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Abstract
Generally, fasting and refeeding confer anti- and proinflammatory effects, respectively. In humans, these caloric-load interventions 
function, in part, via regulation of CD4+ T cell biology. However, mechanisms orchestrating this regulation remain incomplete. We 
employed integrative bioinformatics of RNA sequencing and high-performance liquid chromatography–mass spectrometry data to 
measure serum metabolites and gene expression of peripheral blood mononuclear cells isolated from fasting and refeeding in 
volunteers to identify nutrient-load metabolite-driven immunoregulation. Propionate, a short chain fatty acid (SCFA), and the SCFA- 
sensing G protein–coupled receptor 43 (ffar2) were coordinately and inversely regulated by fasting and refeeding. Propionate and free 
fatty acid receptor agonists decreased interferon-γ and interleukin-17 and significantly blunted histone deacetylase activity in CD4+ T 
cells. Furthermore, propionate blunted nuclear factor κB activity and diminished interleukin-6 release. In parallel, propionate reduced 
phosphorylation of canonical T helper 1 (TH1) and TH17 regulators, STAT1 and STAT3, respectively. Conversely, knockdown of free 
fatty acid receptors significantly attenuated the anti-inflammatory role of propionate. Interestingly, propionate recapitulated the 
blunting of CD4+ TH cell activation in primary cells from obese individuals, extending the role of this metabolite to a disease 
associated with low-grade inflammation. Together, these data identify a nutrient-load responsive SCFA–G protein–coupled receptor 
linked pathway to regulate CD4+ TH cell immune responsiveness.
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1. Introduction
Fasting can be employed as an acute nutritional intervention to ex
plore mechanisms linked to the health benefits of intermittent 
fasting, time-restricted eating, and other caloric-restrictive diet
ary strategies.1,2 An emerging concept arising from these dietary 
interventions is that short-term or intermittent fasting confers 
anti-inflammatory effects in animal models and human studies3,4

and that refeeding may be proinflammatory.1,5 Mechanisms 
underpinning these immunoregulatory effects are being uncov
ered at the level of immune cell chromatin remodeling6,7; tran
scriptional control2; posttranslational regulation1; intracellular 
signal transduction,8 via intracellular organelle effects, e.g. by al
tering mitochondrial fidelity or autophagy8; and directly through 
metabolic remodeling.9 Additional immune cell extrinsic para
crine regulatory factors include the effects of nutritional restric
tion on the release of metabolites or regulatory proteins from 
nutrient-responsive organs such as adipose tissue, the liver, and 
skeletal muscle10–12; modification of the gut microbiome13; and 

modulation of immune cell trafficking to and from the bone mar
row niche.5,11,14

Canonical metabolites released from nutrient-sensing organs or 
modulated via the gut microbiome confer immune regulatory effects, 
including synthesis of ketone bodies, predominantly from the liver, 
release of fatty acids and arachidonic acid from adipose tissue, and 
production and secretion of short-chain fatty acids (SCFAs) derived 
from the gut microbiome. The effects of ketone bodies are most 
well characterized, and different intermediates appear to confer dis
tinct effects. This was illustrated in which β-hydroxybutyrate (BHB) 
and not acetoacetate attenuates the NLRP3 inflammasome in human 
and murine monocytes.15 This effect of BHB occurs via disruption of 
the inflammasome complex formation but independent of BHB oxi
dation or activation of the BHB G protein–coupled receptor 
(GPR109A) or HCAR2 (hydrocarboxylic acid receptor 2).15 In contrast, 
the initial exploration of the role of ketogenesis in neutrophils in 
response to the conditional genetic disruption of this pathway did 
not itself show a profound effect in the NLRP3-dependent 
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inflammasome, although neutrophil immune reactivity was amelio
rated.16 Interestingly, acetoacetate confers divergent immunoregula
tory effects, including regulating human neutrophil migration,17

blunting murine neuroinflammation,18 and inducing NLRP3 
activation of bovine mononuclear cells.19 At the same time, gut mi
crobiome–generated SCFAs have been identified as immunomodu
latory metabolites.20 For example, butyrate (C4 SCFA) functions as a 
histone deacetylase inhibitor21 and blunts NLRP3 activation in adi
pocytes,22 and gut microbiome–generated propionate (C3 SCFA) re
duces gut resident γδT cell interleukin (IL)-17 production in mice 
and circulating γδT cells in patients with inflammatory bowel dis
ease.23 Propionate has also been shown to augment the regulatory 
T (Treg)/T helper 17 (TH17) ratio24 and blunt TH17-linked auto
immunity.25 Similarly, both butyrate and propionate dampen the 
inflammatory activity and interferon-γ (IFNγ) release from trans
formed dendritic epidermal T cells.26 Together, these data support 
the role of circulating metabolites in immunoregulation and high
light divergent effects in different species and immune cell lineages.

Our laboratory has used fasting and refeeding as a human 
model system to further explore the biology of nutrient load–de
pendent immunomodulation. In an initial myeloid cell–focused 
study in healthy volunteers, we showed that a 24-h fast blunted 
the NLRP3 inflammasome in monocytes and macrophages and 
that refeeding after the 24-h fast exacerbated the NLRP3 inflam
masome via nuclear factor κB (NF-κB) activation.1 A subsequent 
broad bioinformatics-driven study investigating peripheral blood 
mononuclear cells (PBMCs) extracted during fasting and refeeding 
identified nutrient load–dependent CD4+ T cell regulation by con
cordant high-dimensional flow cytometric phenotyping and RNA 
sequencing analysis.2 Functional characterization of these find
ings identified that CD4+ TH cells exhibited a dampened immune 
responsiveness in the fasted relative to refed state. A subsequent 
integrated bioinformatics approach incorporating RNA sequen
cing and metabolomic and lipidomic analysis identified a novel 
fasting-induced metabolite, N-arachidonylglycine, linked to an 
orphan G protein–coupled receptor (GPCR), GPR18, that blunted 
TH1 and TH17 cell immune responsiveness in healthy individuals 
and cells extracted from obese subjects.27 In that same study, the 
transcript level of the free fatty acid receptor 2 (FFAR2) (GPR43), 
which is activated by SCFAs, was found to be induced in the refed 
state.27 The objective of this study was to evaluate whether 24-h 
fasting and refeeding modulated SCFAs and whether these puta
tive microbiome-derived lipids have direct nutrient state–depend
ent CD4+ TH cell immunomodulatory effects.

In this study, we find that propionate levels, compared with 
acetate and butyrate, are increased in the refed relative to the fast
ing state. This is paralleled by increased FFAR2 and FFAR3 (GPR41) 
expression in CD4+ T cells following refeeding. Subsequent bio
chemical, pharmacologic, and genetic manipulation of the 
propionate-FFAR pathways uncover that propionate attenuates 
TH1 and TH17 immune responsiveness via downregulation of his
tone deacetylase (HDAC) activity with subsequent blunting of 
NF-κB, IL-6, STAT1, and STAT3 signal transduction. Together, 
these data show that propionate functions as a negative regulator 
of CD4+ T cell immune responsiveness in the refed state.

2. Methods
2.1 Clinical protocol
To further characterize pathways that orchestrate nutrient- 
dependent immune modulation, we carried out a clinical study 
(https://classic.clinicaltrials.gov/ct2/show/NCT02719899) to assess 

the immunologic effects of a 24-h fast and a period of refeeding 
on PBMCs in normal volunteers which has previously been de
scribed by Han et al.2 The National Heart, Lung, and Blood 
Institute Institutional Review Board approved this study, and vol
unteers signed informed consent before participation. Females 
(n = 11) and males (n = 10) 22 to 29 yr of age with no acute or chronic 
disease and a body mass index (BMI) weight range of 22 to 29 kg/m2 

were recruited for the study. Volunteers fasted overnight (t = 0 h 
[baseline]), consumed a fixed 500-calorie morning meal, completed 
a 24-h total fast (t = 24 h [fasted]), then consumed another 
500-calorie meal after the fast (t = 27 [refed]). The fixed 500-calorie 
meals consisted of a choice of either (meal 1) a vegetable omelet, 
toast with butter and jelly, and orange juice, or (meal 2) oatmeal 
with walnuts, brown sugar, dried cranberries, and milk. The sche
matic of the study design and the subject’s characteristics are 
described in Supplementary Fig. 1A. Primary CD4+ T cells from 
lean and obese subjects were collected under the Disease 
Discovery Natural History Protocol (https://classic.clinicaltrials. 
gov/ct2/show/NCT01143454). Thirty African American female vol
unteers 24 to 78 yr of age were recruited for this study. Fifteen vol
unteers with an average BMI of 24.17 ± 2.17 kg/m2 and an average 
age of 53.73 ± 18.49 yr were classified as lean. Fifteen volunteers 
with an average BMI of 40.29 ± 8.06 kg/m2 and an average age of 
53.00 ± 12.45 yr were classified as obese. Characteristics of lean 
and obese subjects are described in the results section. The blood 
from healthy volunteers for functional study was obtained from 
subjects that consented to enroll in the Disease Discovery 
Protocol (https://classic.clinicaltrials.gov/ct2/show/NCT01143454) 
and from the National Institutes of Health Clinical Center blood 
bank (https://classic.clinicaltrials.gov/ct2/show/NCT00001846).

2.2 Targeted detection of SCFAs in human 
serum
Serum samples from baseline, 24-h fasted, and 3-h refed states 
were extracted using a standard methanol-chloroform-water 
method.28 The extracted aqueous fraction was derivatized with 
33NPH•HCL to convert SCFAs to their corresponding 3-nitrophe
nylhydrazones using the method described by Han et al.29

Derivatized samples were reconstituted in an internal standard 
solution containing the following 9 SCFAs, which had been deriv
atized with 13C6-3NPH•HCL: acetic acid, propionic acid, isobutyric 
acid, butyric acid, isovaleric acid, valeric acid, isocaproic acid, cap
roic acid, and heptanoic acid. Targeted liquid chromatography/ 
mass spectrometry was performed with a Thermo Scientific 
Vanquish UHPLC+ coupled to a TSQ Quantiva mass spectrometer 
(Thermo Fisher Scientific). An ACE Excel 2 C18 PFP (100A. 150 ×  
2.1 mm 5 µm) column conditioned at 40 °C was used for chroma
tography with a mobile phase consisting of (1) a 0.1% formic acid 
solution in water and (2) a 0.1% formic acid solution in acetonitrile. 
The ESI source was operated in negative mode with an electro
spray voltage of 2500 V, and nitrogen at 48 mTorr and 338 °C was 
used as a drying gas for solvent evaporation. Data were acquired 
and processed using Thermo Xcalibur software (Version 2.2; 
Thermo Fisher Scientific). Individual peaks were integrated and 
normalized to their corresponding internal standard.

2.3 Metabolomics analysis
SCFA data were compiled with metabolite and lipid data previous
ly collected from identical fasting and refeeding serum samples 
for further analysis.27 Supervised analysis was performed with or
thogonal partial least squares discriminant analysis (OPLS-DA) 
using Simca software (version 17; Umetrics). Model performance 
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was reported using R2X, which represents variation in data ex
plained by the model; R2Y, which explains variation in class mem
bership explained by the model; and Q2, which describes the 
predictive capacity of the model. Significance testing was per
formed with cross-validation analysis of variance (ANOVA). 
Variables important for prediction (VIPs) were reported for the 
OPLS-DA model (Supplementary Table 1), and a heatmap of rela
tive expression was generated using GraphPad Prism (version 9; 
GraphPad Software).

2.4 Transcriptomics analysis
RNA sequencing of PBMCs isolated from human volunteers that 
underwent the 24-h fasting and refeeding study was performed 
as previously described.2 Data were accessed from the Gene 
Expression Omnibus repository (GEO ID: GSE165149).

2.5 Primary CD4+ T cells isolation from whole 
blood
Primary PBMCs were isolated from human blood by density centri
fugation using Lymphocyte Separation Medium (MP Biomedicals). 
CD4+ T cells were negatively selected from PBMCs using the CD4+ 

T Cell Isolation Kit (Miltenyi Biotec) and cultured in RPMI 1640 me
dia supplemented with 25 mM HEPES, 10% heat-inactivated fetal 
bovine serum (FBS), and penicillin/streptomycin. Human CD4+ T 
cells (4 × 105/well in 96-well plate) were activated with plate- 
coated αCD3 (5 μg/mL; BioLegend) and αCD28 (10 μg/mL; 
BioLegend) for 3 d in the presence of 10% autologous serum 
from the subjects and 5% FBS. Also, CD4+ T cells (4 × 105/well in 
a 96-well plate) were differentiated into 3 T cell subtypes by incu
bation with the specific supplements for TH1 (20 ng/mL IL-12 and 
10 μg/mL αIL-4), TH2 (10 ng/mL IL-4 and 10 μg/mL αIFNγ), or TH17 
(20 ng/mL IL-6, 2 ng/mL transforming growth factor β1, 10 ng/mL 
IL-1β, 10 ng/mL IL-23, 10 μg/mL αIL-4, and 10 μg/mL αIFNγ), respect
ively. They were differentiated for 3 d on plate-coated αCD3 and 
αCD28 in the presence of 10% autologous serum from the subjects 
and 5% FBS. All recombinant proteins and antibodies for differenti
ation media were purchased from PeproTech and eBioscience. 
Supernatants were collected, centrifuged to remove cells and deb
ris, and stored at −80 °C.

2.6 Flow cytometry
CD4+ T cells were isolated from healthy volunteers and incubated 
with 5 mM propionate for 3 d on plate-coated αCD3 and αCD28. 
The cells were activated with a Cell Stimulation Cocktail (plus pro
tein transport inhibitors) (eBioscience) and PMA (500 ng/mL; 
Sigma) for 4 h and then incubated with antibodies against cell sur
faces and cytokines (BD, BioLegend, eBioscience) (Supplementary 
Table 2)). Data were acquired with FACSymphony (BD), and post
acquisition analysis was performed using FlowJo 9.9.6 (TreeStar). 
Analysis excluded debris and doublets using light scatter meas
urements and dead cells by live/dead stain. Gating strategies 
used to identify immune cell subsets are provided in 
Supplementary Figs. 1F and 2H. Briefly, the cells were first gated 
for singlets (forward scatter height [FSC-H] vs forward scatter 
area [FSC-A]) and further analyzed for their uptake of the Live/ 
Dead Yellow stain (Invitrogen) to determine live vs dead cells in 
CD8−CD4+ or CD3 + CD4+. The expression of transcription factors 
and cytokines is then determined for T cell polarization within 
this gated population.

2.7 Treatment with metabolites and receptor 
ligands
CD4+ T cells were treated with propionate (C3), 4CMTB (FFAR2 
agonist; Tocris Bioscience), AR420626 (FFAR3 agonist; Tocris 
Bioscience), or GLPG0974 (FFAR2 antagonist; Tocris Bioscience) 
on αCD3/αCD28 antibody-coated plates for 3 d. Cytotoxicity was 
assessed using the Vibrant MTT cell proliferation assay (Thermo 
Fisher Scientific) and CyQUANT LDH Cytotoxicity Assay 
(Invitrogen). On the third day, cells were centrifuged for 
Western blot or RNA analysis and the supernatant was collected 
for enzyme-linked immunosorbent assay (ELISA) assay.

2.8 Characterization of propionate signaling in 
primary human T cells
Primary CD4+ T cells with 5 mM propionate were cultured in RPMI 
with 1% FBS on αCD3/αCD28 antibody-coated plates for 3 d. The fol
lowing activators or antibodies were added to propionate-treated 
cells in parallel for 24 h: the NF-κB activator betulinic acid (BA) 
(10 µM; Tocris Bioscience), the JAK/STAT activator RGCD423 
(5 µM; Tocris Bioscience), or αIL6-neutralizing monoclonal antibody 
(1 µg/mL; Invivogen). Cytotoxicity was assessed using the 
CyQUANT LDH Cytotoxicity Assay (Invitrogen). NF-κB RelA/p65 
Transcription Factor Activity Assay Kit (Abcam) and HDAC 
Cell-Based Activity Assay Kit (Cayman Chemical) were used to 
measure NF-κB p65 activity and HDAC activity, respectively. CD4+ 

T cells were incubated with propionate, 4CMTB, or AR420626 for 
48 h and BA, HDAC inhibitor trichostatin A (TSA) (10 μM; Selleck 
Chemicals), or ITF2357 (200 nM; Selleck Chemicals) for 24 h. 
Further, 10 μg protein extracts were used for NF-κB activity assay 
according to the manufacturer’s protocol. For HDAC activity assay, 
TSA (2.1 μM) or ITF2357 (500 nM) was treated for 2 h and then proc
essed to measure the HDAC activity of the reagents according to 
the manufacturer’s protocol. HDAC activity was calculated using 
the equation obtained from the linear regression of the standard 
curve, substituting collected fluorescence values for each sample. 
HDAC activity (nmol/min/mL) = [(non-TSA sample fluorescence— 
TSA sample fluorescence)—(y-intercept)/slope]/15 min.

2.9 Genetic knockdown experiments
For the small interfering RNA (siRNA) knockdown experiments, 
primary CD4+ T cells were transfected with 1.5 µM SMARTpool 
Accell FFAR2 and FFAR3 siRNA or Accell control siRNA in Accell 
siRNA delivery medium (Dharmacon). Accell media was supple
mented with 2% FBS. Cells were treated with 5 mM propionate 
and activated on αCD3/αCD28 antibody-coated plates for 3 d.

2.10 ELISA immunoassay
After activation and treatment, cell supernatants were collected 
for cytokine assay, and cell pellets were reserved for normaliza
tion. The cytokines IFNγ, IL-4, IL-5, IL-6 and IL-17 were measured 
by ELISA kits (R&D Systems), and results were collected using a 
microplate reader. Cytokine levels were normalized to cell density 
using the CyQUANT Cell Proliferation Assay (Invitrogen) or the bi
cinchoninic acid protein assay (Pierce).

2.11 Immunoblot analysis
Protein was extracted from CD4+ T cells in RIPA buffer containing 
50 mM of Tris-HCl (pH 8.0), 0.5% deoxycholic acid, 1% NP-40, 0.1% 
sodium dodecyl sulfate, and 0.5 M NaCl (Boston BioProducts) sup
plemented with protease and phosphatase inhibitors (Pierce). 
Protein concentration was measured using the bicinchoninic 
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acid protein assay (Pierce). Lysates were separated by NuPAGE 4% 
to 12% Bis-Tris Protein Gels (Thermo Fisher Scientific) and trans
ferred to nitrocellulose membranes (Trans-Blot Turbo Transfer 
System; Bio-Rad Laboratories). Membranes were blocked with 
Odyssey Blocking Buffer (Li-Cor Biosciences) and incubated with 
appropriate antibodies. Primary antibodies for each steady-state 
protein and associated phosphoprotein STAT1 and pSTAT1 
(Y701), STAT3 and pSTAT3 (Y705), STAT6 and pSTAT6 (Y641), 
NFκB-p65 and pNFκB-p65 (S536), and pIκBα (S32) were provided 
by Cell Signaling Technology. Antibodies against FFAR2 and 
FFAR3 were purchased by Sigma and Millipore, respectively. 
Actin (Millipore) was used as a loading control. Immunoblots 
were scanned using an Odyssey Clx imaging system (Li-Cor 
Biosciences), and protein band intensity was quantified using 
Image Studio software (version 5.2; Li-Cor Biosciences).

2.12 Quantitative real-time polymerase chain 
reaction
RNA was isolated from CD4+ T cells using the NucleoSpin RNA kit 
(Macherey-Nagel). Complementary DNA was synthesized using 
the SuperScript III First-Strand Synthesis kit (Invitrogen). 
Quantitative real-time polymerase chain reaction was prepared 
using the SYBR Green FastStart Essential DNA Master Mix 
(Roche) and performed on a LightCycler 96 (version 1.1; Roche). 
The primers of canonical transcription factors of CD4+ T cell 
were made by Integrated DNA Technologies, and the sequences 
of the primers are listed: TBX21 (T-bet, F: CGTGACTGCCTACCAG 
AAT and R: ATCTCCCCCAAGGAATTGAC), GATA3 (F: GAACCGG 
CCCCTCATTAAG and R: ATTTTTCGGTTTCTGGTCTGGAT), RORC 
(RORγt, F: GCATGTCCCGAGATGCTGTC and R: CTGGGAGCCCC 
AAGGTGTAG), and EF1α (F: GTTGATATGGTTCCTGGCAAGC and 
R: GCCAGCTCCAGCAGCCTTC). The following human gene- 
specific QuantiTect primer assays (Qiagen) were used: FFAR2 
(QT00214473), FFAR3 (QT00214956), IL-6 (QT00083720), and 18S 
(QT00199367). Relative gene expression was quantified by normal
izing cycle threshold values with 18S rRNA for FFAR2, FFAR3, and 
IL-6 and with EF1α for TBX21, GATA3, and RORC using the 2−ΔΔCt 

cycle threshold method.

2.13 Graphing and statistics
Graphing and statistical interpretation of data were performed in 
GraphPad Prism (version 9). The number of biological replicates is 
reported as n in each figure legend, and each biological replicate 
was performed on cells isolated from a distinct whole blood sam
ple. Each biological replicate represents the mean of technical 
replicates performed in duplicate. Dot plots contain every bio
logical replicate, and error bars show the SEM. Parametric hypoth
esis testing was performed using a Student’s t test when 
comparing 2 group means and an ANOVA with multiple compar
isons test when comparing 3 or more group means. Statistical 
tests and resulting P values are reported in each figure legend.

3. Results
3.1 Propionate levels are nutrient-load 
dependent and differentially modulate TH1 
and TH17 cell signaling
To identify potential immunomodulatory effects by nutrient load, 
we first employed targeted metabolomics to assess serum SCFA 
levels by comparing the baseline, 24-h fasted, and 3-h refed states 
(Supplementary Fig. 1A). The OPLS-DA of metabolomic and lipido
mic data were distinctly separated between 3 groups (R2X = 0.392, 

R2Y = 0.865, Q2 = 0.721, and cross-validation ANOVA P = 3.66 ×  
10−22) and attributed to distinct fasting-mediated changes in the 
circulating plasma metabolome during fasting (Supplementary 
Fig. 1B). This OPLS-DA model was validated using a permutation 
plot (Supplementary Fig. 1C). Distinct metabolite biomarkers 
were identified using VIP. A total of 115 of the 245 differentially 
abundant metabolites had a VIP score >1 (Supplementary 
Table 1). Interestingly, of the SCFAs, only propionate (C3) showed 
a significant difference with elevated levels in the refed compared 
with baseline and fasted state (Fig. 1A). Additionally, we subdi
vided this clinical cohort into 2 isocaloric meal options chosen 
after 24-h fasting and compared circulating levels of C3. The dif
ferential release of C3 was shown only in subjects taking meal 1 
(vegetable omelet, toast with butter and jelly, and orange juice) 
but not in subjects taking meal 2 (oatmeal with walnuts, brown 
sugar, dried cranberries, and milk) (Supplementary Fig. 1D). In 
contrast, acetate (C2), butyrate (C4), and valerate (C5) were un
changed comparing fasting to refeeding (Fig. 1B). In parallel, we in
terrogated the RNA sequencing database of PBMC samples from 
the same subjects (GSE165149).2 Quantification of FFAR2 (GPR43) 
RNA sequencing analysis expression showed that this GPCR was 
upregulated in the refed state (mean fold change = 1.61, P value =  
0.0071, n = 21) compared with fasting. Quantitative polymerase 
chain reaction of RNA from PBMCs from our initial fasting and re
feeding study subjects confirmed that the levels of FFAR2 were 
significantly induced in the refed state, whereas FFAR3 (GPR41) 
transcript levels did not reach significance comparing the 3 nutri
tional states (Supplementary Fig. 1E). However, protein levels of 
FFAR2 and FFAR3 in PBMCs were increased in the refed state com
pared with the fasted state (Fig. 1C). CD4+ T cells isolated from the 
same subjects showed that refeeding induced the transcript levels 
of both FFAR2 and FFAR3 (Fig. 1D). Given that CD4+ TH cell respon
siveness is differentially regulated in the fasted and refed states, 
we explored the effect of propionate supplementation on primary 
CD4+ T cells extracted from healthy volunteers and assayed ca
nonical TH1, TH2, and TH17 cytokines after T cell receptor (TCR) 
activation (activated CD4+ T cells: TH0). Interestingly, only the 
TH1 and TH17 cytokines, namely IFNγ and IL-17, were blunted by 
propionate, with no effects on the TH2 cytokine IL-4 (Fig. 1E, F
and Supplementary Fig. 1F). CD4+ T cells were then polarized 
into TH1, TH2, and TH17 cells with differentiation supplements, re
spectively, and here propionate had the greatest effect on attenu
ating IFNγ and IL-17 secretion over that of TH2 cytokine IL-5 
(Fig. 1G). Propionate was administered at 5 mM, which did not af
fect primary CD4+ T cell viability (Supplementary Fig. 1G). 
Additionally, cytokine release of IFNγ and IL-17 was attenuated 
down to a propionate dose of 10 μM (Supplementary Fig. 1H).

3.2 FFAR2 and FFAR3 levels control CD4+ T cell 
immune responsiveness
To begin to characterize how propionate modulates CD4+ TH cell 
responsiveness, we assayed whether propionate directly modified 
FFAR2 and FFAR3 expression. Here, incubating primary CD4+ T 
cells with propionate significantly increased protein levels of 
both these SCFA transporters (Fig. 2A). Furthermore, 
siRNA-targeted genetic knockdown of either of these GPCRs in 
CD4+ T cells abolished propionate’s ability to blunt IFNγ and 
IL-17 release (Fig. 2B). Interestingly, knockdown of FFAR2/3 alone 
increased IFNγ and IL-17 release (Fig. 2B). In these studies, the ex
tent of FFAR2 or FFAR3 transcript knockdown achieved was ∼40% 
in CD4+ T cells (Supplementary Fig. 2A, B). Additionally, FFAR2 and 
FFAR3 agonist 4CMTB, but not AR420626, increased protein levels 
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of FFAR2 and FFAR3 in CD4+ T cells (Fig. 2C). Despite this, both ag
onists blunted IFNγ and IL-17 secretion (Fig. 2D). Consistent with 
these immunomodulatory effects, FFAR2/3 agonists similarly 
blunted the cell populations labeled with the canonical transcrip
tion factors and cytokines driving TH1 (TBX21 [T-bet]+IFNγ+) and 
TH17 (RORC [RORγt]+IL17+) polarization (Fig. 2E) and the transcript 
level of TBX21 and RORC (Supplementary Fig. 2C). In parallel, the 
FFAR2 antagonist GLPG0974 reversed the effects of C3 on blunting 
IFNγ and IL-17 release, TH1 (TBX21 + IFNγ+) and TH17 (RORC + IL17+) 
cell populations (Fig. 2F, G), and transcript level (Supplementary 
Fig. 2D). 4CMTB, AR420626, and GLPG0974 were administered at 
10 µM, which did not affect primary CD4+ T cell viability 
(Supplementary Fig. 2E–G), and CD3 + CD4+ T cells were gated 
for measuring the T cell polarization in flow cytometry 
(Supplementary Fig. 2H).

3.3 Propionate attenuates NF-κB–mediated TH1 
and TH17 polarization
SCFAs are known to signal via FFAR2/FFAR3 and to inhibit 

HDACs.30 In parallel, HDAC inhibition confers anti-inflammatory 

effects by modulating TH cell polarization via targeting the IL-6 

pathway in experimental colitis.31 We therefore explored these 

putative signaling pathways linked to propionate orchestrated 

GPCR signaling. We show that propionate significantly blunted 

HDAC activity in CD4+ T cells, and the FFAR agonists 4CMTB 

and AR420626 recapitulated this phenotype (Fig. 3A, B). ITF2357, 

an HDAC inhibitor, abolished the specific effect of C3 on HDAC ac

tivity (Fig. 3A, B). As HDAC inhibition is known to indirectly blunt 

NF-κB activation,32 we assayed the effect of propionate on NF-κB 

phosphorylation and NF-κB binding activity to NF-κB consensus 

Fig. 1. Functional characterization of propionate signaling in CD4+ T cells. (A) Top 10 VIPs and heatmap of mean log abundance in baseline, fasted, and 
refed serum samples. (B) Relative abundance of SCFAs (C2–C5) in serum collected from volunteers at 3 time points (n = 21). Significance reported with a 
paired t test. Significance reported with a repeated measures 1-way ANOVA analysis. ***P < 0.001, ****P < 0.0001. Acetate (C2); propionate (C3); butyrate 
(C4); valerate (C5). (C) Protein expression of FFAR2 and FFAR3 in PBMCs (n = 7/group) collected at fasted (F) and refed (R) time points. Significance using a 
paired t test. *P < 0.05. (D) RNA expression of FFAR2 (GPR43) and FFAR3 (GPR41) in naïve CD4+ T cells (n = 8/group) collected at 3 time points (relative to 
the mean of fasted group). Gene expression values measured by quantitative real-time polymerase chain reaction and normalized to 18S. Significance 
using a 2-way ANOVA. *P < 0.05. (E) Release of IFNγ, IL-4, and IL-17 cytokines from CD4+ T cells treated with 5 mM propionate (n = 12–16). Cytokines 
measured by ELISA immunoassay and normalized to cell density by CyQuant assay. Significance reported using a paired t test. **P < 0.01. (F) 
Representative flow plots to show the cell population of IFNγ+ and IL-17+ cells in propionate-treated CD4+ T cells (n = 5). Significance using a paired t test. 
**P < 0.01, ***P < 0.001. (G) Release of IFNγ, IL-5, and IL-17 cytokines from differentiated CD4+ T cells treated with propionate relative to vehicle control  
(n = 8). CD4+ T cells were differentiated into 3 T cell subtypes by incubation with the specific supplements for TH1 (20 ng/mL IL-12 and 10 μg/mL αIL-4), 
TH2 (10 ng/mL IL-4 and 10 μg/mL αIFNγ) or TH17 (20 ng/mL IL-6, 2 ng/mL transforming growth factor β1, 10 ng/mL IL-1β, 10 ng/mL IL-23, 10 μg/mL αIL-4, 
and 10 μg/mL αIFNγ), respectively. Cytokines measured by ELISA immunoassay and normalized by CyQuant assay. Significance reported using a paired 
t test. *P < 0.05, **P < 0.01. TMA = trimethylamine.
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oligonucleotides. Propionate blunted NF-κB phosphorylation and 

binding activity, and the NF-κB activator BA reversed this pheno

type (Fig. 3C, D). CD4+ T cells treated with BA alone had slightly in

creased NF-κB binding activity (Supplementary Fig. 3A) and TH1 

and TH17 polarization (Supplementary Fig. 3B). Also, 4CMTB and 
AR420626 replicated the blunting of NF-κB signaling activity 

(Fig. 3E, F). In parallel, inhibition of HDAC activity using TSA and 

ITF2357 (ITF) both phenocopied the C3 effect in attenuating IFNγ 
and IL-17 cytokine release and NF-κB binding activity 

(Supplementary Fig. 3C, D).

3.4 IL-6 signaling is a component of propionate- 
mediated dampening of T cell activation
NF-κB, via its transactivation of IL-6, is known to phosphorylate 
and activate lineage-distinct STAT regulatory proteins controlling 
CD4+ TH cell fate.33,34 This pathway was assessed in response to C3 
supplementation in TH0 cells. Here, C3 blunted both the transcript 
encoding IL-6 and IL-6 secretion from TH0 cells, and the NF-κB ac
tivator BA reversed these C3 effects (Fig. 4A, B). Furthermore, in
hibition of HDAC activity using TSA and ITF phenocopied the C3 
effect by reducing IL-6 secretion (Supplementary Fig. 4A, B). In 

Fig. 2. Functional characterization of FFAR2 and FFAR3 in CD4+ T cells. (A) Protein expression of FFAR2 and FFAR3 in CD4+ T cells treated with 
propionate relative to vehicle groups (n = 8). Significance reported using a paired t test. *P < 0.05, **P < 0.01. (B) Release of IFNγ, IL-4, and IL-17 cytokines 
from CD4+ T cells treated with FFAR2 siRNA or FFAR3 siRNA response to propionate (n = 8). Cytokines measured by ELISA immunoassay and 
normalized to cell density by CyQuant assay. Significance reported using a 2-way ANOVA with Šídák’s multiple comparisons test. *P < 0.05, **P < 0.01. 
(C) Protein expression of FFAR2 and FFAR3 in CD4+ T cells treated with 10 µM 4CMTB (4CM) (FFAR2 agonist) or 10 µM AR420626 (AR) (FFAR3 agonist) 
relative to vehicle groups (n = 9). Significance reported using a 1-way ANOVA with Šídák’s multiple comparisons test. *P < 0.05. (D) Cytokine release 
of IFNγ and IL-17 from CD4+ T cells treated with 4CMTB or AR. Significance reported using a 1-way ANOVA with Dunnett’s multiple comparisons test  
(n = 9–10). *P < 0.05, **P < 0.01, ***P < 0.001. (E) Representative flow plots to show the cell population of TH1 (TBX21 + IFNγ+ gated in CD4+) and TH17 
(RORC + IL17+ gated in CD4+) in CD4+ T cells treated with 4CMTB or AR relative to vehicle groups (n = 9). Significance reported using a 1-way ANOVA with 
Dunnett’s multiple comparisons test. *P < 0.05, **P < 0.01. (F) Cytokine release of IFNγ and IL-17 from CD4+ T cells treated with C3 and FFAR2 antagonist, 
GLPG0974 (G, 10 μM). Significance reported using a repeated measures 1-way ANOVA with Šídák’s multiple comparisons test (n = 10). *P < 0.05,  
**P < 0.01. (G) Representative flow plots to show the cell population of TH1 (TBX21 + IFNγ+ gated in CD4+) and TH17 (RORC + IL17+ gated in CD4+) in CD4+  

T cells treated with C3 and GLPG0974 (G) relative to vehicle groups (n = 8). Significance reported using a repeated measures 1-way ANOVA with Šídák’s 
multiple comparisons test. *P < 0.05. Veh = vehicle.
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parallel, C3 blunted the phosphorylation of STAT1 and STAT3 but 
not of STAT6 (Fig. 4C), and the FFAR2 and FFAR3 agonists mirrored 
the blunting effect of C3 on IL-6 release and STAT1/3 phosphoryl
ation (Fig. 4D–F). In contrast, FFAR2 antagonist GLPG0974 reversed 
the effects of C3 on blunting IL-6 release (Supplementary Fig. 4C). 
The hierarchy of this signaling pathway was confirmed where the 
suppression of IFNγ and IL-17 secretion in response to C3 was ab
rogated by the NF-κB activator BA (Fig. 4G). In parallel, the inhib
ition of IL-6 employing an IL-6 neutralizing antibody (αIL-6) 
reversed the effect of NFκB activation in the presence of C3 
(Fig. 4G). Furthermore, stimulation of the IL-6 receptor signaling 
with the glycoprotein 130 modulator RCGD423 similarly reversed 
the C3 effects on IFNγ and IL-17 release (Fig. 4H). The proposed 
NF-κB pathway in response to propionate stimulation is shown 
in Supplementary Fig. 4D.

3.5 Anti-inflammatory effects of propionate 
are operational in obesity
Finally, we explored whether C3 could ameliorate immune respon
siveness in an inflammation-linked condition. As obesity is known 
to exhibit both increased TH1- and TH17-mediated inflamma
tion35,36 and immune modulatory changes associated with fasting 
and refeeding may be relevant to the inflammatory pathophysi
ology of metabolic disease,10 we compared the response of primary 
CD4+ T cells isolated from a previously described lean and obese 
cohort study.27 As a reference, the subjects’ demographic data 
and differences in BMI are shown in Supplementary Fig. 5A. 
Protein expression of FFAR2 was upregulated in the obese cohort 
(Supplementary Fig. 5B), which mirrors the relative expression of 

the postfasting refed state (Fig. 1C, D). As expected, the obese sub
jects’ CD4+ T cells expressed higher levels of genes encoding the 
TH1 and TH17 transcription factors with no difference in the TH2 
transcription factor GATA3 (Supplementary Fig. 5C). In parallel, 
baseline secretion of canonical TH1 and TH17 cytokines was ele
vated in the obese subjects but not of IL-5 (TH2 cytokine) in re
sponse to TCR activation (Fig. 5A). Despite these different 
profiles, C3 blunted IFNγ and IL-17 levels in the obese subjects 
and IFNγ and IL-17 in the lean cohort (Fig. 5A). However, when as
sessing the degree of the effect of C3, the blunting of IFNγ and IL-17 
was significantly more robust in the obese vs lean cohorts (Fig. 5B). 
In parallel, we then functionally assessed whether the inflamma
tory cytokine release from CD4+ T cells in the obese cohort was as
sociated with increased FFAR2 levels. We found that IL-6 release 
from obese vs lean subject CD4+ T cells was upregulated in base
line and that the FFAR2 antagonist GLPG0974 reversed the effect 
of C3 on blunting IL-6 release in both cohorts (Fig. 5C). 
Additionally, we showed that the FFAR2 agonist 4CMTB mirrored 
the blunting effect of C3 on CD4+ T cell IL-6 release in both groups 
(Supplementary Fig. 5D).

4. Discussion
In this study, we find that propionate is unique among the SCFAs in 
that its levels are dynamically altered in response to prolonged 
fasting and refeeding. Serum propionate levels are increased 
with refeeding, and this is accompanied by increased expression 
in CD4+ T cells of its cognate GPCRs, FFAR2 and FFAR3. 
Subsequent pharmacologic and genetic depletion studies support 
that propionate, via these GPCRs, downregulates transcripts 

Fig. 3. HDAC inhibition by propionate regulates CD4+ T cell polarization. (A) HDAC activity in CD4+ T cells with 5 mM propionate for 48 h and 2.1 μM 
TSA (HDAC inhibitor) or 500 nM ITF2357 (ITF) (HDAC inhibitor) for 2 h. HDAC activity was calculated using the equation obtained from the linear 
regression of the standard curve, substituting collected fluorescence values for each sample. HDAC activity (nmol/min/mL) = [(non-TSA sample 
fluorescence—TSA sample fluorescence)—(y-intercept)/slope]/15 min. Significance reported using a 1-way ANOVA with Šídák’s multiple comparisons 
test (n = 9). **P < 0.01, ***P<0.001. (B) HDAC activity in CD4+ T cells with 10 μM 4CMTB (4CM) (FFAR2 agonist) or 10 μM AR420626 (AR) (FFAR3 agonist) for 
48 h and TSA or ITF for 2 h. Significance reported using a repeated measures 1-way ANOVA with Dunnett’s multiple comparisons test (n = 6). *P < 0.05, 
**P < 0.01, ***P<0.001. (C) Immunoblot of NF-κB phosphoprotein abundance in CD4+ T cells treated with propionate relative to vehicle control. 
Quantification of immunoblot: pNFκB/NFκB-p65 and pIκB/ACTIN. Significance reported using a paired t test. *P < 0.05 (n = 4). (D) NF-κB activity in CD4+ 

T cells with propionate and combination of NF-κB activator, BA. Active NFκB-p65 present in the protein extract specifically binds to the immobilized 
NFκB-p65 consensus binding site. Binding activity was measured by absorbance at 450 nm. Significance reported using a 1-way ANOVA with Šídák’s 
multiple comparisons test. *P < 0.05, **P < 0.01 (n = 6). (E) Immunoblot image and quantification in FFAR2/FFAR3 agonist-treated CD4+ T cells by TCR 
activation (n = 4). Significance reported using a repeated measures 1-way ANOVA with Dunnett’s multiple comparisons test. *P < 0.05, **P < 0.01. 
(F) NF-κB activity in CD4+ T cells with 4C ) or AR. Active NFκB-p65 present in the protein extract specifically binds to the immobilized NFκB-p65 
consensus binding site. Significance reported using a 1-way ANOVA with Tukey’s multiple comparisons test (n = 6). *P < 0.05, **P < 0.01. Veh = vehicle.
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encoding TH1 and TH17 polarization regulatory transcription 
factors. Collectively, these lead to propionate-mediated blunting 
of IFNγ and IL-17 secretion in response to TCR activation. 
Mechanistically, this propionate orchestrated pathway functions 
via inhibition of HDAC activity and the subsequent downregula
tion of NFκB-IL6 orchestrated STAT1 and STAT3 activation. 
Subsequent data in different cohorts support that this 
metabolite-initiated pathway may be operational in older lean 
and obese individuals. Overall, these findings expand our under
standing of how human dietary interventions modulate the 
SCFA propionate and how this can have acute regulatory effects 
on circulating CD4+ TH cells.

Recognition of the role of the gut microbiome’s interaction with 
the host via SCFA production and signaling is rapidly expanding.37

Within the gut, propionate confers anti-inflammatory effects.38

With respect to its systemic role, propionate is transported 
through the portal vein to the liver, where it functions as a 

precursor for hepatic protein synthesis, gluconeogenesis, and lip
oneogenesis, with a smaller proportion being released into the cir
culation.39 As a systemic signaling metabolite, propionate has a 
myriad of effects, including anti-inflammatory effects, as de
scribed previously.23–26 Interestingly, data are emerging that 
intermittent fasting and fasting-mimicking diets increase the 
gut microbiome population of Akkermansia muciniphila, which 
are known to synthesize propionate.40,41 In parallel, these restrict
ive caloric interventions have been shown to confer anti- 
inflammatory effects. However, these were longer-term studies 
spanning over 10 d or more, which contrasts with our acute fast
ing and refeeding intervention.42 At the same time, it is interesting 
that circulating propionate levels observed were higher in the 
refed state. Whether this is delayed release into the circulation 
or implicates a novel aspect of refeeding following a 24-h fast 
will need to be determined. Moreover, whether this acute inter
vention modulates the gut microbiome to increase propionate 

Fig. 4. Propionate regulates CD4+ T cell activation by IL-6 through NF-κb signaling. (A) RNA expression of IL-6 in CD4+ T cells treated with propionate 
(C3) and 10 µM BA (NF-κB activator). RNA expression measured by quantitative real-time polymerase chain reaction and normalized to 18S and the 
mean of the vehicle group by ΔΔCt. Significance using a 1-way ANOVA with Šídák’s multiple comparisons test. *P < 0.05, **P < 0.01 (n = 6/group). 
(B) Release of IL-6 cytokine from CD4+ T cells treated with C3 and BA. Significance reported using a 1-way ANOVA with Tukey’s multiple comparisons 
test. *P < 0.05 (n = 8). (C) Immunoblot of STAT1, STAT3, and STAT6 protein and their phosphoprotein abundance in CD4+ T cells treated with propionate. 
Quantification of immunoblot: pSTAT1/STAT1, pSTAT3/STAT3, and pSTAT6/STAT6 (n = 4–6). Significance reported using a paired t test. *P < 0.05. 
(D) RNA expression of IL-6 in CD4+ T cells treated with 4CMTB or AR. RNA expression measured by quantitative real-time polymerase chain reaction 
and normalized to 18S and the mean of the vehicle group by ΔΔCt. Significance using a 1-way ANOVA with Šídák’s multiple comparisons test. *P < 0.05, 
***P < 0.001 (n = 5–6/group). (E) IL-6 release from CD4+ T cells treated with 4CMTB or AR. Significance reported using a paired t test. *P < 0.05 (n = 5). 
(F) Immunoblot image and quantification of pSTAT1 and pSTAT3 in FFAR2/FFAR3 agonist-treated CD4+ T cells by TCR activation (n = 4). Significance 
reported using a repeated measures 1-way ANOVA with Dunnett’s multiple comparisons test. *P < 0.05, **P < 0.01. (G) Relative release of IFNγ and IL-17 
cytokines from CD4+ T cells treated in combination with propionate, BA, and 1 µg/mL IL-6-neutralizing antibodies (αIL-6) compared with vehicle control 
(n = 5). Significance reported using a repeated measures 1-way ANOVA with Tukey’s multiple comparisons test. *P < 0.05, **P < 0.001, ***P < 0.001,  
****P < 0.0001. (H) Relative release of IFNγ and IL-17 cytokines from CD4+ T cells treated in combination with propionate and 5 µM RCGD423 (glycoprotein 
130 [gp130] modulator) relative to vehicle control (n = 5). Significance reported using a repeated measures 1-way ANOVA with Tukey’s multiple 
comparisons test. **P < 0.01, ***P < 0.001, *** P<0.0001. Veh = vehicle.
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production would need to be directly validated. The finding that 
propionate modulates the levels of FFARs and transcripts encod
ing FFARs are modulated by fasting and refeeding would support 
relatively rapid regulation of these signaling events. At the same 
time, it is interesting that the snapshot in time analysis showed 
that FFAR2 levels in CD4+ T cells increased in obese subjects. 
Whether this reflects counterregulatory control to attenuate the 
basal inflammation associated with obesity would be an interest
ing concept to explore further.

A previous study found propionate could reduce IL-17 release 
from mouse intestinal γδ T cells by inhibiting HDAC.23 The 
HDAC inhibitor TSA could replicate the anti-inflammatory effects 
of propionate on γδ T cells and had no additive effects when used 
in combination with propionate.23 We further validated that pro
pionate blunted HDAC activity, linking gene expression to inflam
matory signaling via NF-κB downstream of CD4+ T cell 
differentiation and activation.43,44

The concept that refeeding initiates a proinflammatory milieu 
is well established in murine studies and human health and dis
ease.2,5,45 The mechanisms are being explored in different model 
systems and for different cell lineages. These include fasting and 
refeeding effects on the hypothalamic-pituitary-adrenal axis,5

hepatic AMPK and PPARα activity,11 and evidence of putative re
feeding–associated intestinal tract endotoxin leak into the 
circulation.1 Some of these changes may also be operational in 
chronic dietary conditions, in that evidence of endotoxemia 
is elevated in obesity,46 and 4 weeks of a caloric restriction diet 
in obese subjects blunts this effect.47 At the same time, the con
cept that circulating metabolites themselves can have immunor
egulatory effects is actively being explored, as described 
previously. However, the finding that an SCFA, i.e. propionate, 
via its GPCR could have a counterregulatory effect to ameliorate 
the refeeding “proinflammatory milieu” is a new and interesting 
observation.

The effect of dietary composition on propionate levels has also 
been examined, with extensive data linking dietary fiber fermen
tation to gut microbial production of SCFA.48,49 Moreover, in com
paring a prior obese to lean cohort, the dietary fiber intake was 
reduced, in parallel with lower serum levels of propionate, despite 
no differences in the levels of butyrate or acetate with obesity.50

Furthermore, and consistent with the concept that obesity trig
gers inflammation, serum lipopolysaccharide levels were concur
rently shown to be higher in this obese compared with lean 
cohort.50 Participants in this fasting and refeeding study included 
an isocaloric choice of egg-based (5.6 g total fiber) or oatmeal- 
based (5.9 g total fiber) breakfasts as the refed meal.2

Interestingly, the induction of propionate levels with refeeding 
was more pronounced with the lower fiber (egg-based) meal. 

The difference in fiber content in this study is modest (5.3%), 
and the number of subjects in this exploratory study is limited, 
precluding the ability to make any firm conclusions from these 
data. However, the lack of correlation between fiber content and 
change in propionate levels raises questions about whether diet
ary composition is a major component in the change in propionate 
levels and/or whether different dietary components play a role in 
this biology. Nevertheless, whether the elevation of propionate 
could be due to the acute dietary intervention alone and/or is a 
consequence of microbiome effects from the fasting intervention 
needs to be evaluated further.

One limitation of the study is that the dynamic changes in pro
pionate levels at different times in the fasting refeeding con
tinuum were not assessed. Exploring this in the future may give 
even greater insight into the regulatory role of this SCFA on CD4+ 

T cell immunity. Furthermore, in the lean and obese populations, 
blood was drawn after an overnight fast. The levels of SCFAs in the 
fasting-refeeding continuum have the potential to be more reveal
ing and should be investigated further. At the same time, it is inter
esting that the different FFAR agonists appear to function in 
distinct ways, i.e. as either an allosteric agonist and/or via gene 
regulatory effects that modulate the receptor expression. These 
distinct mechanisms additionally require further study. Finally, 
this study employed a reductionist approach to evaluate the ef
fects of propionate levels on CD4+ T cell biology. With advancing 
technological sensitivity and lipidomic studies, directly annotat
ing SCFA levels linked to inflammatory diseases may give us add
itional insight into this biology.

In conclusion, this study expands our understanding of the role 
of propionate in circulating CD4+ T cell regulation. Furthermore, it 
uncovers that circulating propionate levels can modulate the ex
pression of its cognate GPCRs in CD4+ T cells and that this metab
olite is unique among SCFAs in its dynamic change in levels in 
response to fasting and refeeding. Finally, these data suggest 
that propionate can confer a counterregulatory effect to blunt 
CD4+ T cell responsiveness within the context of the proinflam
matory nutrient milieu of refeeding and potentially in obesity.
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density by CyQuant assay. Significance reported using a 2-way ANOVA with Turkey’s multiple comparisons test. *P < 0.05, ***P < 0.001. (B) Differential 
cytokine level downregulated by propionate in lean and obese subjects (n = 8). Significance reported using an unpaired Mann-Whitney test. *P < 0.05, 
**P < 0.01. (C) IL-6 cytokine release from CD4+ T cells treated with C3 and FFAR2 antagonist, GLPG0974 (G). Significance reported using a 2-way ANOVA 
with Turkey’s multiple comparisons test (n = 8). *P < 0.05, **P < 0.01.
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