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Abstract

Objectives. In pre-clinical studies, pinolenic acid (PNLA), an omega-6-polyunsaturated fatty acid from pine nuts,

has shown anti-inflammatory effects. We aimed to investigate the effect of PNLA in human cell lines and peripheral

blood mononuclear cells (PBMCs) from RA patients and healthy controls (HCs).

Methods. A modified Boyden chamber was used to assess chemokine-induced migration of THP-1 monocytes.

Macropinocytosis was assessed using Lucifer yellow and oxidized low-density lipoprotein (oxLDL) uptake using DiI-

labelled oxLDL in THP-1 macrophages and human monocyte-derived macrophages (HMDMs). IL-6, TNF-a and pros-

taglandin E2 (PGE2) release by lipopolysaccharide (LPS)-stimulated PBMCs from RA patients and HCs was measured

by ELISA. The transcriptomic profile of PNLA-treated, LPS-activated PBMCs was investigated by RNA-sequencing.

Results. PNLA reduced THP-1 cell migration by 55% (P<0.001). Macropinocytosis and DiI-oxLDL uptake were

reduced by 50% (P< 0.001) and 40% (P< 0.01), respectively, in THP-1 macrophages and 40% (P<0.01) and 25%

(P< 0.05), respectively, in HMDMs. PNLA reduced IL-6 and TNF-a release from LPS-stimulated PBMCs from RA patients

by 60% (P<0.001) and from HCs by 50% and 35%, respectively (P<0.01). PNLA also reduced PGE2 levels in such

PBMCs from RA patients and HCs (P< 0.0001). Differentially expressed genes whose expression was upregulated

included pyruvate dehydrogenase kinase-4, plasminogen activator inhibitor-1, fructose bisphosphatase1 and N-Myc

downstream-regulated gene-2, which have potential roles in regulating immune and metabolic pathways. Pathway ana-

lysis predicted upstream activation of the nuclear receptors peroxisome proliferator-activated receptors involved in anti-

inflammatory processes, and inhibition of nuclear factor-jB and signal transducer and activator of transcription 1.

Conclusions. PNLA has immune-metabolic effects on monocytes and PBMCs that are pathogenic in RA and ath-

erosclerosis. Dietary PNLA supplementation may be beneficial in RA.
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Introduction

RA is a chronic inflammatory disease affecting 0.5–1%

of the population [1]. Cardiovascular death is the major

cause of mortality in RA [2–4]. Monocytes/macrophages

play a key role both in synovitis and atherosclerosis.

Although biologic and targeted synthetic DMARDs are a

highly effective treatment for RA and have improved out-

comes, most patients do not achieve clinical remission,

and residual pain and disability are common [5].

Furthermore, many patients have concerns over poten-

tial toxicity and want to use lifestyle modification to
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improve disease control without completely relying on

DMARDs, which are associated with poor adherence [6].

Previous research on omega (n)-3 and -6 polyunsatur-

ated fatty acids (PUFAs) such as eicosapentaenoic acid

(EPA), docosahexaenoic acid (DHA) and dihomo-c-lino-

lenic acid (DGLA) has demonstrated several anti-

inflammatory and anti-atherogenic properties [7, 8], and

pinolenic acid (PNLA) has anti-inflammatory actions [9].

Data from large observational studies on cardiovascular

diseases support the efficacy of n-3 PUFAs, mainly EPA

and DHA, to prevent inflammation by lowering the blood

levels of IL-6, TNF-a and CRP [10]. Calder and Zurier

reported that the dietary n-6 PUFAs c-linolenic acid

(GLA) and DGLA suppress inflammation in several ani-

mal models of RA, which is accompanied by changes in

inflammatory cell fatty-acid composition, decreased pro-

duction of arachidonic acid (AA)-derived eicosanoids,

reduced function of leukocytes and decreased produc-

tion of reactive oxygen species (ROS) [11]. Furthermore,

both GLA and DGLA reduced production of TNF-a and

IL-1b by human monocytes, inhibited the proliferation of

lymphocytes and decreased the production of IL-2 by

human lymphocytes [11]. Supplementation studies using

GLA-rich oils to provide 2.4 g/day in healthy human vol-

unteers decreased production of pro-inflammatory cyto-

kines (TNF-a, IL-1 and IL-6) by monocytes, decreased

lymphocyte reactivity and decreased chemotaxis of neu-

trophils [12].

PNLA is a plant-based n-6 PUFA from pine nuts that

has a variety of beneficial actions. Incubation of murine

microglial (BV-2) cells with 50 mM PNLA decreased the

production of nitric oxide (NO), IL-6 and TNF-a by 41,

74 and 27%, respectively [9]. A significant decrease in

prostaglandin E2 (PGE2) production was also observed

[9]. The same findings were observed when murine mac-

rophages were used; PNLA caused a dose-dependent

reduction in the production of NO and PGE2 following

lipopolysaccharide (LPS) stimulation [9, 13]. The upregu-

lation of inducible nitric oxide synthetase (iNOS) and

cyclooxygenase-2 gene expression in response to LPS

often involves the activation of the nuclear factor-jB

(NF-jB) pathway. Chuang et al. showed that PNLA

downregulated LPS-induced iNOS protein expression

(54%). The syntheses of PGE1 from DGLA and PGE2

from AA were also suppressed by the presence of PNLA

and its metabolites [13]. These data suggest that PNLA

may have anti-inflammatory effects in RA. In this study,

we examine the effect of PNLA on monocytic cell lines,

human macrophages and PBMCs from patients with RA

together with healthy controls (HCs).

Methods

Cell culture

A human THP-1 cell line was cultured in RPMI 1640 me-

dium with stable glutamine (Lonza, Manchester, UK)

supplemented with 10% (v/v) heat-inactivated fetal bo-

vine serum, penicillin (100 U/ml) and streptomycin

(100 lg/ml) (called RPMI complete medium hereafter), at

37�C in a humidified atmosphere containing 5% (v/v)

CO2. THP-1 monocytes were differentiated into macro-

phages by incubation for 24 h with 0.16 lM of phorbol

12-myristate 13-acetate. PNLA was dissolved in DMSO,

which was therefore used as a vehicle control. Primary

human monocyte-derived macrophages (HMDMs) were

isolated from monocytes obtained from buffy coats

(Welsh Blood Service, Cardiff, UK) using Ficoll-Hypaque

purification as described in Supplementary Data S1

(available at Rheumatology online). Ethical approval and

informed consent for each donor were granted by the

Welsh Blood Service. Details of reagents and their man-

ufacturers are described in Supplementary Data S1

(available at Rheumatology online) together with meth-

ods on cell viability, cell proliferation, phagocytosis and

ROS production (Supplementary Figs S1 and S2, avail-

able at Rheumatology online).

Migration assay

Migration of THP-1 monocytes (1� 105 cells/0.5 ml of

RPMI complete medium) in response to the chemokine

monocyte chemotactic protein-1 (MCP1) was performed

using a modified Boyden chamber with 8 lm porous

inserts. THP-1 monocytes incubated with vehicle or 25,

50, 75 and 100mM PNLA for the requisite time were in

the upper chamber whereas the lower chamber con-

tained 20 ng/ml MCP1 as a chemoattractant. After 3 h

incubation at 37�C in a humidified incubator with 5%

CO2, the cells on the underside of the inserts were

washed, collected with the migrated cells and counted

using a haemocytometer.

DiI-labelled oxidized low density lipoprotein and
Lucifer yellow uptake assays

THP-1 macrophages and HMDMs (1�105 cells/0.5 ml of

RPMI complete medium) were pre-incubated with

DMSO or 25, 50, 75 or 100mM PNLA for 24 h at 37�C.

They were then treated with 100 lg/ml Lucifer yellow

(LY) or 5 lg/ml DiI-labelled oxidized low density lipopro-

tein (DiI-oxLDL) (the concentrations reflect those com-

monly used in the literature [14, 15]) in RPMI medium

containing 0.2% (v/v) fatty acid-free bovine serum albu-

min. The incubation was continued for another 24 h. The

uptake was analysed on a FACS Canto (BD

Biosciences, Oxford, UK) flow cytometer with 10 000

events acquired for each sample. LY and DiI-ox LDL up-

take were represented as a percentage with the vehicle-

treated control designated as 100%.

PBMCs from RA patients and healthy controls

Participants �18 years old with RA (n¼20) from the

Rheumatology Department at the University Hospital of

Wales and HCs (n¼ 10) were recruited for assessing

cytokines and PGE2 release from LPS-stimulated

PBMCs with or without PNLA. For transcriptome study,

patients with RA (n¼ 6, mean age ¼ 56 years) and HCs

(n¼6, mean age ¼ 43 years) were recruited. Signed
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informed consent was obtained from all participants.

The study was approved by the Research Ethics

Committee for Wales (reference no. 12/WA/0045).

Detailed demographic and laboratory data are described

in Supplementary Tables S1 and S2 (available at

Rheumatology online). Blood was taken and PBMCs

were isolated by standard Ficoll density gradient centri-

fugation and methodological details are provided in

Supplementary Data S2 (available at Rheumatology

online).

ELISA

Approximately 200ml of cell culture supernatants was

aliquoted for PNLA or vehicle treatment and LPS activa-

tion following centrifuging at room temperature at 400 g

for 10 min and kept at �80�C. Concentrations of TNF-a,

IL-6 and PGE2 were measured in accordance with man-

ufacturer’s instructions using ELISA kits; TNF-a, IL-6

(R&D Systems, Abingdon, UK) and PGE2 (Cayman

Chemical Co., Ann Arbor, MI, USA).

RNA extraction

Total RNA was isolated using an RNeasy mini kit

(Qiagen, Hilden, Germany) from PBMCs following

100 ng/ml LPS and 25mM PNLA or vehicle treatment.

RNA was purified using an RNeasy kit on-column with

DNase I digestion (Qiagen) as described in

Supplementary Data S3 (available at Rheumatology on-

line). The cell lysates were stored at �80�C and then

passed through a series of spin columns to first bind

genomic DNA, then RNA and finally to elute high-quality

RNA. A quality control check for RNA was assessed as

described in Supplementary Data S3 (available at

Rheumatology online).

Library preparation including ribosomal RNA depletion

using NEBNext Ultra II RNA Library Prep Kit (New

England Biolabs, Ipswich, MA, USA) for Illumina, as

described in Supplementary Data S3 (available at

Rheumatology online).

RNA sequencing (RNA-seq)

Following library quantification and validation, sequenc-

ing was done with Illumina (Illumina, Inc., San Diego,

CA, USA) HiSeq4000 flow cells according to the manu-

facturer’s instructions. To conform to ENCODE guide-

lines, libraries were sequenced to have >40 million

mapped reads (encodeproject.org/documents/

cede0cbe-d324-4ce7-ace4-f0c3eddf5972).

RNA-seq data processing and read mapping
strategy

Paired end reads from Illumina sequencing were

trimmed with Trim Galore [16] and assessed for quality

using FastQC [17], using default parameters. Reads

were mapped to the human GRCh38 reference genome

using STAR [18] and counts were assigned to tran-

scripts using featureCounts [19] with the GRCh38.96

Ensembl gene build GTF. Both the reference genome

and GTF were downloaded from the Ensembl FTP site

[20].

Normalization and identification of differentially
expressed genes

Differential gene expression analyses used the DESeq2

package [21]. Genes were discarded from the analysis if

differential expression failed to be significant (signifi-

cance: adj.pval < 0.05, Benjamini–Hochberg correction

for multiple testing) [21] The initial Whole Genomic

Transcriptome data were assessed from the web-based

tool Morpheus (https://software.broadinstitute.org/mor

pheus/) using heatmaps to view changes in gene ex-

pression. The data was then separated into normal and

RA groups for analysis.

Heatmap of differentially expressed genes and
principal component analysis

A heatmap and principal component analysis (PCA) are

shown in Supplementary Figs S3 and S4 (available at

Rheumatology online). The heatmap was generated

using broad Morpheus software and visualizations used

fragments per kilobase per million mapped fragments

(FPKM) reads and log2 fold change (log2 FC) comparing

PNLA-treated and LPS-stimulated PBMCs with those

treated with vehicle and LPS from both HCs and RA

patients at equivalent time point (Supplementary Fig. S3,

available at Rheumatology online). Data sets were hier-

archically clustered using 1 minus Pearson’s correlation

coefficient. PCA was performed in R using normalized

data from the DESeq2 analysis, and data were clustered

using the top 50 most differentially expressed gene

(DEGs). (Supplementary Fig. S4, available at

Rheumatology online). The plots show the results of the

first two principal components.

Statistical analysis

The statistics used were dependant on the experiments

performed. Data are presented as the mean (S.E.M.) on

an assigned number of independent experiments in

GraphPad Prism (version 5 and 8; GraphPad Software,

La Jolla, CA, USA). Normality of data was tested using

the Shapiro–Wilk test and confirmed with histograms

and Q-Q plots in SPSS Statistics (version 23; IBM

Corp., Armonk, NY, USA). P-values were determined

using one-way ANOVA with Tukey’s post hoc analysis

or Dunnett’s for multiple groups comparisons. Any data

transformations were carried out when needed. A P-

value <0.05 was considered significant. DEGs were

selected after genes were discarded from the analysis

when differential expression failed to reach the signifi-

cance after Benjamini–Hochberg correction for multiple

testing. A DEG was defined by adjusted P-value <0.05.
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Results

PNLA reduced monocytic migration,
macropinocytosis and oxLDL uptake in THP-1 mac-
rophages and HMDMs

PNLA significantly (P<0.001) inhibited MCP1-driven mi-

gration of THP-1 monocytes by 55%, 50%, 50% and

50% at 25, 50, 75 and 100 lM concentrations, respect-

ively, compared with the vehicle control (Fig. 1A). LY up-

take by THP-1 macrophages was significantly attenuated

(P¼0.0006, 0.0002) with 25 and 100mm PNLA by 55% in

both cases, and (P¼0.009, 0.0012) at 50 and 75lM

PNLA by 45% and 50%, respectively (Fig. 1B). LY uptake

in PNLA-treated HMDMs was significantly reduced

(P¼0.0039, 0.0087 and 0.0025) when compared with

cells treated with the vehicle control (Fig. 1D) by 50%,

45% and 50% with 50, 75 and 100 lM PNLA, respective-

ly, and (P¼0.031) by 40% with 25lM PNLA. DiI-oxLDL

uptake was increased by almost 95% in THP-1 macro-

phages and HMDMs. PNLA at 25lM significantly

(P¼0.003 and 0.047) reduced oxLDL uptake by almost

50% and 25% in THP-1 macrophages and HMDMs, re-

spectively (Fig. 1C and E).

PNLA reduced TNF-a, IL-6 and PGE2 release by
LPS-stimulated PBMCs from patients with RA and
HCs

In PBMCs from RA patients, both 25 and 50mM PNLA sig-

nificantly reduced LPS-stimulated TNF-a, IL-6 and PGE2

release by monocytes (Fig. 2B, D and F, respectively). The

effects were similar in monocytes from HCs (Fig. 2A, C

and E, respectively). More details on the experiment and

values obtained are provided in Supplementary Table S3

(available at Rheumatology online).

The release of TNF-a by LPS-stimulated monocytes in

HCs was reduced from 608 (120)pg/ml with 25 and 50lM

PNLA to 298.49 (50.81)pg/ml (P¼0.049) and 374.14

(98.09) pg/ml (P¼0.07), respectively. In RA patients,

TNF-a level was reduced from 443.7 (42.7) pg/ml to

270.03 (40.34) pg/ml (P¼0.007) and 250.43 (38.88) pg/ml

(P¼0.003) by 25 and 50lM PNLA, respectively.

The release of IL-6 by LPS-stimulated monocytes

from HCs was reduced from 206.5 (37.78) pg/ml by 25

and 50 lM PNLA to 122.33 (31.65) pg/ml (P¼ 0.042) and

135.68 (38.84) pg/ml (P¼0.031), respectively. Similarly,

in RA patients, 25 lM and 50 lM PNLA reduced IL-6 re-

lease to 103.94 (23.18) pg/ml (P¼0.006) and 93.84

(14.66) pg/ml (P¼0.006), respectively, from 206.3

(35.87) pg/ml.

PGE2 levels were inhibited by PNLA in both HC and

RA monocytes to 295 (26.3) pg/ml (P<0.0001) and

288 (26.10) pg/ml (P < 0.0001), respectively, by 50 lM

PNLA in comparison with the control level of

650 (85.4) pg/ml for healthy stimulated monocytes and

503.71 (48.6) pg/ml for RA monocytes.

Heatmap of DEGs and PCA

A heatmap (Supplementary Fig. S3, available at

Rheumatology online) showed the main clusters of

DEGs of all treatment conditions mentioned. The ex-

pression of vehicle-treated PBMC genes was upregu-

lated while PNLA and LPS treatment downregulated

those genes. HC clusters on the left side were more

consistent than RA clusters on the right side, which

showed some variability. PCA results (Supplementary

Fig. S4, available at Rheumatology online) show samples

clustering within groups demonstrating that inter-sample

variation in gene expression is not greater than the biol-

ogy we hope to observe. HC samples were less variable

in terms of gene expression compared with the separ-

ation within clusters shown by the RA samples.

Five DEGs whose expression was most significantly
affected by PNLA treatment upon LPS stimulation of
PBMCs in comparison with vehicle-treatment
(adjusted P-value <0.05)

HC and RA patient global significant and non-significant

genes were plotted as volcano plots, and comparisons

between groups were performed as shown in Fig. 3A–C

for HCs and Fig 3D–F for RA patients. The significantly

regulated genes are shown outside the dotted lines

(with log2 FC <�1.5 and >1.5; adjusted P-value <0.05).

Genes were selected from among all the DEGs for

their expression levels being most significantly changed

after adjusting for multiple comparisons (with lowest

adjusted P-value and highest fold increase). Two genes

were upregulated in PNLA-treated LPS-activated

PBMCs from HCs: plasminogen activator inhibitor-1

(SERPINE1; PAI-1; P¼ 0.002; log2 FC¼ 2.60) and pyru-

vate dehydrogenase kinase-4 (PDK4; P¼9.94�10�11;

log2 FC¼ 3.784). Three genes were upregulated by

PNLA-treated LPS-activated PBMCs from RA patients:

fructose bisphosphatase-1 (FBP1; P¼ 1.93� 10�9; log2

FC¼3.477), N-Myc downstream-regulated gene-2

(NDRG2; P¼ 1.73� 10�4; log2 FC¼ 2.377) and PDK4

(P¼1.11�10�9; log2 FC¼ 2.509). The networks be-

tween those genes and the other molecules, chemo-

kines and cytokines are illustrated in Supplementary Fig.

S5 (available at Rheumatology online).

Canonical pathways

Using IPA software, the canonical pathways were repro-

duced for all the comparisons. We then compared the

top canonical pathways for both HCs and RA patients

of PNLA-treated LPS-stimulated PBMCs vs vehicle-

treated and LPS-stimulated PBMCs. Figure 4 shows the

pathways involved in the pathogenesis and treatment of

RA and cell metabolism. Pathways affected by PNLA in

both HCs and patients with RA included granulocyte

and agranulocyte adhesion and diapedesis, complement

system, IL-8 signalling, acute phase response, dermatan

sulphate and chondroitin sulphate degradation, and

hepatic fibrosis. For pathways related to RA, those

involving T and B cells, osteoblasts, osteoclasts, chon-

drocytes, IL-10, macrophages, endothelial cells and in-

tegrin signalling were affected. Interestingly, pathways

related to atherosclerosis were more affected in HCs
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FIG. 1 PNLA reduced monocytes migration, macropinocytosis, and lipid uptake in THP-1 cells and HMDMs

(A) PNLA inhibits MCP1 induced migration of THP-1 monocytes. Migration of THP-1 monocytes in response to MCP-

1 stimulus (20 ng/ml) was assessed in the presence of indicated concentrations of PNLA or DMSO vehicle for 3 h.

Monocyte migration was then determined as described in ‘Methods’. Data were normalized to the percentage of cells

that migrated from the apical compartment of the modified Boyden chamber into the basolateral compartment in re-

sponse to MCP1 only treatment. Migration in presence of MCP1- and vehicle-treated cells was designated as 100%

with the others shown with respect to this. (B and C) LY and DiI-oxLDL uptake are attenuated following incubation of

THP-1 macrophages with PNLA. (D and E) LY and DiI-oxLDL uptake are attenuated following incubation of HMDMs

with PNLA. THP-1 macrophages and HMDMs were incubated with the indicated concentrations of PNLA for 24 h fol-

lowed by 100mg/ml LY or 5mg/ml DiI-oxLDL for another 24 h in RPMI medium supplemented with 0.2% bovine serum

albumin. After incubation, cells were collected and subjected to centrifugation at 9000 g for 5 min. The supernatants

were discarded, and the pellet was resuspended in 2% paraformaldehyde. Uptake in presence of LY or DiI-oxLDL

and vehicle was designated as 100% with the others shown with respect to this. The data are presented as the

mean (S.E.M.) performed from four independent experiments. Statistical analysis was performed using one-way

ANOVA followed by Turkey’s post hoc analysis (*P�0.05, **P� 0.01, ***P�0.001). HMDM: human monocyte-derived

macrophage; LY: Lucifer yellow; MCP1: monocyte chemotactic protein-1; oxLDL: oxidized low-density lipoprotein;

PNLA: pinolenic acid.
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than in RA patients. In HCs, metabolic pathways affect-

ing adipogenesis, glucose metabolism and cholecysto-

kinin signalling were affected more than in RA patients,

in addition to ROS and NO production.

Upstream regulator analysis

Upstream regulators were further evaluated to identify

the effectors that were up- or downregulated by PNLA

treatment of PBMCs from HCs (Fig. 5A and B) and RA

patients (Fig. 5C and D; and see also Supplementary

Figs S6 and S7, available at Rheumatology online).

Pathway analysis predicted upstream inhibition of NF-

jB and signal transducer and activator of transcription

(STAT)-1 (P¼ 1.82� 10�7 and 1.39� 10�4, respectively),

which are involved in the transcription of TNF-a, IFNc and

IL-6 (Fig. 6A and B and Supplementary Tables S4 and S5,

FIG. 2 PNLA reduced levels of TNF-a, IL-6 and PGE2 of activated monocytes from HCs and RA patients

PNLA reduces the levels of TNF-a (A and B), IL-6 (C and D), and PGE2 (E and F) in activated monocytes from HCs

and RA patients. Purified monocytes obtained from RA patients (n¼20) and HCs (n¼ 10) were incubated with 25 or

50mM PNLA or DMSO for 24 h followed by 100 ng/ml LPS stimulation for another 16 h. Then, the supernatants were

collected and assayed for levels of TNF-a, IL-6 and PGE2 using ELISA kits; all samples and standards were anlaysed

in duplicate. The data are presented as the mean (S.E.M.), each symbol represents average of one participant.

Statistical analysis was performed using one-way ANOVA and Dunnett’s test (*P� 0.05, **P� 0.01, ***P�0.001, NS:

non-significant). HC: healthy control; LPS: lipopolysaccharide; PGE2: prostaglandin E2; PNLA: pinolenic acid.
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available at Rheumatology online). Also, peroxisome

proliferator-activated receptor (PPAR)-a (P¼ 9.22� 10�5)

and PPARd (P¼ 3.95� 10�4) along with PPARGC1A

(P¼ 6.33� 10�4) were predicted to be activated (Fig. 6C–E

and Supplementary Tables S6 and S7, available at

Rheumatology online). PPARs are involved in anti-

inflammatory processes; inhibition of NF-jB, STAT1 and

activator protein 1 (AP-1) and activation of STAT6 [22, 23].

PPARGC1A is a major factor that regulates muscle fibre

type determination; this protein is also involved in control-

ling blood pressure, regulating cellular cholesterol homeo-

stasis, and the development of obesity. It plays an

essential role in metabolic reprogramming in response to

dietary availability through coordination of the expression

of a wide array of genes involved in glucose and fatty acid

metabolism. It is required for coactivation of metabolic

genes, such as PDK4 [24]. Pathway analysis predicted up-

stream inhibition of IL-1a (P¼ 1.02� 10�2), IL-1b
(P¼ 1.69� 10�3) and C-C chemokine receptor type 2

(P¼ 3.06� 10�3) as supported by the dataset shown in

Fig. 6F–H.

Discussion

Data from this study are the first to suggest that PNLA

has potential beneficial effects in patients with RA by

reducing pain, synovitis and atherosclerosis through

decreasing inflammatory cytokines, PGE2 production and

oxLDL uptake by macrophages. In this study, we

extended previous observations in murine species by

Chen et al. that showed that PNLA incorporation into

phospholipids suppressed the production and expression

of pro-inflammatory mediators; PGE2, IL-6, TNF-a, NF-jb
and iNOS [9] stimulated by DGLA or AA. This was medi-

ated partially through the alleviation of LPS-activated

Janus kinase (JAK)–mitogen-activated protein kinase

(MAPK) signalling. Our data show that PNLA reduced

production of TNF-a, IL-6 and PGE2 in LPS-stimulated

PBMCs from patients with RA and HCs. Given TNF-a
and IL-6 are established therapeutic targets in RA and

PGE2 has a role in inflammatory pain, PNLA may supple-

ment DMARD treatment and increase percentage of pa-

tient achieving remission with low risk of side effect.

FIG. 3 Volcano plots of global gene expression profile of HCs and RA patients

Dotted lines identify genes whose expression was significantly regulated (log2 FC < �1.5 and >1.5, P< 0.05) after

24 h of 25 mM PNLA or vehicle treatment and 16 h post-100 ng/ml LPS stimulation. For HCs and RAs, respectively: (A

and D) unstimulated vs LPS-stimulated PBMCs; (B and E) PNLA-treated, LPS-stimulated vs unstimulated PBMCs; (C

and F) PNLA-treated, LPS-stimulated vs vehicle-treated, LPS-stimulated PBMCs. Plots were created with GraphPad

Prism version 8 with highly expressed genes marked as adjusted P-value <0.05. HC: healthy control; LPS: lipopoly

saccharide; PBMC: peripheral blood mononuclear cell; PNLA: pinolenic acid. FBP1: fructose bisphosphatase-1;

NDRG2: N-Myc downstream-regulated gene-2; PDK4: pyruvate dehydrogenase kinase-4; SERPINE1; PAI-1: plas-

minogen activator inhibitor-1.

PNLA and the immunomodulatory effects in RA

https://academic.oup.com/rheumatology 7

D
ow

nloaded from
 https://academ

ic.oup.com
/rheum

atology/advance-article/doi/10.1093/rheum
atology/keab467/6291643 by guest on 06 July 2021

https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keab467#supplementary-data


Cardiovascular events are more frequent in patients

with RA [4]. Our data suggest PNLA may reduce cardio-

vascular disease by reducing oxLDL uptake by macro-

phages. Foam cell formation, a critical early event in

atherosclerosis [14, 25], is a complex process involving

chemokine-driven recruitment of monocytes and their

differentiation into macrophages, production of ROS

leading to oxidation of LDL, uptake of such oxLDL by

macrophages, and the efflux of cholesterol from foam

cells to acceptors such as high density lipoprotein or its

FIG. 4 Canonical pathways of PBMCs from HCs and RA patients

The comparison of the top canonical pathways following 24 h 25 mM PNLA or vehicle treatment and 16 h post-100 ng/

ml LPS stimulation of PBMCs per participants was performed in IPA (log2 FC>1.2, P< 0.05). The pathways shown

are mainly involved in the pathogenesis of RA and atherosclerosis. HC: healthy control; LPS: lipopolysaccharide;

PBMC: peripheral blood mononuclear cell; PNLA: pinolenic acid.
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key apolipoprotein ApoA1 and subsequent reverse chol-

esterol transport [14]. PNLA attenuates MCP1-driven mi-

gration of monocytes and reduces oxLDL uptake and

macropinocytosis by macrophages, although, PNLA in

this study does not affect ROS production or the cell’s

ability for phagocytosis (Supplementary Data S4 and

Supplementary Fig. S1 and S2, available at

Rheumatology online).

Our transcriptome data suggest PNLA has major

immuno-metabolic effects that are important in RA and

atherosclerosis. This is consistent with observations by

Lee and Han in HepG2 cells showing that PNLA has

specific effects in reducing the expression of genes

related to fatty acid biosynthesis (SREBP1c, FAS,

SCD1), cholesterol synthesis (HMGCR), lipoprotein up-

take (LDLr), and acyl-CoA binding to fatty acids [26].

In PBMCs, we identified several genes that are

involved in immunity and metabolism as well as poten-

tial cross-talk between these systems. NDRG2 gene ex-

pression is associated with proliferation, differentiation,

migration, cytokine production, intracellular signal trans-

duction and stress responses, and negative regulation

of the extracellular signal-regulated kinases 1 and 2 cas-

cade [27], and regulation of platelet-derived growth fac-

tor and vascular endothelial growth factor production

[27]. PDK4 is important in cellular metabolism and PDK4

deficiency triggers hepatic apoptosis concomitantly with

increased numbers of aberrant mitochondria, ROS

FIG. 5 Heatmaps of differentially expressed upstream regulators for comparison of HCs and RA patients

IPA analysis of genes associated with upstream regulators that predicted the activated state (red) and the inhibited

state (blue) are shown from PBMCs of HCs (A and B) and RA patients (C and D). Relative expression heat maps are

shown of the differentially expressed genes regulated by (i) unstimulated (vehicle) vs LPS-stimulated PBMCs, (ii)

PNLA-treated LPS-stimulated vs vehicle-treated LPS-stimulated PBMCs, and (iii) PNLA-treated LPS-stimulated vs un-

stimulated (vehicle-treated) PBMCs (log2 FC>1.2, P< 0.05). The genes shown here are mainly involved in cytokine

production, lipid metabolism, drugs used for treating RA or reducing hyperlipidaemia, and transcription regulators (as

in Supplementary Figs 6 and 7, available at Rheumatology online). HC: healthy control; LPS: lipopolysaccharide;

PBMC: peripheral blood mononuclear cell; PNLA: pinolenic acid; ttt: treatment.
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production, sustained JNK activation, and reduction of

glutathione (GSH). Interestingly, PDK4 can interact with

death domain-containing proteins such as NF-jB. PDK4

can bind to NF-jB and retain it in the cytoplasm [28].

Reduction in NF-jB nuclear translocation will reduce

signal transduction by TNF [28]. Another DEG that was

significantly activated by PNLA treatment is SERPINE1;

PAI-1, whose protein inhibits tissue plasminogen activa-

tor (tPA) and uro plasminogen activator (uPA) for

conversion of plasminogen into plasmin. In RA synovia,

uPA expression is increased in proliferative lining areas

[29]. In animal models of RA, plasminogen deficiency

reduces synovial inflammation and joint damage in TNF

transgenic mice by reducing pro-inflammatory cytokines

and MMP [30].

Interestingly, PPARs were predicted to be activated

by PNLA by IPA as shown in Figs 5 and 6. PPARa has

been implicated in anti-inflammatory responses, lipid

FIG. 6 PNLA inhibited inflammatory transcription factors, activated anti-inflammatory transcription factors and inhib-

ited inflammatory cytokines

(A and B) NF-jB and STAT1 as upstream regulators of PBMCs from RA patients and HCs are predicted to be inhib-

ited following 25 mM PNLA treatment of 100 ng/ml LPS-stimulated PBMCs. (C–E) PPARa, PPARb/d and -c as up-

stream regulators predicted to be activated following 25mM PNLA treatment of 100 ng/ml LPS-stimulated PBMCs

from HCs and RA. (F–H) IL-1a, IL-Ib and CCR2 are also inhibited by 25 mM PNLA treatment and 100 ng/ml LPS stimu-

lation. CCR2: C-C chemokine receptor type 2; HC: healthy control; LPS: lipopolysaccharide; NF-jB: nuclear factor

jB; PBMC: peripheral blood mononuclear cell; PNLA: pinolenic acid; PPAR: peroxisome proliferator-activated recep-

tor; STAT1: signal transducer and activator of transcription 1.
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and glucose metabolism, and inhibition of oxidative

stress [31, 32]. PPARa activation with fenofibrate was

first reported in a clinical case study for the treatment of

RA [33]. In a following experimental study, it was shown

that fenofibrate treatment inhibits NF-jB activation,

cytokine production and the development of RA [34].

PPARc activation in macrophages can antagonize NF-

jB, AP-1 and STAT1 signalling pathways [22, 23].

PPARc stimulates oxLDL efflux via the liver X receptor

pathway within the macrophages, which consequently

can lead to reduce oxLDL accumulation. PPARc is a key

regulator of adipocyte differentiation and glucose

homeostasis and acts as a critical regulator of gut

homeostasis by suppressing NF-jB-mediated proinflam-

matory responses [35–37]. Low PPARc reduces the cap-

acity of adipose tissue to store fat, resulting in increased

storage of fat in non-adipose tissue (lipotoxicity). PPARc
is jointly required for full adipocyte differentiation and fat

deposition with variability influencing plasma leptin levels

in obese humans, modulating insulin sensitivity, control-

ling glucose homeostasis and blood pressure, and acti-

vation of antidiabetic effect of drugs. In addition, it

works as a negative regulator of macrophage activation,

inhibiting production of monocyte inflammatory cyto-

kines [36] and increasing SERPINE1; PAI-1 expression

in endothelial cells [37]. Also, PPARc agonists are poten-

tial treatments for cardiovascular disease, diabetes mel-

litus and hypertension as they have been shown to

inhibit atherosclerosis development in animal [31, 38]

and human studies [32, 36, 39]. Our data suggest PNLA

may upregulate PPARs and may improve immunome-

tabolism in RA.

Limitations

Our observations were made in cell lines and ex vivo

experiments. The therapeutic benefit of PNLA will re-

quire clinical trials. A healthy and balanced diet is rec-

ommended by ACR and EULAR for the management of

RA [40, 41]. However, there is no specific recommenda-

tion on specific types of food due to limited scientific

evidence. However, dietary advice is a common query

from patients with RA. Our data provide the scientific ra-

tionale to conduct clinical trials to assess the therapeut-

ic effect of PNLA either in the diet or as a supplement in

patients with RA.

Acknowledgements

The authors would like to thank all RA patients and

healthy volunteers who participated in this study. We

acknowledge our colleagues at Wales Gene Park for

their insight and expertise that assisted this research,

for their technical support in generating the NGS data.

We thank our colleagues at D.P.R. group Jess Williams,

Victoria O’Morain and Yee Hung Chan for technical as-

sistance. We acknowledge Versus Arthritis, Health and

Care Research Wales CREATE Centre award grant num-

ber (20016) and Cardiff University for their support of

this study. We acknowledge the support of the

Supercomputing Wales project, which is part-funded by

the European Regional Development Fund (ERDF) via

Welsh Government.

R.T., D.P.R. and E.C. were responsible for study con-

ception, design and data interpretation. E.C. was re-

sponsible for patient recruitment, sample and clinical

data collection. R.T. conducted laboratory experiments

and the analysis. R.T., D.P.R. and E.C. drafted the

manuscript. R.T. and J.B. prepared the figures. R.A. did

the bioinformatic work and Y.Z. designed the transcrip-

tomic data analysis. All authors critically revised and

approved the final manuscript to be published.

Funding: This work was funded by a PhD studentship

from the Libyan government grant number (513253) and

the financial support of Rank Prize Fund of Nutrition

through the COVID-19 period.

Disclosure statement: E.C. has received research grants

and/or served as a member of advisory boards and

speaker bureaus of Abbvie, Allergan, Amgen,

AstraZeneca, Bio-Cancer, Biogen, BMS, Boehringer

Ingelheim, Celgene, Chugai Pharma, Daiichi Sankyo, Eli

Lilly, Ferring Pharmaceutical, GSK, Hospira, ISIS, Jazz

Pharmaceuticals, Janssen, MedImmune, Merrimack

Pharmaceutical, MSD, Napp, Novimmune, Novartis,

ObsEva, Pfizer, Regeneron, Roche, R-Pharm, Sanofi,

SynAct Pharma, Synovate, Tonix and UCB. The other

authors have declared no conflicts of interest.

Data availability statement

Data will be available upon reasonable request to the

corresponding author by any qualified researchers who

engage in independent scientific research and will be

provided following review and approval of a research

proposal and Statistical Analysis Plan (SAP) and execu-

tion of a Data Sharing Agreement (DSA). All data are

incorporated into the article and its online supplemen-

tary material.

Supplementary data

Supplementary data are available at Rheumatology online

References

1 Weinblatt ME, Kuritzky L. Rapid rheumatoid arthritis:

primary care initiative for improved diagnosis and

outcomes. J Fam Pract 2007;56:S1–S1.

2 Avi~na-Zubieta JA, Choi HK, Sadatsafavi M et al. Risk of

cardiovascular mortality in patients with rheumatoid

arthritis: a meta-analysis of observational studies.

Arthritis Care Res 2008;59:1690–7.

3 Peters M, Symmons D, McCarey D et al. EULAR

evidence-based recommendations for cardiovascular

risk management in patients with rheumatoid arthritis

and other forms of inflammatory arthritis. Ann Rheum Dis

2010;69:325–31.

PNLA and the immunomodulatory effects in RA

https://academic.oup.com/rheumatology 11

D
ow

nloaded from
 https://academ

ic.oup.com
/rheum

atology/advance-article/doi/10.1093/rheum
atology/keab467/6291643 by guest on 06 July 2021

https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keab467#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keab467#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keab467#supplementary-data


4 Choy E, Ganeshalingam K, Semb AG, Szekanecz Z,
Nurmohamed M. Cardiovascular risk in rheumatoid

arthritis: recent advances in the understanding of the

pivotal role of inflammation, risk predictors and the
impact of treatment. Rheumatology (Oxford) 2014;53:

2143–54.

5 Ferreira RJO, Dougados M, Kirwan JR et al. Drivers of

patient global assessment in patients with rheumatoid
arthritis who are close to remission: an analysis of 1588

patients. Rheumatology 2017;56:1573–8.

6 Smolen JS, Gladman D, McNeil HP et al. Predicting

adherence to therapy in rheumatoid arthritis, psoriatic

arthritis or ankylosing spondylitis: a large cross-sectional
study. RMD Open 2019;5:e000585.

7 Calder PC, Deckelbaum RJ. Editorial: Omega-3 fatty

acids and cardiovascular outcomes. Curr Opin Clin Nutr

Metab Care 2019;22:97–102.

8 Gallagher H, Williams JO, Ferekidis N et al. Dihomo-c-
linolenic acid inhibits several key cellular processes

associated with atherosclerosis. Biochim Biophys Acta

Mol Basis Dis 2019;1865:2538–50.

9 Chen S-J, Chuang L-T, Liao J-S, Huang W-C, Lin H-H.
Phospholipid incorporation of non-methylene-interrupted

fatty acids (NMIFA) in murine microglial BV-2 cells

reduces pro-inflammatory mediator production.
Inflammation 2015;38:2133–45.

10 De Roos B, Mavrommatis Y, Brouwer IA. Long-chain n-3

polyunsaturated fatty acids: new insights into

mechanisms relating to inflammation and coronary heart
disease. Br J Pharmacol 2009;158:413–28.

11 Calder PC, Zurier RB. Polyunsaturated fatty acids and

rheumatoid arthritis. Curr Opin Clin Nutr Metab Care

2001;4:115–21.

12 DeLuca P, Rossetti R, Alavian C, Karim P, Zurier R.
Effects of gammalinolenic acid on interleukin-1 beta and

tumor necrosis factor-alpha secretion by stimulated

human peripheral blood monocytes: studies in vitro and

in vivo. J Invest Med 1999;47:246–50.

13 Chuang L-T, Tsai P-J, Lee C-L, Huang Y-S. Uptake and
incorporation of pinolenic acid reduces n-6

polyunsaturated fatty acid and downstream

prostaglandin formation in murine macrophage. Lipids
2009;44:217–24.

14 McLaren JE, Michael DR, Salter RC et al. IL-33 reduces

macrophage foam cell formation. J Immunol 2010;185:

1222–9.

15 Steinberg TH, Newman AS, Swanson JA, Silverstein SC.
ATP4� permeabilizes the plasma membrane of mouse

macrophages to fluorescent dyes. J Biol Chem 1987;

262:8884–8.

16 Babraham Bioinformatics. Trim Galore. https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/ (1

February 2021, date last accessed).

17 Babraham Bioinformatics. FastQC. https://www.

bioinformatics.babraham.ac.uk/projects/fastqc/ (1
February 2021, date last accessed).

18 Dobin A, Davis CA, Schlesinger F et al. STAR: ultrafast

universal RNA-seq aligner. Bioinformatics 2013;29:

15–21.

19 Liao Y, Smyth GK, Shi W. featureCounts: an efficient

general purpose program for assigning sequence reads

to genomic features. Bioinformatics 2014;30:

923–30.

20 Ensemble. http://www.ensembl.org/info/data/ftp/index.

html/ (1 February 2021, date last accessed).

21 Love MI, Huber W, Anders S. Moderated estimation of

fold change and dispersion for RNA-seq data with

DESeq2. Genome Biol 2014;15:550.

22 Li M, Pascual G, Glass CK. Peroxisome proliferator-

activated receptor c-dependent repression of the indu-

cible nitric oxide synthase gene. Mol Cell Biol 2000;20:

4699.

23 Necela BM, Su W, Thompson EA. Toll-like receptor 4

mediates cross -talk between peroxisome proliferator-

activated receptor c and nuclear factor-jB in macro-

phages. Immunology 2008;125:344–58.

24 Soyal S, Krempler F, Oberkofler H et al. PGC-1a: a

potent transcriptional cofactor involved in the

pathogenesis of type 2 diabetes. Diabetologia 2006;49:

1477–88.

25 McLaren JE, Michael DR, Guschina IA, Harwood JL,

Ramji DP. Eicosapentaenoic acid and docosahexaenoic

acid regulate modified LDL uptake and

macropinocytosis in human macrophages. Lipids 2011;

46:1053–61.

26 Lee AR, Han SN. Pinolenic acid downregulates lipid

anabolic pathway in HepG2 cells. Lipids 2016;51:

847–55.

27 Choi S-C, Kim KD, Kim J-T et al. Expression and

regulation of NDRG2 (N-myc downstream regulated

gene 2) during the differentiation of dendritic cells. FEBS

Lett 2003;553:413–8.

28 Dlamini Z, Ntlabati P, Mbita Z, Shoba-Zikhali L. Pyruvate

dehydrogenase kinase 4 (PDK4) could be involved in a

regulatory role in apoptosis and a link between

apoptosis and insulin resistance. Exp Mol Pathol 2015;

98:574–84.
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