence can be explained by that both HFDs were energy-dense 
diets (48% of energy from fat vs. 16% of energy from fat for the 
control diet). Mice fed the HFD ate less. However, because of 
the high energy density of their diets, they had very similar 
caloric intake to the control mice. Furthermore, HFD-fed mice 
exhibited greater feed efficiency and were less physically active 
in the dark phase (active phase for nocturnal rodents). Both 
contributed to their accelerated weight gain. The control diet 
used in this study conformed to the AIN93G formulation, 
which is a standard formulation for rodent growth and mainte-
nance 20. The growth and metabolic performance of control 
mice in this study were consistent with previous reports using 
mice fed the AIN93G diet.18,36,37 Thus, mice fed the control 
diet in this study was a valid comparison to study metabolic 
inflexibility of mice fed the HFD.

Plasma insulin concentration was doubled in mice fed the 
chromista HFD, which coincided with the elevation of 
HOMA-IR score. These findings conform with the report that 
fish oil increases glucose-stimulated insulin secretion.38 Long-
chain n-3 PUFA from fish oil have been hypothesised to 
improve glucose tolerance through mechanisms that include 
reduced inflammation, induction of incretin hormones, and 
direct stimulation of insulin secretion in beta cells.39 In con-
trast, we previously found that a HFD based on fish oil reduced 
fasting plasma insulin.18 A possible explanation for this con-
trast is experimental differences including the type and quan-
tity of dietary fat tested and the age and the status of body fat 
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mass of mice when the experimental feeding was initiated. For 
example, fish oil providing 35% of energy (34.5 g DHA/kg 
diet) was used in the aforementioned study18 whereas 

chromista oil providing 1.45% of energy (8.76 g DHA/kg diet) 
was used in the present study. However, the finding of no sig-
nificant difference in blood glucose between the 2 HFD groups 

Table 5. Hepatic metabolites related to amino acid metabolism from mice fed the control diet, high-fat diet (HFD) or chromista oil-containing HFD 
(HFD-CO).

METABOLITES CONTROL HFD HFD-CO

Alanine 1 ± 0.05 0.78 ± 0.09 0.78 ± 0.08

Aminomalonic acid 1 ± 0.13 1.04 ± 0.10 1.01 ± 0.13

Asparagine 1 ± 0.08a 0.85 ± 0.06a 0.61 ± 0.04b

Aspartic acid 1 ± 0.18 1.41 ± 0.21 1.63 ± 0.15

beta-alanine 1 ± 0.11 0.99 ± 0.12 0.74 ± 0.07

Creatinine 1 ± 0.16 1.11 ± 0.15 1.23 ± 0.24

Cysteine-glycine 1 ± 0.12a 0.62 ± 0.06b 0.81 ± 0.06ab

Glutamic acid 1 ± 0.14b 1.35 ± 0.08b 1.90 ± 0.14a

Glutamine 1 ± 0.14 1.21 ± 0.11 1.34 ± 0.04

Glutathione 1 ± 0.04a 0.72 ± 0.11b 0.96 ± 0.06ab

Glycine 1 ± 0.05 0.85 ± 0.05 0.86 ± 0.06

Glycyl-glycine 1 ± 0.04 0.99 ± 0.03 0.89 ± 0.05

Hypotaurine 1 ± 0.13 0.80 ± 0.12 0.90 ± 0.15

Isoleucine 1 ± 0.06 1.03 ± 0.06 0.97 ± 0.08

Leucine 1 ± 0.06a 0.87 ± 0.04a 0.68 ± 0.06b

Lysine 1 ± 0.06a 0.92 ± 0.08ab 0.75 ± 0.07b

Methionine 1 ± 0.08a 0.69 ± 0.06b 0.39 ± 0.04c

Ornithine 1 ± 0.05a 0.89 ± 0.10ab 0.66 ± 0.07b

Oxoproline 1 ± 0.05b 1.13 ± 0.05b 1.50 ± 0.04a

Phenylalanine 1 ± 0.08a 0.89 ± 0.08a 0.64 ± 0.0b

Proline 1 ± 0.12 0.68 ± 0.07 0.96 ± 0.16

Serine 1 ± 0.09a 0.93 ± 0.05a 0.68 ± 0.05b

Taurine 1 ± 0.14 0.85 ± 0.19 0.82 ± 0.15

Threonine 1 ± 0.07a 0.83 ± 0.05ab 0.75 ± 0.07b

Tryptophan 1 ± 0.03a 0.91 ± 0.06a 0.70 ± 0.03b

Tyrosine 1 ± 0.04a 0.91 ± 0.05a 0.73 ± 0.06b

Urea 1 ± 0.04 1.00 ± 0.08 1.18 ± 0.03

Valine 1 ± 0.09 0.85 ± 0.04 0.92 ± 0.13

2-Picolinic acid 1 ± 0.07b 1.19 ± 0.09ab 1.45 ± 0.13a

Values of treatment groups are normalised to that of the control group (n = 12 per group). Values (means ± SEM) in the same row with different superscripts are significant 
at P ⩽ .05 (FDR-adjusted P values).
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Table 6. Hepatic metabolites related to energy metabolism from mice fed the control diet, high-fat diet (HFD), or chromista oil-containing HFD 
(HFD-CO).

METABOLITES CONTROL HFD HFD-CO

Citric acid 1 ± 0.18 1.09 ± 0.18 0.68 ± 0.13

Fructose 1 ± 0.15a 0.59 ± 0.14ab 0.21 ± 0.05b

Fructose-1-phosphate 1 ± 0.16a 0.59 ± 0.14ab 0.21 ± 0.05b

Fructose-6-phosphate 1 ± 0.14 1.10 ± 0.30 0.64 ± 0.12

Fumaric acid 1 ± 0.15b 2.80 ± 0.47a 4.03 ± 0.41a

Glucose 1 ± 0.06 0.93 ± 0.09 1.12 ± 0.06

Glucose-1-phosphate 1 ± 0.16 1.00 ± 0.24 0.66 ± 0.14

Glucose-6-phosphate 1 ± 0.04a 0.81 ± 0.05b 0.71 ± 0.06b

Glucuronic acid 1 ± 0.05c 1.33 ± 0.10b 1.81 ± 0.12a

Glycerol-α-phosphate 1 ± 0.20b 1.88 ± 0.28b 4.21 ± 0.49a

Lactic acid 1 ± 0.04 0.88 ± 0.09 0.85 ± 0.05

Malic acid 1 ± 0.16b 2.91 ± 0.50a 3.37 ± 0.36a

Maltose 1 ± 0.08a 0.82 ± 0.09a 0.34 ± 0.06b

Maltotriose 1 ± 0.08a 0.78 ± 0.10a 0.33 ± 0.06b

Mannose 1 ± 0.06a 0.70 ± 0.09b 0.32 ± 0.05c

Myoinositol 1 ± 0.05 1.14 ± 0.09 1.17 ± 0.22

Sorbitol 1 ± 0.11a 0.60 ± 0.10b 0.46 ± 0.10b

Succinic acid 1 ± 0.15b 1.43 ± 0.15b 5.68 ± 0.77a

Values of treatment groups are normalised to that of the control group (n = 12 per group). Values (means ± SEM) in the same row with different superscripts are significant 
at P ⩽ .05 (FDR-adjusted P values).

does not support the hypothesis that n-3 PUFA increase insu-
lin sensitivity. It indicates that n-3 PUFA from chromista oil 
are unable to improve insulin sensitivity in mice with excess 
adiposity. Moreover, the lack of diurnal oscillations of RER in 
the chromista group indicates that chromista oil is unable to 
mitigate HFD-induced metabolic inflexibility. Taken together, 
these results contribute to the conclusion that chromista oil at 
the level tested in this study is insufficient to overcome the 
overwhelming suppressive effects of the HFD-induced excess 
adiposity on metabolic flexibility.

The elevation of plasma adiponectin concentration in the 
chromista group compared to the HFD group supports previ-
ous findings that dietary fish oil attenuates inflammation.8 Our 
results also agree with previous reports that dietary oils of 
marine origin elevate adiponectin in rodent models of obe-
sity.18,40 Adiponectin, its concentration ordinarily inversely 
related to adipose mass,41,42 is an anti-inflammatory cytokine 
with insulin stimulating and sensitising effects.43,44 The 
increased adiponectin resulting from chromista oil consump-
tion was not accompanied by a decreased body fat mass in this 

study. Furthermore, the chromista oil did not ameliorate glu-
cose intolerance even with the dramatic increase in insulin, 
presumably stimulated by the increase in adiponectin. In fact, 
insulin resistance as indicated by HOMA-IR score was nearly 
doubled in mice fed the chromista HFD, because of the ele-
vated insulin while glucose was unaffected. Previous work 
found that while fish oil-enriched HFD induced body fat mass, 
it did mitigate insulin resistance in mice.45,46 Thus, our work 
highlights the difficulty in overcoming insulin resistance after 
excess adiposity has been established. Further investigation is 
needed to determine whether increasing adiponectin through 
increasing dietary chromista oil consumption can reverse glu-
cose intolerance in mice with excess adiposity.

The lack of differences in circadian transcript expression 
between the 2 HFD groups indicated that consumption of 
chromista oil does not affect the HFD-induced circadian alter-
ation in liver. The alteration of circadian rhythms in peripheral 
organs, including liver, by a HFD has been established in labo-
ratory rodents.47-49 Like mice fed the HFD, elevated transcrip-
tion of Per1, Per2 and Rev-Erb occurred in mice fed the 
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chromista HFD. The elevated gene transcription, together with 
increased plasma insulin, found in chromista HFD-fed mice, is 
consistent with previous reports showing that a fish oil contain-
ing diet increases hepatic expression of Per2 and blood insulin 
concentrations in mice.15 Interestingly, the reported increases in 
both Per2 expression and plasma insulin parallel with a large 
phase delay of Per2 oscillations in liver, suggesting that the fish 
oil diet may have altered the rhythmic expression of Per2.15 
Circadian alteration by dietary chromista oil was not an objec-
tive of the present study. However, in a short-term, 3-week 
feeding study, we found that a HFD resulted in phase delay of 
the rhythmic expression of both Per1 and Per2 in liver of puber-
tal mice.49 Thus, the regulatory roles of chromista oil, including 
its active components n-3 PUFA, in circadian rhythms at both 

central hypothalamic and peripheral levels and their metabolic 
impact remain an interest for further investigation.

Transcription of genes encoding fatty acid metabolism 
remained similar between 2 HFD groups; the decreases found in 
the transcription of Fads1, Fads2 and Srebf1 in chromista HFD-
fed mice were not significant. The lack of significant findings is 
consistent with reports that fish oil does not alter the expression 
of genes regulating fatty acid metabolism in mice fed a HFD.50,51

The network analysis showed that the aminoacyl-tRNA-
biosynthesis pathways were altered by both the HFDs. 
Aminoacyl-tRNA synthetases are enzymes essential in esteri-
fication of a tRNA to its cognate amino acid in protein synthe-
sis.52 The HFD alteration is consistent with a recent report 
that a HFD alters aminoacyl-tRNA biosynthesis pathways in 

Table 7. Hepatic metabolites related to lipid metabolism from mice fed the control diet, high-fat diet (HFD), or chromista oil-containing HFD (HFD-
CO).

METABOLITES CONTROL HFD HFD-CO

Arachidic acid 1 ± 0.04 1.00 ± 0.08 0.92 ±0.07

Arachidonic acid 1 ± 0.05b 1.30 ± 0.06a 0.60 ± 0.03c

Behenic acid 1 ± 0.05 0.98 ± 0.07 1.10 ± 0.05

Caproic acid 1 ± 0.08 1.18 ± 0.23 1.50 ± 0.12

Cholesterol 1 ± 0.04b 1.35 ± 0.07a 1.47 ± 0.06a

Dehydrocholesterol 1 ± 0.12b 1.19 ± 0.17ab 1.59 ± 0.09a

Ethanolamine 1 ± 0.20b 18.05 ± 5.16a 19.17 ± 3.39a

Glycerol 1 ± 0.06a 1.07 ± 0.09a 0.46 ± 0.04b

Heptadecanoic acid 1 ± 0.06 1.01 ± 0.13 0.96 ± 0.11

Inositol-4-monophosphate 1 ± 0.16b 1.60 ±0.14a 1.87 ± 0.10a

Linoleic acid 1 ± 0.06a 0.80 ± 0.07b 0.36 ± 0.03c

Myristic acid 1 ± 0.10 0.99 ± 0.12 0.87 ± 0.10

Oleic acid 1 ± 0.06a 1.13 ± 0.11a 0.35 ±0.05b

Palmitoleic acid 1 ± 0.07a 0.55 ± 0.04b 0.22 ± 0.03c

Phosphate 1 ± 0.04 1.18 ± 0.05 1.07 ± 0.06

Phosphoethanolamine 1 ± 0.09b 1.54 ± 0.19a 1.41 ±0.08ab

Squalene 1 ± 0.16b 2.88 ± 0.38a 2.30 ± 0.34a

Stearic acid 1 ± 0.09 1.06 ± 0.16 0.98 ± 0.13

Undecanoic acid 1 ± 0.09 1.30 ± 0.19 4.79 ± 2.25

1-Monopalmitin 1 ± 0.09 1.20 ± 0.19 1.46 ± 0.18

4-Hydroxybutyric acid 1 ± 0.12 ab 1.22 ± 0.13a 0.71 ± 0.09b

Values of treatment groups are normalised to that of the control group (n = 12 per group). Values (means ± SEM) in the same row with different superscripts are significant 
at P ⩽ .05 (FDR-adjusted P values).
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mammary glands of pubertal mice.53 The finding that dietary 
chromista oil further altered the pathways by decreasing the 
signals of 7 amino acid metabolites (asparagine, leucine, 
methionine, phenylalanine, serine, tryptophan and tyrosine) 
and increasing 2 metabolites (glutamic acid and oxoproline) 
indicates that chromista oil may alter amino acid metabolism 
in mice with excess adiposity. Dysregulation of amino acid 
metabolism in impaired glucose homeostasis elevates circulat-
ing amino acids, including branched chain amino acids, pheny-
lalanine and tyrosine.54,55 Insulin resistance and mitochondrial 
dysfunction are inextricably linked.56 Perhaps, the chromista 
oil-enhanced hepatic insulin resistance, which is indicated by 
the elevated HOMA-IR score, is partly responsible for the 
altered amino acid metabolism in mice with excess fat mass.

The glutathione metabolism pathway is the second meta-
bolic pathway that was altered by the HFD. The HFD 

decreased signals of both glutathione and its metabolite 
cysteine-glycine. Glutathione is a tripeptide of glutamate, 
cysteine and glycine. In glutathione metabolism, glutamate is 
removed from glutathione to yield cysteine-glycine,57 which 
enhances antioxidant capacity.58 A HFD has been found to 
downregulate glutathione metabolism in mice.59 In this study, 
there were no significant differences in the glutathione metab-
olism pathway and signals of glutathione and cysteine-glycine 
when the chromista HFD group was compared to the HFD 
group. It suggests that chromista oil, at the dietary level tested, 
does not affect glutathione metabolism altered by the HFD or 
that it acts similarly in mice with excess adiposity.

Consumption of chromista oil in mice fed a HFD affected 
metabolites associated with energy metabolism. Signals from 
intermediates of glycolysis (eg, glycerol-α-phosphate) and the 
citrate cycle (eg, succinic acid) were elevated in chromista 

Table 8. Hepatic metabolites related to nucleotide and vitamin metabolism from mice fed the control diet, high-fat diet (HFD), or chromista oil-
containing HFD (HFD-CO).

METABOLITES CONTROL HFD HFD-CO

Nucleotides

 Adenine 1 ± 0.05 1.13 ± 0.10 1.23 ± 0.05

 Adenosine 1 ± 0.09b 1.21 ± 0.11b 2.64 ± 0.13a

 Adenosine-5-monophosphate 1 ± 0.20 1.60 ± 0.36 1.71 ± 0.49

 Hypoxanthine 1 ± 0.19a 0.85 ± 0.18a 0.31 ± 0.06b

 Inosine 1 ± 0.10s 0.79 ± 0.11a 0.39 ± 0.07b

 Inosine 5-monophosphate 1 ± 0.21 1.28 ± 0.24 0.79 ± 0.10

 N-methyl-uridine-5-monophosphate 1 ± 0.14b 1.76 ± 0.25ab 2.41 ± 0.33a

 Pyrophosphate 1 ± 0.10b 1.31 ± 0.18b 2.41 ± 0.18a

 Ribose 1 ± 0.11a 1.11 ± 0.18a 0.36 ± 0.09b

 UDP-N-acetylglucosamine 1 ± 0.07 1.09 ± 0.09 1.19 ± 0.15

 Uracil 1 ± 0.09ab 1.38 ± 0.26a 0.63 ± 0.04b

 Uridine 1 ± 0.07a 0.89 ± 0.12a 0.59 ± 0.05b

 Xanthine 1 ± 0.06a 0.87 ± 0.09a 0.34 ± 0.05b

 5-Methylthioadenosine 1 ± 0.04b 1.45 ± 0.11a 1.45 ± 0.09a

Vitamins  

 Ascorbic acid 1 ± 0.38 0.52 ± 0.05 0.64 ± 0.03

 Dehydroascorbic acid 1 ± 0.06b 1.16 ± 0.07b 1.45 ± 0.07a

 Flavin adenine 1 ± 0.08a 1.13 ± 0.09a 0.46 ± 0.04b

 Nicotinamide 1 ± 0.03 0.98 ± 0.07 0.90 ± 0.07

 α-Tocopherol 1 ± 0.12 1.60 ± 0.18 2.09 ± 0.59

Values of treatment groups are normalised to that of the control group (n = 12 per group). Values (means ± SEM) in the same row with different superscripts are significant 
at P ⩽ 0.05 (FDR-adjusted P values).
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Figure 4. Sparse partial least squares discriminant analysis (sPLS-DA) of identified metabolites in liver from mice fed the control diet, high-fat diet (HFD), 

or chromista oil-containing HFD (HFD-CO) (A). Loadings plots 1 (B), 2 (C) and 3 (D) represent the 10 metabolites that are the most influential in treatment 

separation for components 1, 2 and 3, respectively, of the sPLS-DA scores plot (n = 12 per group).

Figure 3. Heatmap of the 25 metabolites in liver that are the most significantly differentiated among the 3 groups fed the control diet, high-fat diet (HFD), 

or chromista oil-containing HFD (HFD-CO) (n = 12 per group, FDR corrected P ⩽ .05). Each square is the mean of 12 samples. Colour codes: blue, weaker 

signal strength; dark-red, greater signal strength.
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HFD-fed mice compared to those fed the HFD. In contrast, 
maltose, maltotriose and mannose were substantially down-
regulated in chromista HFD-fed mice. Maltose and maltotri-
ose are saccharides containing two and three glucose molecules, 
respectively. Both are digestive products of amylose in starch. 
Mannose, a monomer of aldohexose, glycosylates proteins for 

cell signalling and recognition.60 The changes in metabolites of 
energy metabolism in the present study suggest that mice with 
excess adiposity may have increased metabolic needs when they 
were fed the chromista HFD. This suggestion is supported by 
the elevated signals from adenosine (a nucleotide) and pyroph-
osphate in chromista HFD-fed mice. Adenosine provides 
chemical energy in the form of adenosine triphosphate (ATP) 
for many cellular functions that demand energy; the release of 
energy occurs with the hydrolysis of ATP to adenosine 
monophosphate (AMP) and pyrophosphate.

Significant increases in plasma total and HDL cholesterols 
and liver triacylglycerol occurred in mice fed either the HFD 
compared to the control mice. These findings are consistent 
with previous research in rodents fed a HFD36,61 and with 
human studies that obesity increases cholesterol and triacylglyc-
erol in blood.62,63 These increases likely can be attributed to a 
higher dietary fat intake rather than an elevated de novo lipid 
biosynthesis. This likelihood is supported by the finding of no 
significant differences in transcription of genes encoding fatty 
acid metabolism among the 3 groups. However, signals from 
unsaturated fatty acids were diminished while signals 

Table 9. Network enrichment pathways identified by the kEGG global 
network analysis that are significantly altered by the high-fat diet 
(HFD) or the chromista oil containing HFD (HFD-CO).

METABOLIC PATHwAYS MATCH STATUSa Pb

Control vs HFD

 Aminoacyl-tRNA biosynthesis 6/22 <.01

 Glutathione metabolism 4/19 <.01

HFD vs HFD-CO

 Aminoacyl-tRNA biosynthesis 6/22 <.01

aNumber of identified metabolites that match to pathway metabolites.
bFDR-adjusted P values.

Figure 5. Functional relationships of the identified metabolites when comparing the high-fat diet group to the control group (n = 12 per group). Colour 

codes: white-yellow, weaker impact; red, greater impact. Network statistics for the analysis are in Supplemental Table 2.
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from saturated fatty acids were not affected by the chromista oil 
feeding. The finding of changes in unsaturated fatty acids is 
consistent with an early report that n-6 fatty acid contents were 
lower in mice consuming a fish oil-based HFD64 and suggests 
that chromista oil might attenuate de novo lipogenesis in mice 
with excess fat mass. Furthermore, the lack of difference in 
plasma HDL cholesterol between the 2 HFD groups suggests 
that chromista oil at the level tested in this study does not affect 
HDL cholesterol metabolism in mice with excess adiposity.

The ethanolamine signal was spectacularly higher in mice 
fed either the HFD. Ethanolamine is a naturally occurring 
compound containing a primary amine and a primary alcohol. 
Its derivative phospholipids are constituents of biological 
membranes. A recent study has shown that the relative abun-
dance of gut bacteria, which metabolises ethanolamine, is 
diminished in obesity while gut permeability is increased.65 
Unmetabolised ethanolamine from the gut reaching liver may 
be the reason for the extraordinary amounts found in mice with 
excess fat mass and for intake of chromista oil not preventing 
the elevated hepatic ethanolamine.

We found increased adenosine and pyrophosphate and 
decreased hypoxanthine, inosine, ribose, uracil, uridine and 

xanthine in mice fed the chromista HFD. These changes indicate 
that consumption of chromista oil may have altered nucleotide 
metabolism. Adenosine is a glycosylated purine consisting of an 
adenine and a ribose. A common purine breakdown product is 
xanthine. Also, when a nucleotide is incorporated into a growing 
DNA or RNA, ATP is hydrolysed to AMP and pyrophosphate 
to provide needed energy for the incorporation. Thus, the changes 
in signals of nucleotide metabolism indicate that chromista oil 
might have increased adenosine formation, decreased purine 
breakdown or both in mice with excess fat mass.

In summary, feeding the chromista oil containing HFD to 
mice with excess adiposity did not affect body adiposity, body 
weight, feed efficiency, RER, energy intake, total and HDL 
cholesterols in plasma, triacylglycerols in liver and transcription 
of genes encoding circadian rhythm and fatty acid metabolism 
when compared to the HFD. Thus, chromista oil, at the dietary 
level tested in this study, is unable to mitigate the HFD-
induced metabolic inflexibility in mice with excess adiposity. 
Increases in plasma insulin and adiponectin by the chromista 
oil feeding suggests that chromista oil may be anti-inflamma-
tory, but the insulin sensitising effect of adiponectin is unable 
to overcome the overall suppressive effects that a HFD and 

Figure 6. Functional relationships of the identified metabolites when comparing the chromista oil-containing high-fat diet group to the high-fat diet group 

(n = 12 per group). Colour codes: white-yellow, weaker impact; red, greater impact. Network statistics for the analysis are in Supplemental Table 3.
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excess adiposity have on insulin sensitivity. Untargeted metab-
olomic analysis found significant differences in metabolomic 
profiles with substantial alterations in amino acid metabolism 
between mice fed the HFD with and without chromista oil. 
Targeted metabolomic analysis and investigations on mecha-
nisms underlying the alterations in metabolomic profiles are 
warranted to fully elucidate the role of chromista oil, including 
its active components n-3 PUFA, on metabolism in models of 
obesity.
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