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Background: Several cardioprotective mechanisms attributed to n-3 polyunsaturated

fatty acids (PUFAs) have been widely documented. Significant interest has recently

focused on the role of human gut microbiota in metabolic disorders. However, the role

of plant-derived n-3 PUFAs on blood lipid profiles is controversial and the effect on gut

microbiota is still unclear.

Objectives: We aimed to perform a double-blind randomized controlled trial to test the

effect of plant-derived n-3 PUFAs on the blood lipids and gut microbiota of patients with

marginal hyperlipidemia.

Methods: According to the inclusion and exclusion criteria, 75 participants with

marginal hyperlipidemia were randomly assigned to the intervention group (supplied

with n-3 PUFA-enriched plant oil) or control group (supplied with corn oil), respectively,

for a 3-month treatment. Participants and assessors were blinded to the allocation.

The primary outcomes of the trial were the changes in serum lipid levels. Secondary

outcomes were changes in gut microbiota and metabolites. For the primary outcomes,

we conducted both an intent-to-treat (ITT) analysis and a per protocol (PP) analysis. For

the secondary outcomes, we only conducted the PP analysis among the participants

who provided fecal sample.

Results: Fifty-one participants completed the trial. Relative to the control

group, the n-3 PUFA supplementation resulted in significant reduction in total

cholesterol (TC) levels (−0.43 mmol/L, 95% CI−0.84 to−0.01 mmol/L, P <

0.05). The n-3 PUFA supplementation was also associated with significantly

increased relative abundance of Bacteroidetes in phylum level (P < 0.01;

false discovery rate (FDR) corrected p = 0.11), and decreased the ratio

between Firmicutes and Bacteroidetes (P < 0.05; FDR corrected p = 0.16). At
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genus level, the intervention of plant derived n-3 PUFAs resulted in a significant decrease

in relative abundance of Phascolarctobacterium (P < 0.01; FDR corrected p = 0.18) and

Veillonella (P < 0.01; FDR corrected p = 0.18) after the intervention.

Conclusions: Our results demonstrated that plant-derived n-3 PUFAs beneficially

affected the serum levels of TC and decreased the ratio between Firmicutes and

Bacteroidetes during the 12-week intervention period, which might confer advantageous

consequences for lipid metabolism and intestinal health.

Keywords: n-3 polyunsaturated fatty acids, hyperlipidemia, gut microbiota, randomized controlled trial, blood lipid

INTRODUCTION

Hyperlipidemia is an important risk factor for coronary heart
disease and stroke (1). According to the data released by the
China National Stroke Screening and Prevention Project, the
standardized prevalence of hyperlipidemia was 43% among
Chinese adults of 40 years or above (2). Adults with prolonged
exposure to even moderate hyperlipidemia may benefit from
more aggressive primary prevention (3). Epidemiological studies
indicated that sensible management of diet played an important
role to relieve the condition of hyperlipidemia (4).

Habitual fat intake is closely related to lipid metabolism and
cardiometabolic health (5). Considerable research supports a
reduction in cardiovascular disease risk with habitual dietary
intake and high blood circulation of n-3 polyunsaturated fatty
acids (PUFAs) (6, 7). The primary source of eicosapentaenoic
acid (EPA), docosapentaenoic acid (DPA) and docosahexaenoic
acid (DHA) is seafood especially oily fish. However, realizing
the goal of fatty fish consumption is obstructed by the food
preferences and by concerns about the bio-enrichment of heavy
metals (8). This has increased the interest in the health benefits
of n-3 PUFAs derived from plants, including alpha-linolenic acid
(ALA) from flaxseed, rapeseed, and camelina oils, and stearidonic
acid (SDA) from echium oil (9). The role of plant-derived n-3
PUFAs in the of lipidmetabolism has not beenwell illustrated and
their effects on blood lipid profiles are still controversial (10–15).

In recent years, significant interest has focused on
the presence of characteristic gut microbiota, specific gut
microbiota-dependent pathways, and downstream metabolites
in cardiovascular disease and metabolic disorders (16, 17).
Previous cross-sectional study has identified 34 gut bacterial
taxa associated with blood lipid levels among healthy
subjects (18). Another case-control study demonstrated that
hypercholesterolemia patients showed a particular gut bacterial
signature, which characterized by lower relative abundance
of both Anaeroplasma and Haemophilus and higher relative
abundance of both Odoribacter and Ruminococcus compared
with the control group (19). In addition, short-chain fatty
acids (SCFAs) such as isobutyric acid correlated positively with
Odoribacter and lipid parameters (19). These prior studies
suggested the important role of gut microbiota in the variation
of blood lipid levels, and supported the potential of therapies
altering the gut microbiome to improve hyperlipidemia status.
A previous review summarized a potential positive action of
marine-derived n-3 PUFAs on gut microbiota (20). However,

limited studies have evaluated how the plant-derived n-3
PUFAs related to the gut microbiota, and existing results were
inconsistent (21–23).

Therefore, we aimed to perform a double-blind randomized
controlled trial to test the effect of plant-derived n-3 PUFAs on
the blood lipids and gut microbiota of patients with marginal
hyperlipidemia. The primary outcomes of the trial were the
changes in serum lipid levels. Secondary outcomes were changes
in gut microbiota and metabolites.

SUBJECTS AND METHODS

Study Population
The institutional research ethics board at Tongji Medical College
approved the study protocol. All participants provided written
informed consent prior to enrollment.

The study recruited 1,605 individuals aged 30–65 years from a
community health service center in Nanshan district, Shenzhen,
China from July 2018 to September 2018. We collected the
data through questionnaire, physical examination, laboratory
detection, and clinical records. Participants were required to
be native Chinese who lived in Shenzhen. After a screening
blood lipid test, subjects with marginal hyperlipidemia (total
cholesterol (TC) ≥ 5.2 mmol/L or triglycerides (TG) ≥ 1.7
mmol/L) were considered to meet the preliminary inclusion
criteria according to the Chinese Guidelines on Prevention and
Treatment of Dyslipidemia (24). The exclusion criteria included
used flaxseed/rapseed/soybean oil as daily cooking oil, consumed
walnuts or fatty fish more than 100 g/week, drank alcohol more
than 2 drinks/day, smoked more than 10 cigarettes/day, had
food allergies, had a history of chronic or metabolic diseases,
used medication or supplements known to affect blood lipids,
took antibiotics for more than three consecutive days in the
last month. Women who were not menopausal or went into
menopause for< 1 year were excluded. A total of 225 individuals
meeting the inclusion and exclusion criteria were contacted to
participate in the study. Finally, 75 individuals were willing to
participate in the study (Figure 1). The study was registered at
clinicaltrials.gov as HPG2017102074.

Sample Size Calculation
In a repeated measures design, sample size estimation was based
on detecting a treatment difference in TC change of 0.60 with
an SD of 0.80. With type I error (α) of 0.05 and type II error
(β) of 0.20 (power = 80%), using r = 0.8 to account for
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FIGURE 1 | Flow chart of the participant recruitment and withdraw.

the high degree of correlation between successive measures, a
required sample size of 25 patients per group was obtained, which
increased to 35 patients for potential dropouts (30%). However,
because of a larger-than-expected dropout at the start, participant
recruitment numbers were increased to 75.

Study Design
In this double-blind randomized controlled trial, after
stratification by sex and TC < 6.2 mmol/L or≥ 6.2 mmol/L (240
mg/dL) but without a predetermined block size, participants
were randomly and equally assigned to two groups in a blinded
fashion. According to the randomization scheme, subjects were
allocated to the intervention or control group, and started
supplementation with n-3 PUFA oil capsule or corn oil capsule,
respectively. During the intervention period of 12 weeks, subjects
in the intervention group consumed daily 4 g of n-3 PUFA-rich
oil, of which 9.6% from saturated fatty acids, 15.7% from
monounsaturated fatty acids, 24.9% from n-6 polyunsaturated
fatty acids, and 41.2% from n-3 PUFAs (1.2 g ALA and 0.4 g
SDA). Subjects in the control group consumed daily 4 g of
corn oil, of which 13.1% from saturated fatty acids, 28.9% from
monounsaturated fatty acids, 44.4% from n-6 polyunsaturated
fatty acids, and 0.6% from n-3 PUFAs (n-3 PUFAs < 0.05 g)
(see online Supplementary Table 1 for content). All selected
participants were asked to maintain their diet and exercise
routine throughout the study. Participants and the blood
testing by technicians were blinded to the grouping status.
Oil capsules provided to the two groups were produced to be
consistent for appearance and taste to maintain the masking of
the study participants.

Participants were randomized to take either n-3 PUFA oil
capsules or corn oil capsules at the first visit (week 0) within
2 weeks of the screening visit. The second and third visits
were at weeks 6 and 12 after the intervention, respectively.
Physical measurement and clinical laboratory examination were
conducted at each visit. A complete physical examination was
conducted to measure the height, weight, waist circumference,
hip circumference, and blood pressure on each participant at each
visit. The body weight was measured while they were not wearing
shoes or heavy clothing. The blood pressure was measured after
the subjects had rested in a sitting position. Height and weight
measurements were used to calculate the body mass index (BMI).
Blood and fecal samples were also collected at each visit and were
stored at −80◦C until further laboratory examination. At the
second and third visit, adverse event monitoring was undertaken
by a brief interview based on questionnaire for recognized
adverse symptoms of oil capsule supplements. Participants were
asked to keep in touch with the researchers if any adverse effects
were observed or if other drug treatment needed during the
study period.

Quality control and compliance with the intervention
protocol were insured among participants by requiring
participants to maintain 3 day 24-h dietary recall (including two
weekdays and one weekend day) before the intervention started,
during the intervention at week 6, and before the intervention
ended for 3 times, and to return any unconsumed capsules at the
third visit. The fatty acid intake including the consumption from
the capsules and dietary intake. Compliance was expressed as
the number of capsules consumed (determined by the returned
capsules) vs. the amount that would have been consumed with
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100% compliance during the study period (>90%, excellent;
80–90%, good; <80%, poor). In addition, the plasma and
erythrocyte membrane fatty acid composition were determined
as a marker of compliance.

Serum Sample Collection and Clinical
Indicator Measurement
Fasting blood samples were drawn by a health care professional.
The samples were immediately placed in an ice container
and transferred to the Clinical Laboratory of Chronic Diseases
Hospital in the NanshanDistrict. Blood samples were centrifuged
at 3,000 rpm for 15min at room temperature. The clinical
indicators were detected by the automatic biochemical analyzer
HITACH 7080.

Fatty Acids Measurement
Plasma and red blood cells were obtained from whole blood
EDTA samples and were stored at −80◦C. Plasma samples were
thawed at 4◦C and mixed thoroughly before pretreatment. Red
blood cell samples were mixed with hexane, centrifugated at
15,000 rpm for 3min, and followed by removing supernatant
to extract the erythrocyte membrane. The derivatization of fatty
acids was achieved by the modified direct transesterification
method proposed by Lepage (25). Fatty acid methyl esters were
separated and analyzed by an Agilent 7890B gas chromatography
coupled with an Agilent 5977A Series mass spectrometry with
an Agilent DB-23 capillary column. The dilution series of the
standard mixture of fatty acid methyl esters (Sigma Aldrich,
Poole, UK) were used for the establishment of calibration curves.
Individual fatty acids were presented as the % (w/w) content of
the total fatty acid pool measured.

Fecal Samples Collection and 16S
Ribosomal RNA Gene Sequencing
Participants were instructed to collect their stool using MGIEasy
stool sample collection kit (26). Uncontaminated samples were
collected and then frozen at −80◦C within 8 h. Microbial DNA
extraction, PCR, and Illumina sequencing were performed as
described previously (27). Briefly, DNA extraction was conducted
using a QIAamp Fast DNA Stool Mini Kit (Qiagen, Valencia,
CA, USA). The V3-V4 region of the bacteria’s 16S ribosomal
RNA (rRNA) gene was amplified with barcode-indexed primers
(338F and 806R) by thermocycler Polymerase Chain Reaction
system (GeneAmp 9700, ABI, Hampton, NH,USA) using FastPfu
Polymerase. Amplicons were purified using AxyPrep DNA
GelExtraction Kit (Axygen Biosciences, Union City, CA, USA),
then quantified using QuantiFluor-ST (Promega, Madison, WI,
USA). Sequencing was performed using the Illumina MiSeq
platform (Illumina, San Diego, CA, USA).

Fecal SCFA Measurement
Fecal samples for SCFA measurement were collected using
aseptic swabs and sterile freeze storage tube. The details of fecal
SCFAmeasurement have been described elsewhere (27). In short,
SCFAs were measured with an Agilent 6890N gas chromatograph
coupled with an Agilent 5975B mass spectrometer (Agilent
Technologies Santa Clara, CA, USA). The calibration curves were

obtained using internal standard quantitation was used for data
acquisition and processing were conducted with the Varian MS
workstation software (version 6.6).

STATISTICAL ANALYSIS

General characteristics were summarized according to
intervention group and control group as numbers (percentages)
for categorical data, means ± standard deviations (SDs) for
parametrically distributed data, and medians (interquartile
range) for nonparametrically distributed data. Treatment effect
was analyzed using the mixed linear model, with change from
baseline as the response variable and supplementation (n-3
PUFAs enriched plant oil vs. corn oil) and time (weeks 0, 6,
and 12) as the main effects. Within treatment changes for all
variables were estimated by the least squares means technique
within the mixed model. For the anthropometric indicators and
clinical parameters, we conducted both an intent-to-treat (ITT)
analysis and a per protocol (PP) analysis. All patients who met
the inclusion criteria were included in the ITT analysis (n =

75) to maintain the original group composition achieved by
randomization, and we carried the last observation forward
for those time points where data were unavailable (28). For
the PP analysis, subjects were included if they completed the
intervention and all clinic visits, and were compliant with the
intervention regimen (defined as consuming ≥ 80% of the oil
capsules provided, consuming no additional food contained
n-3 PUFA, and consuming no lipid-lowering drugs during the
intervention period). Treatment differences in gut microbiota
and metabolites were assessed from all available data, and we
only conducted the PP analysis among the participants who
provided fecal sample and completed the trial assignment to
reflected the effects of the intervention unaffected by protocol
deviations or non-adherence (29).

As stated above, participants who provided fecal samples
at weeks 0, 6 and 12 were included in the 16S rRNA
sequencing and further analysis. The 16S rRNA sequencing
data were processed utilizing the Quantitative Insights Into
Microbial Ecology platform (QIIME, Boulder, CO, USA, V.1.7.1)
(30). Chimeras were removed and the operational taxonomic
units (OTUs) were with 97% homology were generated using
USEARCH (31). The identified taxonomy was aligned with
Ribosomal Database Project Classifier (32) and Greengenes
reference database (V.13.8). Alpha and beta diversity metrics
were calculated in QIIME using the rarefied operational
taxonomic unit (OTU) table. Beta diversity was assessed based
on weighted UniFrac distances and permutational multivariate
analysis of variance (PERMANOVA) with the use of the Adonis
function in the “vegan” package1. For phylum- to genus-
level microbiota groups, comparisons between intervention and
control groups at the same time point were evaluated with
Mann-Whitney test, within-group differences compared with the
baseline were estimated with Wilcoxon matched-pair signed-
rank test, between-group differences were calculated with a

1Available online at: https://rweb.stat.umn.edu/R/site-library/vegan/html/CCorA.

html
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linear mixed model with package “lme4” (33). Enterotyping
was conducted on a combined genus-abundance matrix of all
samples on the basis of Jensen-Shannon divergence. Besides, the
Calinski-Harabasz Index was utilized to determine the optimal
number of the cluster. In the analysis of gut microbiota and
predicted Kyoto Encyclopedia of Genes and Genomes (KEGG)
biochemical pathways in each group, Wilcoxon matched-pair
signed-rank test was adopted in each group. A two-tailed P
< 0.05 was considered to be statistically significant. P values
were corrected for multiple comparisons using the Benjamini-
Hochberg procedure. Although no universal false discovery rate
(FDR) significance threshold has been defined, a cut-point of 0.20
has been suggested (34) and used in the analysis of 16S rRNA
sequencing studies (35, 36). Statistics were performed using R
version 4.0.2 and SAS version 9.4 (SAS Institute).

RESULTS

Subject Characteristics
We conducted screening questionnaires and blood lipid tests
with 1,605 individuals and invited 255 potentially eligible
participants to attend an in-person screening visit for informed
consent. A total of 75 adults were willing to participate in the
study and were randomly assigned to one of the two groups: 38
to the intervention group and 37 to the control group (Figure 1).
All randomly assigned participants were included in the ITT
analyses (n = 75). Twenty-four subjects were excluded from
the PP analyses (n = 51): 5 dropped out for not being located,
10 dropped out for personal reasons and 9 were excluded for
noncompliance. Of the included participants, 32% dropped out
at different intervals throughout the study. The dropout rate was
not significantly different between groups (P = 0.68). Neither
of the two groups reported harms or unintended effects. The
baseline characteristic of the subjects who completed the trial was
shown in Table 1.

Energy and Macronutrient Intake
The mean energy intake of the control and intervention groups
were 2050.6 (95% CI 1875.0 to 2226.2) kcal/day and 1977.8 (95%
CI 1805.6 to 2150.0) kcal/day, respectively. Summary data for the
macronutrient intakes were shown in Supplementary Table 2.
There was no significant difference in the change of energy or
macronutrient intake between two groups except for PUFAs. The
mean change of PUFAs was 3.39 g/day (95% CI 1.71 to 5.07
g/day) for the intervention group and 0.35 g/day (95% CI−1.45
to 2.14 g/day) for the control diet. The relative increase for the
intervention group was 3.04 g/day (95% CI 0.59 to 5.50 g/day, P
= 0.02).

Adherence to the Intervention
Participant’s compliance to the intervention protocol was verified
by the number of capsules consumed and fatty acid composition
in plasma and erythrocyte membrane. The compliance was good
in both two groups and the percentage of capsules consumed
were not significantly different between groups (83.8% in the
intervention group and 84.5% in the control group, P = 0.78).
During the intervention, the concentrations of DPA in plasma

TABLE 1 | Baseline characteristic of the participants completed the intervention.

Control group Intervention group

(n = 25) (n = 26)

Sex (male/female) 11/14 11/15

Age (years)a 53.16 ± 6.11 52.54 ± 8.85

Educational level (n)

Senior high school or below 22 25

College or above 8 3

Current smoking (n) 4 3

Current drinking (n) 4 2

Weight (kg)a 63.60 ± 9.55 63.76 ± 12.31

BMI (kg/m2)a 24.98 ± 2.67 25.00 ± 3.04

Waist circumference (cm)a 87.58 ± 7.85 88.51 ± 9.06

Waist to hip ratioa 0.91 ± 0.11 0.91 ± 0.10

Diastolic pressure (mmHg)a 74.40 ± 11.34 73.54 ± 14.72

Systolic pressure (mmHg)a 119.68 ± 12.99 119.65 ± 20.27

TG (mmol/L)a 1.81 ± 1.55 2.05 ± 0.94

TC (mmol/L)a 5.60 ± 0.70 5.83 ± 1.09

LDL-C (mmol/L) 3.67 ± 0.56 3.86 ± 0.84

HDL-C (mmol/L) 1.37 ± 0.30 1.31 ± 0.24

ApoA1 (g/L) 1.76 ± 0.34 1.76 ± 0.29

ApoB (g/L) 1.08 ± 0.26 1.13 ± 0.31

Fasting glucose (mmol/L) 5.13 ± 0.56 5.16 ± 0.41

HbA1C (%) 5.70 ± 0.32 5.79 ± 0.34

Fasting insulin (µU/ml) 7.81 ± 3.39 9.45 ± 5.52

aValues are Mean ± SD.

as well as EPA in erythrocyte membrane were increased in the
intervention group compared with the control group (P = 0.02
and P = 0.03, respectively). There was no significant treatment
difference in the other fatty acids (Table 2).

Changes in Anthropometric and Clinical
Indicators
The supplementation of plant-derived n-3 PUFA significantly
decreased TC concentrations comparedwith the control group (P
< 0.05) (Table 3). During the intervention, the mean TC change
was−0.48mmol/L (95%CI−0.78 to−0.19mmol/L, P< 0.01) for
the intervention group and−0.06 mmol/L (95% CI−0.36 to 0.24
mmol/L, P = 0.24) for the control diet. The relative change for
the intervention group was−0.43mmol/L (95%CI−0.84 to−0.01
mmol/L, P= 0.02). There was no significant treatment difference
in anthropometric and clinical indicators such as weight, BMI,
waist circumference, waist to hip ratio, blood pressure, fasting
TG, HDL-C, ApoA1, ApoB, glucose, HbA1C, and insulin. ITT
analysis produced similar results to the PP analysis with respect
to significant findings (Table 3).

Changes in the Intestinal Microbiota
The microbial community diversity indicated by the Shannon
diversity index and Simpson diversity index (Figure 2A), and the
community richness estimated by the Ace and Chao1 estimators
(Figure 2B) showed no significant change in the two groups
during the intervention. The two groups showed no significant
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TABLE 2 | Changes in fatty acid composition of plasma and erythrocyte membrane in subjects at baseline, week 6 and week 12 of interventiona.

Parameter Change within groupa Between groupsa

Control group (n = 25) Intervention group (n = 26) Change P-value (PP)

Baseline Change week 6 Change week 12 Baseline Change week 6 Change week 12

Plasma

SFAs 47.49 (46.63, 48.35) −0.19 (−0.76, 0.39) −1.94 (−3.12,−0.76)** 46.46 (45.60, 47.32) −0.02 (−0.52, 0.48) −1.18 (−2.18,−0.17)* 0.76 (−0.79, 2.32) 0.33

MUFAs 13.24 (12.08, 14.41) −0.22 (−1.32, 0.88) 0.61 (−1.13, 2.36) 14.45 (13.29, 15.62) −0.82 (−1.78, 0.15) −0.51 (−2.00, 0.97) −1.13 (−3.42, 1.16) 0.33

PUFAs 39.27 (38.40, 40.14) 0.41 (−0.39, 1.20) 1.31 (0.32, 2.30)* 39.09 (38.22, 39.96) 0.84 (0.15, 1.53)* 1.69 (0.85, 2.53)*** 0.38 (−0.92, 1.68) 0.56

ALA 0.30 (0.16, 0.44) 0.03 (−0.15, 0.21) 0.01 (−0.17, 0.20) 0.57 (0.43, 0.71) 0.09 (−0.07, 0.25) −0.15 (−0.30, 0.01) −0.16 (−0.40, 0.09) 0.19

EPA 0.49 (0.36, 0.62) 0.03 (−0.14, 0.20) 0.05 (−0.15, 0.24) 0.60 (0.47, 0.73) 0.13 (−0.02, 0.28) 0.19 (0.02, 0.36)* 0.14 (−0.12, 0.40) 0.28

DPA 0.46 (0.41, 0.52) 0.00 (−0.05, 0.06) −0.02 (−0.11, 0.07) 0.44 (0.38, 0.49) 0.08 (0.03, 0.13)* 0.12 (0.05, 0.20)* 0.14 (0.03, 0.26) 0.02

DHA 4.20 (3.65, 4.75) −0.10 (−0.48, 0.28) −0.12 (−0.58, 0.33) 3.92 (3.38, 4.47) −0.16 (−0.49, 0.18) 0.00 (−0.39, 0.38) 0.12 (−0.48, 0.72) 0.69

Erythrocyte membrane

SFAs 46.68 (45.70, 47.65) −1.06 (−2.16, 0.04) −1.40 (−2.51,−0.30) 46.65 (45.70, 47.59) −1.30 (−2.21,−0.39) −1.49 (−2.40,−0.57) −0.08 (−1.52, 1.36) 0.91

MUFAs 16.29 (15.58, 17.01) −0.49 (−1.19, 0.21) −0.97 (−1.84,−0.10)* 16.78 (16.10, 17.47) −0.69 (−1.27,−0.10)* −1.10 (−1.81,−0.39)** −0.13 (−1.26, 1.00) 0.82

PUFAs 37.03 (35.59, 38.47) 1.55 (0.03, 3.06) 2.40 (0.68, 4.11)* 36.57 (35.18, 37.96) 1.99 (0.73, 3.25)* 2.58 (1.16, 4.00)*** 0.19 (−2.04, 2.41) 0.87

ALA 0.86 (0.69, 1.04) 0.03 (−0.25, 0.31) −0.10 (−0.32, 0.12) 1.05 (0.88, 1.22) 0.23 (0.00, 0.46) 0.12 (−0.06, 0.30) 0.22 (−0.06, 0.51) 0.12

EPA 0.33 (0.27, 0.40) 0.00 (−0.05, 0.06) 0.02 (−0.05, 0.08) 0.31 (0.24, 0.37) 0.07 (0.02, 0.11)** 0.11 (0.06, 0.17)*** 0.10 (0.01, 0.19) 0.03

DPA 0.95 (0.84, 1.05) −0.05 (−0.16, 0.06) −0.02 (−0.16, 0.11) 0.97 (0.87, 1.08) 0.00 (−0.09, 0.09) 0.06 (−0.05, 0.17) 0.08 (−0.09, 0.26) 0.34

DHA 5.46 (4.84, 6.07) −0.08 (−0.42, 0.25) 0.07 (−0.31, 0.44) 5.20 (4.60, 5.80) −0.08 (−0.36, 0.20) 0.07 (−0.24, 0.38) 0.00 (−0.49, 0.48) 0.99

Data are mean (lower confidence limit, upper confidence limit). Fatty acid composition of plasma and erythrocyte membrane were obtained at week 0, representing baseline, and weeks 6 and 12 - baseline, representing change from

baseline. Significant difference from baseline (*, P< 0.05; **, P< 0.01; ***, P< 0.001). aMean, confidence limits, and P-values determined using repeated-measures least squares means in PROCMIXED of SAS 9.4 with all available data.
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TABLE 3 | Changes from baseline in anthropometric markers and clinical indicators in subjects at baseline and following oil capsule interventiona.

Parameter Changes within groupa Between groupsa

Control group (n = 25) Intervention group (n = 26) Changes P-value (PP) P-value (ITT) b

Baseline Changes in week 6 Changes in week 12 Baseline Changes in week 6 Changes in week 12

Anthropometric markers

Weight (kg) 63.60 (59.16, 68.04) 0.08 (−0.45, 0.60) 0.59 (−0.02, 1.19) 63.76 (59.40, 68.11) −0.52 (−1.03, 0.00) 0.13 (−0.46, 0.71) −0.46 (−1.30, 0.38) 0.28 0.27

BMI (kg/m2) 24.98 (23.83, 26.14) 0.01 (−0.28, 0.30) 0.15 (−0.11, 0.41) 25.00 (23.87, 26.13) 0.04 (−0.25, 0.32) 0.13 (−0.12, 0.38) −0.03 (−0.39, 0.33) 0.89 0.87

WC (cm) 87.58 (84.17, 91.00) −0.30 (−2.67, 2.07) 0.68 (−1.72, 3.08) 88.51 (85.16, 91.85) 0.81 (−1.52, 3.13) 1.53 (−0.80, 3.87) 0.85 (−2.49, 4.20) 0.61 0.62

Waist to hip ratio 0.91 (0.87, 0.95) −0.02 (−0.06, 0.02) −0.01 (−0.06, 0.04) 0.91 (0.87, 0.95) 0.01 (−0.03, 0.05) 0.00 (−0.04, 0.05) 0.01 (−0.05, 0.08) 0.66 0.65

SP (mmHg) 119.68 (112.81, 126.55) −0.68 (−5.29, 3.93) 2.77 (−4.28, 9.81) 119.65 (112.92, 126.39) −1.08 (−5.60, 3.45) −1.46 (−8.25, 5.33) −4.23 (−14.01, 5.55) 0.39 0.39

DP (mmHg) 74.40 (69.11, 79.69) 1.00 (−2.07, 4.07) 3.19 (−0.87, 7.24) 73.54 (68.35, 78.73) 0.12 (−2.89, 3.13) 2.42 (−1.48, 6.33) −0.76 (−6.39, 4.87) 0.79 0.76

Clinical indicators

TG (mmol/L) 1.81 (1.29, 2.32) −0.17 (-0.47, 0.13) −0.36 (−0.68,−0.05)* 2.05 (1.54, 2.55) −0.28 (−0.57, 0.02) −0.52 (−0.83,−0.21)** −0.15 (−0.60, 0.29) 0.49 0.56

TC (mmol/L) 5.60 (5.23, 5.97) 0.08 (−0.13, 0.29) −0.06 (−0.36, 0.24) 5.83 (5.47, 6.20) −0.29 (−0.50,−0.09)** −0.48 (−0.78,−0.19)** −0.43 (−0.84, −0.01) <0.05 <0.05

LDL-C (mmol/L) 3.67 (3.38, 3.95) 0.12 (−0.05, 0.29) 0.08 (−0.13, 0.29) 3.86 (3.58, 4.14) −0.16 (−0.32, 0.01) −0.20 (−0.40, 0.01) −0.28 (−0.58, 0.02) 0.07 0.07

HDL-C (mmol/L) 1.37 (1.26, 1.48) −0.01 (−0.05, 0.03) −0.02 (−0.09, 0.04) 1.31 (1.20, 1.42) −0.05 (−0.08,−0.01)* −0.08 (−0.14, −0.02)* −0.05 (−0.14, 0.03) 0.24 0.26

ApoA1 (g/L) 1.76 (1.63, 1.88) 0.07 (−0.02, 0.16) 0.09 (0.00, 0.18) 1.76 (1.63, 1.88) −0.03 (−0.12, 0.06) 0.00 (−0.09, 0.09) −0.09 (−0.22, 0.04) 0.17 0.16

ApoB (g/L) 1.08 (0.97, 1.20) 0.07 (0.00, 0.14) 0.07 (−0.02, 0.16) 1.13 (1.02, 1.25) −0.03 (−0.10, 0.04) −0.02 (−0.10, 0.07) −0.09 (−0.21, 0.03) 0.16 0.15

FPG (mmol/L) 5.13 (4.93, 5.33) −0.25 (−0.40,−0.09)* −0.05 (−0.18, 0.08) 5.16 (4.96, 5.35) −0.25 (−0.40,−0.10)* −0.06 (-0.18, 0.07) 0.00 (−0.18, 0.17) 0.96 0.98

HbA1C (%) 5.70 (5.56, 5.83) 0.03 (−0.02, 0.08) 0.02 (−0.03, 0.08) 5.79 (5.66, 5.92) 0.03 (−0.02, 0.09) 0.05 (−0.01, 0.10) 0.02 (−0.05, 0.10) 0.55 0.57

FPI (µU/ml) 7.81 (5.96, 9.66) −0.28 (−1.67, 1.11) 0.26 (−1.67, 2.18) 9.45 (7.64, 11.26) 0.43 (−0.94, 1.79) −0.10 (−1.99, 1.79) −0.35 (−3.05, 2.35) 0.79 0.79

Data are mean (lower confidence limit, upper confidence limit). Anthropometric and clinical measures were obtained at week 0, representing baseline, and weeks 6 and 12 - baseline, representing change from baseline. *Significant

difference from baseline (*, P < 0.05; **, P < 0.01). aMean, confidence limits, and P-values determined using repeated-measures least squares means in PROC MIXED of SAS 9.4 with all available data. bAll patients who met the

inclusion criteria were included in the ITT analysis (n = 75), and the last observations were carried forward for those time points where data were unavailable. WC, waist circumference; SP, systolic pressure; DP, diastolic pressure; PFG,

fasting plasma glucose; FPI, fasting plasma insulin.
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FIGURE 2 | Changes of global gut microbiota after intervention in each group. (A) The microbial community diversity estimated by Shannon and Simpson estimator at

OTU level; (B) The microbial community richness estimated by Chao and Ace estimator at OTU level; (C) Principal coordinate analysis (PCoA) score plots based on

weighted Unifrac analysis at OTU level in the control and intervention group at baseline (blue), week 6 (red), and week 12 (orange). Box represents the interquartile

range, the line inside represents the median, whiskers represent 10-90 percentiles, dot represents outliers that are past the ends of the whiskers.

shift in the overall composition of the gut microbiota at OTU
levels as indicated by PERMANOVA analysis (P > 0.05 for both)
(Figure 2C). The enterotypes remained stable in both of the two
groups (Supplementary Figure 1).

At phylum level, the relative abundance of Bacteroidetes
significantly increased in the intervention group after
intervention (P < 0.01; FDR corrected p = 0.11), while the

relative abundance of Firmicutes was marginally decreased
(P < 0.05; FDR corrected p = 0.23) (Figure 3A). We then
calculated the ratio between Firmicutes and Bacteroidetes
(F/B ratio), which widely used as a marker of gut dysbiosis
and found it to be significantly decreased in the intervention
group after intervention (P < 0.05; FDR corrected p =

0.16). Compared with the control group, the abundance of
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FIGURE 3 | Changes of relative abundance of gut microbiota composition before and after diet intervention. (A) phylum level; (B) genus level. *P < 0.05, **P < 0.01,

***P < 0.001 vs. baseline of the same group. #P < 0.05 vs. control group at the same time point.

the Firmicutes was significantly lower in the intervention
group after intervention (P < 0.05; FDR corrected p = 0.18).
Between-group analysis highlighted the significant interaction
of n-3 PUFA supplementation and groups (time∗group) on
Bacteroidetes (P for interaction = 0.02; FDR corrected p =

0.15) and F/B ratio (P for interaction = 0.04; FDR corrected p
= 0.15). At genus level, the intervention of plant-derived n-3
PUFAs resulted in a significant decrease in relative abundance
of Phascolarctobacterium (P < 0.01; FDR corrected p =

0.18) and Veillonella (P < 0.01; FDR corrected p = 0.18)
after the intervention (Figure 3B). The changes during the
intervention at class, order, and family levels were shown in
Supplementary Figure 2. The relative abundance of Bacteroidia
and Bacteroidales were increased, and the relative abundance
of Bacilli, Negativicutes, Enterobacteriales, Selenomonadales,
Veillonellaceae, Acidaminococcaceae, and Streptococcaceae
were decreased (FDR corrected p < 0.20 for all). Between-
group analysis showed the significant interaction of n-3 PUFA
supplementation and groups on Bacteroidia (P for interaction =

0.02; FDR corrected p = 0.15), Bacilli (P for interaction < 0.01;

FDR corrected p= 0.08), Bacteroidales (P for interaction= 0.02;
FDR corrected p= 0.18).

The relative abundance of Negativicutes and Selenomonadales
were positively associated with TG in the correlation analysis
(r = 0.26, FDR corrected p < 0.05 for all). The relative
abundance of Acidaminococcaceae was positively associated
with TC (r = 0.25, FDR corrected p < 0.05), LDL-C (r
= 0.27, FDR corrected p < 0.05) and ApoB (r = 0.32,
FDR corrected p < 0.01). And the relative abundance of
Phascolarctobacterium was positively correlated with three
blood lipid indicators (r = 0.27, FDR corrected p <0.05
for TC; r = 0.28, FDR corrected p < 0.05 for LDL-C and
r = 0.31, FDR corrected p < 0.01 for ApoB, respectively)
(Figure 4).

No significant changes in KEGG database biochemical
pathways were seen in the control group. In the intervention
group, 22 pathways were identified as significantly responding
to the plant-derived n-3 PUFAs intervention after FDR
correction (FDR corrected p < 0.20) (Supplementary Table 3).
Functional prediction analysis indicated that genes involved
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FIGURE 4 | Correlation between clinical indicators and relative abundance of

gut microbiota composition. The intensity of the colors represents the degree

of association between the concentration of clinical indicators and relative

abundance of gut microbiota composition as measured by the Spearman’s

correlations. P-values were corrected for multiple testing using the

Benjamini-Hochberg false discovery rate. *P < 0.05, **P < 0.01, ***P < 0.001.

in energy, amino acid, and carbohydrate metabolism likely
exhibited enrichment.

Changes in Fecal SCFAs
Fecal acetic acid, propionic acid, butyric acid, isobutyric acid,
valeric acid, isovaleric acid, and total SCFAs concentration did
not significantly differ within and between the groups. There was
no significant correlation between the relative abundance of gut
microbiota and the fecal SCFAs (data not shown).

DISCUSSION

In this randomized controlled trial in subjects with marginal
hyperlipidemia, increased DPA concentrations in plasma and
EPA concentrations in erythrocyte phospholipids were observed
in the intervention group compared with the control group,
which providing unbiased support for subject compliance to the
protocol. Thus, ALA/SDA-rich natural oils have the potential to
provide a useful plant-derived dietary resource for increasing
tissue concentrations of long-chain n-3 fatty acids in humans
(37). A large proportion of scientific research has reported the
beneficial effects of ALA in many diseases (6, 38, 39). However,
the effects of ALA on blood lipid profiles were controversial in
recent decades (10, 11), and existing studies about the beneficial
effect of SDA were still limited (9). In the current study, plant-
derived n-3 PUFA supplementation significantly decreased the
TC concentration in subjects with marginal hyperlipidemia
after the 12-week intervention. Moreover, TG concentration
significantly decreased at week 12 compared with baseline in the
intervention group and marginal treatment effect was observed

for the LDL-C concentration. Despite the improved trends
were showed, no significant difference between groups was
observed for TG and LDL-C, which may due to the relative
short intervention period of our study. Our results were in
accordance with a most recent meta-analysis which indicated
that supplementation with ALA could significantly reduce the
concentrations of TC and other lipid indicators (12). Despite our
intervention dose was lower than the dose of maximum lipid-
lowering effect with 3–8 g ALA per day elucidated in that meta-
analysis, the beneficial effect of the plant-derived n-3 PUFAs on
serum levels of TC was still observed in our study. This may be
due to the following explanations: first, only subjects with a low
daily intake of n-3 PUFAs were included to avoid the potential
“ceiling effect” (40); second, the combination of ALA and SDA
may be more effective than single ALA owing to the more
efficient conversion of SDA to EPA, which was affected by the
rate-limiting activity of 16-desaturase (37, 41); Third, the effects
of ALA on the reduction of serum lipid concentration in Asian
countries were more obvious than that in American or European
countries (12). More high-quality randomized controlled trials
are needed in the future to validate the results of our study.

The disturbance of lipid metabolism could induce changes
the intestinal environment and further leading to the dysbiosis
of internal microflora (42). A recent review summarized that
individuals with hyperlipidemia exhibit disturbed structure
and function of gut microbiota, such as lower abundance
of Akkermansia, Bacteroides, Roseburia, and Faecalibacterium
(43). In our result, plant-derived n-3 PUFA supplementation
decreased the F/B ratio in subjects with marginal hyperlipidemia.
The F/B ratio has been widely accepted to have an important
influence in maintaining normal intestinal homeostasis. Previous
studies showed that obesity and hyperlipidemia were associated
with an increased ratio of F/B (44, 45). Our results were
in accordance with studies in animal models which found
that plant-derived n-3 PUFA could reduce the abnormal ratio
of F/B and improve gut dysbiosis (46, 47). Despite the gut
dysbiosis varies across diseases, the common manifestation
was a proportional increase in facultative anaerobes and a
decrease in the typical anaerobes that dominate the adult
healthy gut (48). In our study, several facultative anaerobes,
such as Bacilli, Streptococcaceae and Enterobacteriales, were
significantly decreased, and several typical anaerobes, such as
Bacteroidia and Bacteroidales, were significantly increased after
the intervention. The imbalance inmicrobial communities linked
with hyperlipidemia seems to be corrected by plant-derived n-3
PUFA supplementation. Initial evidence showed that decreasing
F/B ratio was associated with an increased production of SCFAs
(20). However, fecal SCFA concentrations did not significantly
differ within and between the groups in the current study, which
may be due to the conversion among SCFAs through microbial
cross-feeding (49) and the metabolism to supply energy for
colonocytes (50). In addition, although subjects were required
to maintain their dietary habits during the intervention, intra-
individual changes in undigested carbohydrate intake may have a
more direct effect on SCFAs than n-3 PUFA supplementation.

At genus level, Phascolarctobacterium was found to
significantly decreased after the n-3 PUFA intervention,
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and the relative abundance of Phascolarctobacterium was
positively associated with blood lipids such as TC, and LDL-C
levels. Phascolarctobacterium (family: Acidaminococcaceae;
order: Selenomonadales; class: Negativicutes; phylum:
Firmicutes) was a known propionate-producing bacterium
(51) and closely associated with carbohydrate intake (52–54).
Phascolarctobacterium has also been previously found to be
negatively correlated with the intake of PUFAs in the diet (55).
A high abundance of Phascolarctobacterium was found to be
associated with high insulin sensitivity (56), and a reduction in
systemic inflammation (57). Although Phascolarctobacterium
seems to be generally health-promoting, it is common that
a gut bacterium associated with health in one setting could
be associated with disease in another context. For example,
Phascolarctobacterium was observed to increase in the process of
prostate cancer (58) and be enriched in patients with tuberculosis
(51). In our study, another gut microbiota, Veillonella, was also
found to significantly decreased after the n-3 PUFA intervention.
In a previous study, Veillonella (family: Veillonellaceae; order:
Selenomonadales; class: Negativicutes; phylum: Firmicutes) was
associated with higher levels of gut inflammation, and the
development of colitis (59). Significantly higher Veillonella
has been observed in subjects with gestational diabetes and
hyperlipidemia, and the relative abundance of Veillonella was
positively correlated to TC levels (60). Given that the serum
levels of TC decreased during the intervention in our study, it is
possible that the favorable effects of the plant-derived n-3 PUFA
in our study might be due to the influence on gut microbiota.

There are several strengths of the current study. First,
screening patients with a low daily intake of n-3 PUFAs
for intervention could avoid the “ceiling effect.” Second, the
patients were suggested to maintain their usual diet and the
diet habitual during the intervention was monitored to make
sure that the existing eating habits were stable. Third, strict
exclusion criteria ensured that none of the participants took
medications for hyperlipidemia or other chronic metabolic
diseases, which could avoid the potential confounding from
the usage of medication and their influence on gut microbiota
(61, 62). Our study also has certain limitations. First, the
12-week intervention was still too short for us to examine
the long-term effect of n-3 PUFA supplements on gut
microbiota and their metabolites. Second, the moderately
high dropout rates in the current study could result in
confounding and selection bias. However, the ITT and PP
analysis produced similar results with respect to significant
findings. Third, we did not compare the diversity of gut
microbiota between healthy and hyperlipidemia individuals,
so it is not possible to determine whether the changes in
microbiota abundance that occurred during the intervention
were ameliorating the microbiota disturbance caused by the
morbid state.

CONCLUSION

In summary, plant-derived n-3 PUFAs beneficially affect the
serum level of TC during the 12-week intervention period.
Moreover, plant-derived n-3 PUFA supplementation decreased

the F/B ratio, decreased the relative abundance of facultative
anaerobes, and increased the typical anaerobes, thus improving
gut dysbiosis.
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