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A B S T R A C T

While fatty acid oxidation (FAO) in mitochondria is a primary energy source for quiescent lymphocytes, the
impact of promoting FAO in activated lymphocytes undergoing metabolic reprogramming remains unclear. Here,
we demonstrate that pemafibrate, a selective PPARα modulator used clinically for the treatment of hyper-
triglyceridemia, transforms metabolic system of T-cells and alleviates several autoimmune diseases. Pemafibrate
suppresses Th17 cells but not Th1 cells, through the inhibition of glutaminolysis and glycolysis initiated by
enhanced FAO. In contrast, a conventional PPARα agonist fenofibrate significantly inhibits cell growth by
restraining overall metabolisms even at a dose insufficient to induce fatty acid oxidation. Clinically, patients
receiving pemafibrate showed a significant decrease of Th17/Treg ratio in peripheral blood. Our results suggest
that augmented FAO by pemafibrate-mediated selective activation of PPARα restrains metabolic programs of
Th17 cells and could be a viable option for the treatment of autoimmune diseases.

1. Introduction

To execute efficient immune responses, immune cells alter metabolic
pathways in response to activation signals according to their energy
demands [1]. The metabolism of lymphocytes undergoes dynamic
regulation during their differentiation processes. Naïve, regulatory and
memory T-cells in a quiescent state generate energy through fatty acid
oxidation (FAO) and oxidative phosphorylation (OXPHOS) in mito-
chondria, enabling their long-term survival. Upon activation of naïve T-
cells, increased uptake of glucose and amino acid occurs, leading to
metabolic reprogramming characterized by a shift from FAO to glycol-
ysis, amino acid metabolism, and fatty acid synthesis (FAS), facilitating
effective adenosine triphosphate (ATP) production for cell proliferation
and cytokine production [2–4]. While up-regulation of glucose trans-
porters and glycolysis is essential for effector T-cell proliferation and
differentiation, regulatory T-cells (Tregs) do not rely on glycolysis, or

rather, excessive glycolysis could reduce Treg cell stability. In IL-17-
producing T-helper (Th17) cells, which exhibit high plasticity with
Tregs, the importance of glutamine metabolism as well as glycolysis has
been demonstrated [5–8]. In Treg, enhancement of FAO and oxidative
phosphorylation (OXPHOS) via AMPK activation was reported to pro-
mote Treg differentiation [9,10]. However, the impacts of enhancing
FAO in effector T-cells are still unclear.

PPARs (Peroxisome proliferator-activated receptors) are nuclear re-
ceptors of long-chain fatty acids and lipid mediators which function as
transcriptional regulators of fatty acid metabolism. The expression of
PPAR subsets varies among immune cells [11]. While PPARγ is signifi-
cantly expressed in antigen-presenting cells such as macrophages,
PPARα is dominantly expressed in lymphocytes [12]. Although the
mechanism of action from an immunometabolic perspective remains
unclear, conventional PPARα agonists, gemfibrozil and fenofibrate, have
been shown to alleviate clinical symptoms of experimental autoimmune
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encephalomyelitis (EAE) model in mice [13]. There seems to exist sex
differences in the effects of PPARα agonists, with a later study suggesting
that the therapeutic effects were exerted only in male mice due to the
higher PPARα expression in male than in female [14].

Pemafibrate (Parmodia®, PEM), a selective PPARα modulator
(SPPARMα) recently launched as an anti-hypertriglyceridemia drug in
East Asia, has over 2500 times higher PPARα selectivity than conven-
tional fibrates [15]. In the recent global, double-blind, randomized trial
investigating the additional administration of PEM under strong statin
therapy (PROMINENT), PEM did not reduce the risk of cardiovascular
events but had a significantly lower incidence of adverse events
compared with fenofibrate [16,17].

Here we show that activation of PPARα by PEM administration
modifies the metabolism of effector T-cells via augmented FAO, thereby
alleviating Th17-related autoimmune diseases regardless of gender.
PEM does not affect Th1 or Th2 but exclusively alters the Th17/Treg
balance through FAO-dependent inhibition of glycolysis and of gluta-
minolysis. The Th17/Treg balance was also reduced in patients treated
with PEM, indicating sufficient efficacy at therapeutic doses.

2. Materials and methods

2.1. Mice

Male and female C57BL/6 J mice, female BALB/c mice at 6–10weeks
of age and female NZB/W F1 mice at 20 weeks of age were purchased
from Japan SLC (Shizuoka, Japan), housed in a specific pathogen-free
animal facility at The Osaka University Graduate School of Medicine
in accordance with the Animal Committee of Osaka University's
guidelines.

2.1.1. Experimental autoimmune encephalomyelitis (EAE) model
In brief, male and female C57BL/6 J mice were injected subcutane-

ously at two sites with an emulsion of 100μl complete Freund's adjuvant
prepared by mixing incomplete Freund's adjuvant (BD Biosciences) and
Mycobacterium tuberculosis (BD Biosciences) and 100μg MOG 35–55
(Bio-Synthesis Inc.). Mice received 200ng bordetella pertussis (List Bio-
logical Laboratories, Inc) intraperitoneally at day 0 and day 2 after EAE
induction. The daily clinical scores were assessed in addition to body
weight measurement as follows: 0, unaffected; 1, flaccid tail; 2, impaired
righting reflex and/or gait; 3, partial hind limb paralysis; 4, total hind
limb paralysis; and 5, total hind limb paralysis with partial forelimb
paralysis. Lymphocyte aggregation in the draining lymph nodes was
evaluated by flow cytometry at day 10 and histopathological analysis of
spinal cords was performed at the peak of the disease.

2.1.2. Imiquimod-induced psoriasis-like skin inflammation model
BALB/c mice at 8 weeks of age received commercially available 5 %

imiquimod cream (IMQ, Mochida Pharmaceutical Co.) on the shaved
back and ears for 5 consecutive days. The thickness of the ears was
measured using a micrometer since the first day that IMQ was admin-
istrated for seven consecutive days. Psoriasis Area Severity Index (PASI)
was used to assess the inflammatory status of the mice dorsal skin at
day7. It included the visual examination of the following three param-
eters: erythema (redness), induration (thickness) and desquamation
(scale) on the back skin. Each parameter was given a score between
0 and 4 (0-none, 1-slight, 2-moderate, 3-marked, 4-very marked) lead-
ing to a cumulative score. The evaluation was done independently by
two researchers and the mean of values was then calculated. Lympho-
cyte aggregation in the draining lymph nodes was evaluated by flow
cytometry and histopathological analysis of skins and ears was per-
formed at day 7.

2.2. Teatment procedures

Each model in mice was randomly divided into the two groups:

control group; PEM-treated group (0.1 mg/kg/day, orally administra-
tion). Treatment of EAE and IMQ-induced psoriasis were started at day1,
and was started at day15 for EAE after disease onset. NZBW/F1mice was
treated from 20 weeks of age. In vitro, pemafibrate (Kowa Company
Ltd.), fenofibrate (Sigma-Aldrich), etomoxir (Sigma-Aldrich) and pio-
glitazone (Tokyo Chemical Industry Company Ltd.) were dissolved in
sterile-filtered dimethyl sulfoxide (DMSO, Nacalai Tesque Inc.) and
added in medium at day0.

2.3. Human PBMCs isolation

Human PBMCs were collected from chronic kidney disease (CKD)
patients with reduced renal function (eGFR <60 ml/min/1.73m2) or
urinary protein (UP/Cr > 0.15 g/gCr) and who visit to our department
and gave consent. All patients do not take any immunosuppressant.
Patient characteristics are shown in Supplementary Table S2.

2.4. In vitro cell culture

Mouse naïve CD4+T-cell isolation kit was used to purify naive
CD4+T-cells from splenocytes of 6–8-week-old male C57BL/6 J mice.
Purified naive T-cells were stimulated with plate-bound anti-CD3 (1μg/
ml; 2C11) and anti-CD28 (1μg/ml; 37.51) in RPMI-1640 (Nacalai Tes-
que Inc.) or IMDM (Nacalai Tesque Inc.) supplemented with 10 % FBS,
100U/ml penicillin (Gibco), 100μg/ml streptomycin (Gibco) and 50μM
2-mercaptoethanol (Sigma-Aldrich) for Th0, in the presence of recom-
binant mouse (rm) IL-12 (10ng/ml, Biolegend) and anti-IL-4 (10μg/ml,
BioXCell) for Th1, rmIL-4 (10ng/ml, BioLegend) and anti-IFNγ (10μg/
ml, BioXCell) for Th2, rmTGF-β (3ng/ml, BioLegend) for iTregs, rmTGF-
β (3ng/ml), rmIL-6 (20ng/ml, BioLegend), anti-IFNγ (10μg/ml, Bio-
XCell) and anti-IL-4 (10μg/ml, BioXCell) for Th17 condition, rmIL-1β
(20ng/ml, BioLegend), rmIL-6 (20ng/ml, BioLegend), rmIL-23 (20ng/
ml, BioLegend), anti-IFNγ (10μg/ml, BioXCell) and anti-IL-4 (10μg/ml,
BioXCell) for pathogenic Th17 condition. Bone marrow-derived mac-
rophages (BMDMs) were prepared from 6 to 8-week-old male C57BL/6 J
mice as previously described in the presence of DMEM high glucose
medium (Nacalai Tesque Inc.). BMDMs were stimulated by LPS (10 ng/
ml, Sigma-Aldrich) for M1 or rmIL-4 (20 ng/ml) for M2 macrophage.

2.5. ELISA

TNF-α, IL-1β and IL-10 were measured in the supernatant of cell-
cultured medium or the plasma using ELISA system (BioLegend). Anti-
mouse dsDNA IgG antibodies in the plasma were measured using the
ELISA system (Wako Pure Chemical Industries).

2.6. Glutamine assay

The supernatant glutamine concentrations were measured using
Glutamine Assay Kit-WST (Dojindo Laboratories) at day 4 under Th17
condition.

2.7. Flow cytometry

Lymph nodes, Spleens or digested spinal cords were passed through a
40-μm cell strainer (Corning). Erythrocytes were eliminated using Red
Blood Cell Lysis Buffer (Sigma-Aldrich) for 5 min at room temperature.
Isolated cells were stained with the following mAbs specific for: Fc-
receptor (93), CD3 (145-2C11), CD4 (GK1.5), CD8 (53–6.7), CD45
(30-F11), CD11b (M1/70), CD25 (PC61), 7AAD, Zombie aqua (all from
BioLegend) for 30 min at 4 ◦C. For intracellular cytokine staining, cells
were restimulated with PMA (Sigma-Aldrich), ionomycin (Sigma-
Aldrich), and GolgiPlug (BD Biosciences) for 4–6 h at 37 ◦C. Cyto-Fast
Fix/Perm Buffer Set (BioLegend) or True-Nuclear Transcription Factor
Buffer Set (BioLegend) and the mAbs specific for: IFN-γ (XMG1.2; Bio-
Legend), IL-4 (11B11; BioLegend), FOXP3 (MF-14; BioLegend) IL-17 A
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(TC11-18H10.1; BioLegend) and Ki-67 (16A8; BioLegend) were used for
detecting intracellular transcription factors or cytokines according to the
manufacturer's instruction as previously described. CellTrace Violet Cell
Proliferation Kit (Invitrogen) was used for evaluation of cell division,
and Cell Cycle Assay Solution Blue (Dojindo Laboratories) was used to
measure the cell cycle according to the manufacturer's instructions. Cell
proliferation and cell cycle were evaluated at day 2 under Th0 condition.

Human PBMCs were isolated using polymorphoprep and stained
with the following hAbs specific for: CD3 (UCHT1), CD4 (OKT4), CD8
(QA18A37), CD25 (BC96), CD45RA (HI100), CD127 (A019D5), CD183
(CXCR3, G025H7), CD185 (CXCR5, J252D4), CD194 (CCR4, L291H4),
CD196 (CCR6, G034E3) (all from BioLegend), and SYTOX Blue (Invi-
trogen) for 30 min at 4 ◦C. Stained cells were evaluated in FACS Verse
(BD Biosciences) or Cytek Northern Lights (Cytek Biosciences) and
analyzed with FlowJo V10 software.

2.8. Phagocytosis assay

Phagocytosis by BMDMs was observed for 6 h at 37 ◦C and imaged at
1 h intervals (Sartorius). Thresholds for calling pHrodo Green-positive
events were set based on intensity measurements of pHrodo Green-
labeled E.coli that lacked BMDMs, and the area of pHrodo Green-
positive per CD11b+ area were calculated using IncuCyte SX1.

2.9. Treg suppression assay

Tregs differentiated from naiveCD4+ T-cells as described above and
Cell Trace-labeled CD3+ T-cells from mouse spleen were co-cultured in
the presence of anti-CD3 (1μg/ml) and anti-CD28 (1μg/ml) in respec-
tive ratios (Tregs: T-cells = 0:1, 1:1, 1:2, 1:4, 1:8). Cell division was
assessed 48 h after starting co-culture. Percentage of suppression was
calculated by ((% proliferating cells at 0:1 – % proliferating cells at each
ratio) /% proliferating cells at 0:1) x 100 (%).

2.10. FAOBlue assay

FAOBlue (FDV-0033, Funakoshi) was dissolved in sterile-filtered
DMSO and stored at − 20 ◦C until use. T-cells under Th17 condition
for 24 h were stained by 10 μM FAOBlue for 15 min. The fluorescence of
FAOBlue was measured at excitation and emission wavelengths of 405
nm and 430–480 nm. Quantitative evaluation was performed using
National Institutes of Health ImageJ imaging software.

2.11. RNA-sequencing

T-cells under Th17 conditions were treated with either vehicle or
PEM for 48 h before harvest for RNA isolation. RNA-Seq was conducted
by the Center of Medical Innovation and Translational Research, Osaka
University, and by Macrogen Japan. The Illumina software package
bcl2fastq was used for base calling. The raw reads were mapped to the
house mouse reference genome sequence GRCm38 using TopHat (ver.
2.1.1) and Bowtie2 (ver. 2.3.4.1). Differential expression analysis was
performed using the edgeR package (ver. 3.20.9). The fold change (FC)
of gene expression between vehicle and PEM-treated groups was
calculated. KEGG pathway enrichment analyses were conducted using
the gseKEGG efunction in the clusterProfiler packag. An adjusted P <

0.05 was set as the cutoff criterion. A heatmap analysis was conducted
using iDep.96 software. We defined differentially expressed genes
(DEGs) according adjusted P < 0.05 and |log2FC| > 0.2. The data dis-
cussed in this publication have been deposited in NCBI's Gene Expres-
sion Omnibus [18] and are accessible through GEO Series accession
number GSE227073 (https://www.ncbi.nlm.nih.gov/geo/query/acc.
cgi?acc=GSE227073).

2.12. Quantitative real-time PCR analysis

Total mRNA from T-cell was purified with RNeasy Mini Kit (QIA-
GEN) and reverse transcribed to generate cDNA (Invitrogen). Real-time
SYBR-Green PCR analyses were performed using QuantoStudio7
(Applied Biosystems). Relative gene expression to Actinβ was evaluated
by the comparative cycle threshold method. The primer sets are shown
in Supplementary Table S1.

2.13. Histological analyses

Spinal cords and ears, skins were fixed in 4 % paraformaldehyde.
Pathological changes were examined with hematoxylin and eosin (H&E)
staining and luxol fast blue (LFB) staining. The sections were visualized
by Nikon. Histopathological evaluation of IMQ-induced psoriasis-like
skin inflammation was performed by two pathologists in a blinded
fashion based on the Baker's scoring system [19], and the mean value
was calculated.

2.14. Seahorse XF flux analyzer

Metabolic status such as mitochondrial oxygen consumption rate
(OCR) were recorded using a 96-well XF Extracellular Flux Analyzer
under the basal condition and in the presence of 1.5 μM oligomycin, 1.0
μM of trifluoromethoxy carbonylcyanide phenylhydrazone (FCCP), and
0.5 μM of rotenone and antimycin A (all from Agilent Technologies).
Assay buffer was made of XF base medium with or without 2.0 mM
glutamine in addition to 10 mM glucose and 1.0 mM sodium pyruvate
(all from Agilent Technologies). Poly-D-lysine (Corning) was used for
coating plates and 1.5× 105 T-cells per well were seeded. To assess FAO,
OCR was measured in the presence or absence of 5 μM etomoxir. In
detail, basal respiration represents the mean value of OCR at three time
points before oligomycin administration, and ATP-linked OCR repre-
sents the gap between basal OCR and the mean value of OCR at three
time points after oligomycin administration. Maximal respiration is the
mean OCR at three time points after FCCP administration. To calculate
Δmaximal OCR, the maximal respiration was measured with and
without etomoxir or glutamine, and differences were calculated be-
tween each of the wells measured at the same time. FAO: Δmaximal
OCR = maximal OCR without etomoxir – maximal OCR with etomoxir.
Glutaminolysis: Δmaximal OCR = maximal OCR with glutamine –
maximal OCR without glutamine. In addition, to evaluate glycolysis, we
performed Glycolytic Rate Assay and measured proton efflux rate (PER)
in the presence of 0.5 μM of rotenone and antimycin A and 50 mM of 2-
deoxyglucose (2-DG). Basal glycolysis was calculated by subtracting
mitochondrial acidification from total proton efflux and compensatory
glycolysis was measured after administration of rotenone and antimycin
A. All other procedures were performed according to the manufacturer's
instructions.

2.15. Statistical analysis

Parametric or non-parametric data was expressed as mean ± stan-
dard deviation or median with interquartile range. Two-tailed Student's
t-test or Mann-Whitney test was used for analyzing difference between
two groups. One-way ANOVA with Dunnett's multiple-comparison test
was used for analyzing differences among three or more groups. For EAE
model and psoriasis model, clinical scores and body weight changes of
each group were compared using two-way analysis. P values<0.05 were
considered statistically significant. Statistical analyses were performed
by GraphPad Prism version 8.4.3 (GraphPad Software).
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3. Results

3.1. Gender-independent effects of PEM in the alleviation of EAE are
associated with specific reduction of Th17 cells

We first tested whether the ameliorative effects of EAE by PPARα
agonists were reproducible, using a clinically relevant dose (0.1 mg/kg/

day) of PEM administration in male and female mice. PEM certainly
alleviated EAE in both clinical symptoms and weight loss, but unlikely
with previous reports [13,14], these improvements were observed
regardless of gender (Fig. 1A, B, S1A). Pathological findings and the
number of spinal cord infiltrating cells (CD45+ CD11bmid or CD45+

CD11b− cells) confirmed the disease alleviation in PEM-treated group
(Fig. 1C, D, S1B). Of particular significance, IFNγ-producing CD4+ T-

Fig. 1. Amelioration of EAE in PEM-treated mice.
(A, B) The mean (±s.e.m.) clinical scores were plotted at days after MOG immunization in male (A) and female (B) mice fed normal chow (round) or PEM containing
chow (square) (n = 5 in each group, *P < 0.05, two-way ANOVA with Bonferroni's post-test). (C) Representative luxol fast blue and eosin staining of spinal cord
sections at the peak of clinical symptom (x40) in male EAE. Eosin-positive area with cell infiltration was observed (black arrows). (D) Percentages of CD45+ CD11bmid

(left) and CD45+ CD11b− (right) cells from spinal cord were determined. (E, F) IL17A+, IFNγ+ and CD25+ Foxp3+ /CD4+ T-cells in the inguinal lymph nodes of MOG-
immunizued male (E) and female (F) mice at day 10. The bar graphs show the mean ± s.d. (n = 5–10, NS; Not Significant, *P < 0.05, **P < 0.001, two-tailed
unpaired Student's t-test).
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cells from the inguinal lymph node at day10, previously reported to be
decreased by the treatment with conventional PPARα agonist, did not
change by PEM; only IL-17-producing CD4+ T-cells exhibited significant
reduction with little increase of CD25+ Foxp3+ CD4+ T-cells (Fig. 1E,
S1C, S1D). This modulation in cytokine-producing cells was also
observed in female (Fig. 1F). PEM administration after onset of the
disease also ameliorated clinical symptoms, indicating the therapeutic
benefit in the effector phase of autoimmunity (Fig. S1E). These obser-
vations prompted us to test the efficacy of PEM in another IL-17-related
autoimmune disease.

3.2. PEM ameliorates imiquimod-induced dermatitis in female mice

To further investigate the gender-independent effects of PEM on IL-
17, we used an imiquimod (IMQ)-induced psoriasiform dermatitis
model in female mice, an IL-17-mediated inflammatory skin disease
exhibiting significant symptoms in females [20,21]. PEM-treated group
showed significant reduction of ear swelling as well as of pathological
severity using Baker's scoring system (Fig. 2A, B). Skin inflammation
evaluated by clinical score using PASI and pathological score also
improved in PEM group (Fig. 2C, D). As similar to the previous results in
EAE, reduction of IL-17-producing CD4+ T-cells from the cervical lymph
node was apparent in IMQ-induced dermatitis by PEM treatment,
although IFNγ-producing or CD25+ Foxp3+ CD4+ T-cells showed no

Fig. 2. Effect of PEM on psoriasis-like skin inflammation mice.
(A) The mean (±s.e.m.) thickness of the ear of each group was measured at the days after psoriasis-like skin inflammation was induced in female mice (n = 5 in each
group, *P < 0.05, two-way ANOVA with Bonferroni's post-test). (B) The H&E staining of the earsf at day 7 (x100). Parakeratosis (black arrow), epidermal thickening
(red arrow), rete ridges appearance (blue arrow) and lymphocytic infiltration (yellow arrow) are shown. Quantitative assessment of pathological score based on a
Baker score system was performed (right). (C) The mean clinical scores for disease severity at day 7 were calculated using the clinical Psoriasis Area and Severity
Index. (D) The H&E staining of the dorsal skin at day 7 (x100) is shown, as well as the ear staining shown above. Pathological score is based on a Baker score system
(right). (E) Percentages of IL17 A+, IFNγ+ and CD25+ Foxp3+ in CD4+ T-cell in the cervical lymph nodes of psoriasis-like skin inflammation mice at day 7 were
evaluated. The bar graphs show the mean ± s.d. (n = 5–8, NS; Not Significant, *P < 0.05, **P < 0.001, two-tailed unpaired Student's t-test).
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difference (Fig. 2E, S2A). In addition, we next used lupus-prone NZB/
WF1 female mice to verify the IL-17-specific action of PEM. Although IL-
17 is thought to play crucial roles in the pathogenesis of human SLE, the
involvement of IL-17 in this mouse model of lupus appears to be minimal
[22]. PEM did not prolong the induction of proteinuria or survival
(Fig. S2B), and no significant changes were observed in anti-ds-DNA IgG
titers (Fig. S2B). Collectively, our results suggest that PEM mitigates
autoimmune inflammation irrespective of sex, by suppressing IL-17 but
not IFNγ.

3.3. PEM alters Th17 cell differentiation and metabolism

RNAseq at 48 h under in vitro Th17-skewing condition in the pres-
ence of PEM revealed significant changes in Th17/Treg-related genes
such as Il17a, Il23r and Foxp3 (Fig. 3A, B), indicating the direct effects of
PEM in lymphocytes. Th17 differentiation was substantially suppressed
by only 1 nM of PEM supplementation, whereas both Th1 and Th2 cells
were unaffected and Tregs were slightly increased (data not shown). As a
result, Th17/Treg ratio decreased notably in proportion to the concen-
tration of IL-6 in the presence of PEM (Fig. 3C). However, suppressive
function of PEM-treated Tregs was not enhanced (Fig. S3 A). In addition
to the change in Th17/Treg-related genes, PEM-treated T-cells increased
genes related to fatty acid metabolisms such as Cd36, Rxra and Acsl6,
while glutaminase 2 (Gls2), an enzyme for glutaminolysis, was down-
regulated. Other genes involved in the glycolysis, such asMyc andHif1a,
were also decreased, suggesting alterations on the metabolic programs
of Th17 cells (Fig. 3A, B). To investigate how FAO is involved in these
changes, we used etomoxir, an inhibitor of carnitine palmitoyltransfer-
ase 1 A (CPT1a) which is a rate-limiting enzyme for mitochondrial FAO
as a target of PPARα. As a result, etomoxir reversed the inhibitory effect
of PEM, indicating that FAO played critical roles in PEM-mediated
suppression of Th17 cells (Fig. 3D, S3B). On the other hand, Treg, in
which FAO is the main metabolic pathway [9], was hardly promoted in
differentiation by PEM, but was certainly inhibited by etomoxir
(Fig. S3C). We further analyzed changes in gene expressions of PEM- and
PEM plus etomoxir-treated Th17 cells. While genes related to FAO
(Cpt1a, Acadl, Acox1) were increased by PEM as expected, it is notable
that those to glycolysis (Gapdh, Hk2), glutaminolysis (Gls, Gls2, Glud1)
and Th17 differentiation (Rorc) were significantly decreased. Genes
involved in FAS (Acaca, Fasn) were not affected (Fig. 3E). Reduced
glutaminolysis is reflected in the elevated glutamine concentration from
the medium of PEM-treated T-cells compared to the control (Fig. 3F).
More importantly, when FAO was inhibited by etomoxir, gene expres-
sions related to glycolysis and glutaminolysis were totally restored.
PEM-induced fatty acid transporter Cd36 and acyl-CoA oxidase 1
(Acox1) were not reversed by etomoxir, indicating that PPARα-target
genes related to non-mitochondrial FAO were unaffected by etomoxir
treatment (Fig. 3E).

3.4. Differential effects of PPARα agonists on T-cell differentiation and
cellular activity

Fenofibrate (FEN), a conventional PPARα agonist, was also reported
to inhibit Th17 differentiation at 10 μM, a clinically relevant concen-
tration [23]. Therefore, we compared PEM and FEN to determine how
their effects on T-cells differ according to PPARα selectivity. Since FEN
did not suppress Th17 differentiation at the dose of 1 μM but signifi-
cantly at 10 μM (Fig. S4 A), we performed the following experiments
with 10 μM of FEN and10 nM of PEM. In contrast to PEM, the inhibitory
effect of FEN was not reversed by etomoxir (Fig. 4A). Consistent with
previous reports, IFN-γ producing cells were apparently reduced by FEN
(Fig. 4B), however, we found that the number of live cells were signif-
icantly decreased in 10 μMof FEN-treated effector T-cells (Fig. 4C). FEN-
treated T-cells showed tendency of G0/G1 arrest upon stimulation
(Fig. 4D), resulting in the suppression of cell division (Fig. 4E, S4B).
Notably, FEN increased 7-AAD+ dead cells under both Th1 and Th17

condition (Fig. 4F), suggesting that FEN inhibits T-cell growth leading to
cell death whereas PEM exclusively suppresses Th17 differentiation.
Decreased expression of genes related to glycolysis, glutaminolysis and
FAS was not restored by etomoxir treatment (Fig. S4C). These results
suggest that PEM-mediated activation of PPARα could interfere with
Th17-skewing metabolic programs such as glycolysis and glutaminolysis
in an FAO-dependent manner, while FEN-mediated suppression of Th17
might be FAO-independent inhibition of cell growth.

We next examined whether PPARα activation could also act on
macrophages derived from bone marrow. Glycolysis and FAS are active
in inflammatory macrophage (M1), while anti-inflammatory macro-
phage (M2) is more dependent on FAO [24]. Reflecting the dominant
expression of PPARγ rather than PPARα in macrophage [12], PPARγ
agonist pioglitazone (PIO) consistently upregulated genes related to
fatty acid metabolism (Cpt1a, Acadl, Cd36 and Acox1) (Fig. S4D).
Evaluation of macrophage polarization showed that genes related to M1
polarization (Nos2, Cd86) were downregulated (Fig. S4E), whereas
genes related to M2 polarization (Arg1, Ym1) were upregulated by PIO
(Fig. S4F), as previously reported [25]. In addition to the modulation of
cytokine production such as suppression of TNFα and IL-1β (Fig. S4G),
and elevation of IL-10 (Fig. S4H), phagocytosis was also inhibited by PIO
(Fig. S4I). In contrast, PEM did not change gene expressions for fatty
acid metabolism, genes for polarization, cytokine productions or
phagocytic function (Fig. S4D–I). Taken together, PEM directly targets
T-cells and not macrophages to shift the Th17/Treg balance, while FEN
affects T-cell viability through PPARα-independent mechanisms.

3.5. Mitochondrial FAO-dependent alterations of metabolic program by
PEM restrain Th17 cell differentiation

Enhancement of FAO in PEM-treated Th17 cells was visualized using
fluorescence-based FAO detection reagent, FAOblue (Fig. S5 A) [26]. To
further assess the metabolic reprogramming of PEM-treated Th17 cells,
oxygen consumption rate (OCR) and proton efflux rate (PER) were
measured by extracellular flux analyzer. While basal, maximal and ATP-
linked OCR (energy production by OXPHOS) were not changed,
glycolysis evaluated by PER was reduced in PEM-treated Th17 cells
(Fig. 5A, B, S5B). Considering that glutamine metabolism is essential for
Th17 cell differentiation and function (Fig. S5C), we investigated the
bias in energy production by PEM in Th17 cells. The dependence of
energy production on FAO and glutaminolysis was examined by eto-
moxir and deprivation of glutamine, respectively. The gap in OCR
(ΔOCR) was calculated during maximal respiration influenced by
oxidation in the mitochondria through the TCA cycle such as FAO and
amino acid metabolism, especially in cells with increased energy de-
mand (Fig. 5C, D) [27]. The ΔOCRs resulting from these treatments were
regarded as the energy production dependent on each metabolic
pathway. In PEM-treated Th17 cells, energy production within the
mitochondria was deduced to be highly dependent on FAO (Fig. 5C),
while glutamine dependency was significantly reduced (Fig. 5D). These
findings suggest that PEM alters the metabolic program of Th17 cells,
shifting from glutamine to fatty acid metabolism for energy supply, and
therefore this transformation implies a substantial decrease in the
functional capacity of Th17 cells. In contrast, FEN decreased glycolysis,
glutaminolysis and OXPHOS (Fig. 5A-D, S5B).

Previous study has reported a substantial role for pathogenic Th17
differentiated in the presence of IL-1β, IL-6 and IL-23 in the pathogenesis
of EAE [28]. Therefore, we added the examination about pathogenic
Th17. Similar to Th17 differentiated in the presence of TGFβ and IL-6,
polarization of pathogenic Th17 was surppressed by PEM (Fig. S5D),
with an increase in FAO and a decrease in glutamine metabolism while
maintaining mitochondrial ATP production (Fig. S5E, S5F). In addition,
this inhibitory effect by PEM was FAO-dependent (Fig. S5G).

In summary, metabolic profiles were obviously different between
PEM and FEN-treated cells (Fig. 5E). While mitochondrial ATP pro-
duction is maintained in PEM-treated Th17 cells, all metabolic processes
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Fig. 3. Direct effects of PEM on T-cell differentiation and metabolism.
(A, B) RNAseq of T cells cultured for 48 h in Th17-skewing condition with or without PEM. (A) Volcano plot of differential gene expression identified between the
PEM-treated cells and controls. The genes upregulated in PEM-treated cells are shown in red, and the genes downregulated are shown in blue. (B) Heat map showing
the relative expression of genes related to Th17, Treg and metabolism. The upregulated genes are shown in red, and the downregulated genes are shown in green. (C)
Naïve CD4+ T-cells were cultured under Th17 condition in medium containing the indicated doses of IL6 (0–20 ng/ml). IL-17 A+ /CD25+ Foxp3+ ratio was evaluated.
(D) IL-17 A+ CD4+ T-cells were measured at 96 h after Th17-skewing conditions with drugs as indicated. (E) The relative mRNA expression to Actinβ were evaluated
by quantitative RT-PCR at 48 h after Th17 condition. (F) The supernatant glutamine concentrations were compared in two groups at 96 h under Th17 condition. The
bar graphs show the mean ± s.d. (n = 4–8, NS; Not Significant, *P < 0.05, **P < 0.001, ***P < 0.0001, two-tailed unpaired Student's t-test or one-way ANOVA with
Dunnett's multiple-comparison test).
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Fig. 4. Differential effects of PPARα agonists on T-cells.
(A) Naïve CD4+ T-cells were cultured under Th17 conditions and DMSO or FEN was added with or without etomoxir on day 0. Percentage of IL-17 A+ cells /CD4+ T-
cells were measured by flow cytometry on day 4. (B, C) IFNγ + cells /CD4+ T-cells (B) under Th1 condition, and number of CD4+ T-cells (C) under Th17 or Th1
condition were measured by flow cytometry on day 4. (D, E) Cells in G0/G1, S, or G2/M phase with representative histogram (D) and that of Ki-67+ cells /CD4+ T-
cells (E) were compared at 48 h under Th0 condition. (F) 7AAD+ cells under Th17 and Th1 condition. Data except for A and B are representative of at least two
independent experiments. The bar graphs show the mean ± s.d. (n = 4, NS; Not Significant, *P < 0.05, **P < 0.001, ***P < 0.0001, one-way ANOVA with Dunnett's
multiple-comparison test).
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Fig. 5. FAO-dependent metabolic modification by PEM different from FEN.
(A-E) Oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) of Th17 cells were measured by extracellular flux analyzer. (A) Basal, ATP-linked
and maximal OCR, and (B) basal glycolysis evaluated by proton efflux rate (PER) were compared in three groups. (C) The gap in maximal OCR (Δmaximal OCR) was
calculated with or without etomoxir. The comparison of OCR measured with (dotted) or without (solid) etomoxir is shown in vehicle (black), PEM-treated (red) and
FEN-treated Th17 cells (blue). (D) ΔMaximal OCR was calculated with (solid) or without (dotted) glutamine. The comparison of OCR measured with or without
glutamine is shown in vehicle (black), PEM-treated (red) and FEN-treated Th17 cells (blue). (E) The summary of alteration in metabolic status. Results are repre-
sentative of at least two independent experiments. The bar graphs show the mean ± s.d. (n = 4–6, NS; Not Significant, *P < 0.05, **P < 0.001, ***P < 0.0001, one-
way ANOVA with Tukey's multiple-comparison test).
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suppressed in FEN-treated cells might be unable to meet the increased
energy demand according to activation, leading to cell death.

3.6. Modified Th17/Treg balance in patients treated with PEM

Th17 cells were reported to be increased in patients with advanced
chronic kidney disease (CKD) [29]. Since PEM is now available for use in
advanced CKD patients in Japan, we examined the difference in T-cells
between our patients treated with and without PEM. Lymphocytes from
peripheral blood were divided into several clusters using flow cytometry
by staining for cell surface markers and CD4+ T-cells isolated from our
patients were classified according to their staining patterns. As previ-
ously reported [30,31], we defined these clusters as CD4+ CD45RA+

cells, Tfh (CD4+ CD25− CXCR3− CXCR5+), Th17 (CD4+ CD25− CCR6+

CXCR3− CXCR5− ), Th1/17 (CD4+ CD25− CCR6+ CXCR3+ CXCR5− ),
Th1 (CD4+ CD25− CCR6− CXCR3+ CXCR5− ), Th2(CD4+ CD25− CCR4+

CCR6− CXCR3− CXCR5− ) and Treg (CD4+ CD25+ CD127− CCR4+)
(Fig. 6A, S6). Patient characteristics such as age, gender, estimated
glomerular filtration rate, C-reactive protein, and urine protein/urine
creatinine ratio did not differ between the two groups (Table S2). While
there was no significant difference in percentage of each T-cell subset,
Th17/Treg ratio was significantly lower in the PEM group as compared
in control CKD patient group (Fig. 6B). Furthermore, evaluation for
clinical outcome showed amilder decline of eGFR at one year in the PEM
group (Fig. 6C).

4. Discussion

We demonstrated that PEM-mediated specific PPARα activation
alleviated IL-17-related autoimmune diseases. Although enhanced
PPARα expression in male was indicated to play its substantial role [32],
our findings that PEM ameliorated EAE in both male and in female,
suggesting the effect dependent on the high affinity of PEM for PPARα
rather than the expression levels of PPARα. On the other hand, PEM did
not ameliorate the disease progression of lupus-prone NZB/WF1 mice.
The involvement of IL-17 in this model might be limited, which is
explained from the fact that disease progression of NZB/WF1 mice was
unaffected in IL-17-deficiency and that IL-17 was not detected in injured
kidneys [22,33]. Moreover, the fact that even the percentage of Th17 in
the spleen of NZB/WF1 mice was not significantly reduced by PEM (data
not shown) may be due to heterogeneity of Th17 cells. It is noted that
Th17 has diverse functions, such as maintenance of homeostasis and
inflammation [34]. In our study, PEM suppressed pathogenic Th17 cell
differentiation as well as homeostatic Th17 cells. Although it is already
known that pathogenic Th17 cells are involved in the development of
EAE and psoriasis, those in SLE is still controversial [35]. However, IL-
17 remains significant in SLE progression, and there still exists the po-
tential target for some disease phenotype [36,37].

Manipulation of the metabolic pathway to modify the Th17/Treg
balance is reported to be a potentially feasible solution for the treatment
of autoimmune disease [38]. In this study, we hypothesized that Th17
cells could be affected by the upregulation of mitochondrial FAO, which
has been considered to be dispensable for its differentiation [39]. PEM-

Fig. 6. Shift in Th17/Treg balance of peripheral lymphocytes from CKD patients treated with PEM.
(A) Heatmap of clusters among CD4+ T-cells classified based on combinations of selected surface markers by flow cytometry. (B) Percentages of Th1, Th2, Th17, Th1/
Th17, Treg and Tfh /CD4+ T-cells and ratio of Th17/Treg were measured in patients treated without PEM (Ctrl, red) and with PEM (PEM, blue). (C) Comparison of
ΔeGFR in one year between the two groups. The bar graphs show the mean ± s.d. (NS, Not Significant, *P < 0.05, two-tailed unpaired Student's t-test).
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induced increase in mitochondrial FAO such as Cpt1a and Acadl and
decrease in glycolysis and glutaminolysis were both reversed by etomoxir,
which suggests that PEM-mediated inhibition of Th17 cells is based on
FAO-dependent alteration of metabolic program in T-cells. These results
suggest that the excess, not the deficiency, of Cpt1a affects Th17 differ-
entiation. In contrast, PEM had little effect onmacrophages, where PPARγ
expression is predominant rather than PPARα. This provides convincing
evidence for metabolic regulation of Th17 cells via PPARα activation.
Since Th17 differentiated in the presence of TGFβ and IL-6 is reported to
be more FAO-dependent than pathogenic Th17, it is necessary to examine
the effects on pathogenic Th17, which is less dependent on FAO [40].
Inhibition of differentiation via metabolic alterations was also observed
for pathogenic Th17, which may contribute to the amelioration of auto-
immune diseases and further investigation is required.

We also addressed the pharmacobiological differences between PEM
and conventional PPARα agonist. FEN requires more than 1000 times
higher concentration than that of PEM to achieve the same level of
PPARα activity [41]. Our results demonstrate that FEN deprives energy
even at a dose of clinical relevance, by broadly restraining cellular
metabolism, which causes impairment of T-cell proliferation and of
viability. These observations could explain differences between PPARα-
mediated and non-PPARα-mediated effects on immune responses.

Although both fibrates restrain Th17 cells, it is of interest that FEN
was likely to act as a metabolic inhibitor, whereas PEM worked as an
accelerator of fatty acid metabolisms. The pharmacological action of
FEN may be reflected in some recent evidence of its potential as an anti-
cancer drug, along with its immunosuppressive function [42,43].
Similarly, metabolic interventions have been explored for the treatment
of autoimmune diseases. In a mouse lupus model, clinical symptoms
were alleviated by inhibiting glycolysis with 2-DG and OXPHOS with
metformin [44], and by inhibiting glucose transporter [45]. EAE has
been shown to be ameliorated by glutaminase inhibitor BPTES and in-
hibitors of FAS [46,47]. These targets inhibit metabolic signals that are
critical to cell proliferation, however, administration of effective dos-
ages may also affect somatic cellular activity. In fact, clinical trials of 2-
DG have been conducted for cancer treatment, but serious side effects
such as seizures occurred at therapeutic doses and were terminated [48].
Enzyme inhibitors for FAS have undergone clinical trials for cancer and
non-alcoholic fatty liver disease, however, some were abandoned
because of severe adverse effects or others are still under investigation
[49,50]. Thus far, clinical trials of metabolite modulators for autoim-
mune diseases have not been conducted. Given these circumstances, the
significance of this study underlies in the fact that PEM, unlike FEN, was
able to maintain energy production by decreasing glycolysis and gluta-
minolysis via upregulation of FAO and modify the Th17/Treg balance
without affecting cell viability, which may facilitate its clinical appli-
cation in these diseases.

Clinical availability of PEM in Japan enabled us to validate its effi-
cacy on patients. Despite the fact that most of our patients had impaired
renal function and required dose reductions, Th17/Treg balance was
modified and rate of eGFR decline was smaller in patients receiving
PEM. It has been noted that IL-17 is involved in the development of
diseases that cause AKI and CKD, such as glomerulonephritis, renal
ischemia, diabetic nephropathy, hypertension, and atherosclerosis [51].
In human, different from mice, PEM did not significantly reduce Th17,
but altered Th17/Treg balance. However, considering the degree of
change in Th17 and Treg, the reduction in Th17 might have contributed
to the significant difference in Th17/Treg ratio. This is likely due to
variations in the underlying kidney diseases or to differences in the
dosage and period of PEM. Particularly, PEM is only allowed in lower
doses (0.1 or 0.2 mg/day) for CKD patients than in non-CKD patients
(maximum 0.4 mg/day). Future studies are needed to establish the
correlation between the dose of PEM in mice and human. It should also
be noted that T-cell subsets were classified by only surface markers, and
therefore do not necessarily refer to each cytokine-producing cell.
Although clinical trials are also required in the future, PEM may inhibit

CKD progression through the modification of Th17/Treg balance, which
may expand its availability for CKD patients.

In clinical settings, lipid metabolism is closely associated with
autoimmune diseases. It has been noted that patients with multiple
sclerosis (MS) tend to have disrupted lipid metabolism and are more
likely to have dyslipidemia as a complication [52,53]. As well, patients
with psoriasis have a high prevalence of metabolic diseases such as
diabetes, hypertension, dyslipidemia and obesity, indicating a strong
association between psoriasis and metabolic syndrome [54,55]. There-
fore, the use of PEM, a metabolic modifying drug, for these autoimmune
diseases is reasonable and may help in future treatment. Furthermore,
while strong immunosuppressive effects are concerned with FEN, PEM
was not associated with an increase in the total incidence of serious
adverse events, as reported in the PROMINENT study [16]. Currently,
PEM is only available for dyslipidemia, which limits the opportunity to
use it for patients with MS and psoriasis. From the perspective of drug
repositioning, selective PPARα activator could be a viable option for the
treatment of autoimmune diseases beyond its conventional indications.

5. Conclusions

Our findings provide evidence that selective PPARα activation by
PEM modifies the metabolic programs of Th17 cells via FAO enhance-
ment and could be an effective target for the treatment of autoimmune
diseases.
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