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ABSTRACT

Background: Periodic prolonged fasting (PF) extends lifespan in model organisms and ameliorates multiple disease states both clinically and experi-
mentally owing, in part, to its ability to modulate the immune system. However, the relationship between metabolic factors, immunity, and longevity
during PF remains poorly characterized especially in humans.

Objective: This study aimed to observe the effects of PF in human subjects on the clinical and experimental markers of metabolic and immune health and
uncover underlying plasma-borne factors that may be responsible for these effects.

Methods: In this rigorously controlled pilot study (ClinicalTrial.gov identifier, NCT03487679), 20 young males and females participated in a 3-d study
protocol including assessments of 4 distinct metabolic states: /) overnight fasted baseline state, 2) 2-h postprandial fed state, 3) 36-h fasted state, and 4)
final 2-h postprandial re-fed state 12 h after the 36-h fasting period. Clinical and experimental markers of immune and metabolic health were assessed for
each state along with comprehensive metabolomic profiling of participant plasma. Bioactive metabolites identified to be upregulated in circulation after 36
h of fasting were then assessed for their ability to mimic the effects of fasting in isolated human macrophage as well as the ability to extend lifespan in
Caenorhabditis elegans.

Results: We showed that PF robustly altered the plasma metabolome and conferred beneficial immunomodulatory effects on human macrophages. We
also identified 4 bioactive metabolites that were upregulated during PF (spermidine, 1-methylnicotinamide, palmitoylethanolamide, and oleoylethano-
lamide) that could replicate these immunomodulatory effects. Furthermore, we found that these metabolites and their combination significantly extended
the median lifespan of C. elegans by as much as 96%.

Conclusions: The results of this study reveal multiple functionalities and immunological pathways affected by PF in humans, identify candidates for the
development of fasting mimetic compounds, and uncover targets for investigation in longevity research.

Keywords: prolonged fasting, fasting, intermittent fasting, innate immune system, anti-inflammatory, immunology, lifespan, longevity, fasting mimetic,
macrophage

Introduction to the reported efficacy of PF to modify the cellular processes of aging
and help prevent, delay, or treat a range of diseases, particularly
metabolic and chronic inflammatory diseases [1, 2, 5-10]. The mech-
anisms by which PF confers these beneficial health effects have been
extensively reviewed [1, 2] and include the ability of PF to induce

Periodic prolonged fasting (PF), defined here as >24 h of zero
caloric intake, is one of the few known nutritional interventions capable
of extending lifespan [1-4]. These lifespan extending effects are linked
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immunomodulatory effects on both the innate and adaptive immune
systems [11-16]. In innate immunity, PF has been shown to create
effects on macrophage polarization [17, 18], inflammatory signaling
pathways [14, 19], and monocyte-dependent autoimmune disease
progression [16] without impairing appropriate responses to infection
[16] or cancer [18]. This immunoregulation is of particular importance
in mediating the role of PF in health and longevity as dysregulated
innate immune function precedes and underlies the pathophysiology of
a vast majority of chronic disease conditions including the damaging
age-associated increase in chronic inflammation and neurodegenerative
disease [11, 20, 21].

Despite the well-characterized link between PF and immunomo-
dulation, there remains a paucity of research dedicated to investigating
the underlying molecular mediators of these effects, especially in
humans. One mechanism underlying these immunomodulatory effects
may be the avoidance of the well-known proinflammatory effects of the
postprandial state, which, although varied in magnitude between in-
dividuals, have been shown to be largely universal [22, 23]. Such ev-
idence underscores that eating in and of itself disrupts immunological
homeostasis and that overly frequent food consumption may induce
damaging chronic inflammation. Although nutrition research has
focused for years on the importance of food type and quantity in
achieving health outcomes, the fundamental importance of when and
how long to go without food has been neglected until recently. The
biology of fasting is now starting to be uncovered and PF holds promise
for the treatment and prevention of immune dysfunction [11]; however,
there are multiple populations and individuals for whom prolonged
periods between meals are contraindicated due to a variety of under-
lying conditions and who require alternative solutions to achieve the
benefits of fasting. The identification of the molecular mediators of the
beneficial immunoregulatory effects of PF is crucial for the discovery
of compounds that can mimic the effects of fasting and enable pop-
ulations that are precluded from fasting to achieve fasting-like benefits
without the need to fast.

To address these knowledge gaps, we designed and performed a
pilot clinical trial assessing 4 distinct nutritional states in each partic-
ipant to determine the effects of 36 h of fasting on the plasma metab-
olome and macrophage functionalities of young healthy participants
and discover potential molecular mediators of these effects.
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Methods

Human clinical trial of PF

To assess the effects of PF on the plasma metabolome and macro-
phage functionalities of human participants, we performed a 3-d human
study of a single bout of 36 h of fasting in 20 young healthy participants
(see Figure 1). Full clinical study protocols can be found at clinicalt
rials.gov (NCT03487679) and were approved by the UC Davis Insti-
tutional Review Board (IRB) (IRB identification [ID], 918915-4). All
participants provided informed consent before enrolling in study pro-
tocols, and all participants were recruited and completed study pro-
tocols between April and May of 2018. The full inclusion and
exclusion criteria can be found at clinicaltrials.gov (NCT03487679).
Briefly, participants were included if they were aged 20—40 y, had a
body mass index (BMI) within the range of 19-27 kg/mz, had fasting
glucose levels in the clinically normal range of 70-100 mg/dL, had no
documented health conditions, and had no extreme dietary or exercise
patterns. Seventy-two interested individuals were screened for eligi-
bility, and 20 met the inclusion and exclusion criteria and were enrolled
in the study (see Supplemental Figure 1). There were no dropouts,
adverse events, or protocol violations, and all 20 participants suc-
cessfully completed the 3-d trial and were included in experimental
analysis (see Supplemental Figure 1). All clinical study activities were
performed at the UC Davis Ragle Human Nutrition Research Center.
On day 1, participants in an overnight (12 h) fasted state provided a
baseline blood draw at approximately 08:00 representing the baseline
state and were then instructed to go about their normal routine and,
importantly, consume their habitual diet while keeping track of their
dietary intake using a detailed food record, which was confirmed
through a 24-h dietary recall with trained study personnel. Participants
were instructed to eat their last meal at 18:00 on day 1 and then returned
to the Ragle Center for a 2-h postprandial blood draw at 20:00 repre-
senting the fed state. Participants then underwent a period of 36 h of
fasting representing the rest of day 1 and all of day 2 during which they
were monitored for compliance utilizing glucose meters. On day 3 at
approximately 08:00, participants provided a 36-h fasted blood draw
representing the fasted state and were then given a copy of their
recorded dietary intake from day 1. Participants were then instructed to
eat exactly the same diet as they recorded on day 1 throughout all of
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Figure 1. Timeline of 3-d human fasting trial: 20 participants underwent a 3-d clinical trial consisting of 4 study visits in 4 distinct nutritional states to allow for
the sensitive assessment of the effects of 36 h of fasting versus an overnight fasted state and the carryover effects of fasting onto the next eating day. On day 1,
participants provided an overnight fasting baseline blood sample (A) and then went about their normal routine and habitual diet while tracking their food intake
until 18:00 where participants ate their last meal. A 2-h postprandial fed blood sample was taken at 20:00 on day 1 (B), after which participants began their 36-h
fast while being monitored for compliance via glucose monitors. At 08:00 on day 3, participants provided a 36-h fasted blood draw (C) and then were given a
copy of their diet record from day 1 and instructed to eat the identical diet as they recorded on day 1. At 18:00 on day 3, participants ate their last meal and

received a final 2-h postprandial re-fed blood draw (D) concluding the study.
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day 3 and, as before, ate their last meal at 18:00 and received a final 2-h
postprandial blood draw representing the re-fed state. Throughout the
study protocols, participants were advised to maintain their habitual
water consumption and daily routines with the exception of strenuous
exercise. To our knowledge, this is the first study to utilize this meth-
odology of what we term a “controlled habitual diet” in monitoring and
controlling food intake during a clinical study. A controlled habitual
diet as we implemented here offers several advantages to nutritional
studies, particularly crossover studies where each participant acts as
their own control. Importantly, it allows researchers to control for
nutritional intake between states while avoiding the well-known
disruptive metabolic effects of introducing a novel standardized diet
into disparate human populations [24]. Unlike other fasting trials,
utilizing a controlled habitual diet as well as assessing 4 distinct
nutritional states from each individual throughout the course of the
study allowed for a clear comparison of not only the postprandial state
to the 36-h fasted state but also the assessment of the distinct effects of
PF beyond a typical overnight fast and the potential carryover effects of
PF to a re-fed postprandial state after fasting.

Blood processing

All participant blood samples were collected ethyl-
enediaminetetraacetic acid plasma tubes and immediately centrifuged
(1500 x g, 10 min, 4°C), portioned into aliquots, and stored at —80°C
until sample analysis.

in

NMR LipoProfile

Plasma lipoprotein particle sizes and concentrations were analyzed
by proton nuclear magnetic resonance (NMR) spectroscopy at Lab-
Corp (LipoScience, Inc.). This analysis, certified according to the
Clinical and Laboratory Standards Institute EPS-A2 guidelines, uses
NMR to estimate the number and size of lipoprotein particles within the
lipoprotein subclasses, including very-low-density lipoprotein, low-
density lipoprotein (LDL), and high-density lipoprotein (HDL) parti-
cles from small to large, reporting a calculated lipoprotein insulin
resistance index [25], which has been shown to be highly correlated
with multiple indices of insulin resistance and predictive of incident
type 2 diabetes across large multiethnic cohort studies [25-27].
Included in the report are total cholesterol, LDL cholesterol, HDL
cholesterol, and triglycerides calculated from the NMR spectral data.
An additional result from this test panel includes GlycA, a measure-
ment of NMR signal from acute-phase proteins, which measures the
overall degree of inflammation in plasma and has been shown to be
associated with incident cardiovascular disease, cardiometabolic risk,
and a number of inflammatory conditions, including rheumatoid
arthritis [28, 29]. Finally, the test panel also provides concentrations of
ketone bodies, glucose, and total protein.

Metabolomic analyses

Metabolomic analysis was conducted at Metabolon, Inc. as previ-
ously described [30]. Briefly, samples were homogenized and sub-
jected to methanol extraction and then split into aliquots for analysis by
ultrahigh performance liquid chromatography/mass spectrometry (MS)
in the positive (2 methods) and negative (2 methods) modes. The
positive mode included positive ionization chromatographically opti-
mized for hydrophilic compounds (liquid chromatography-tandem
mass spectrometry [LC-MS/MS] Pos Polar) and positive ionization
chromatographically — optimized for hydrophobic compounds
(LC-MS/MS Pos Lipid). The negative mode included negative ioni-
zation optimized conditions (LC-MS/MS Neg) and negative ionization
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with hydrophilic interaction liquid chromatography (LC-MS/MS
Polar). All chromatography was performed using a Waters Acquity
UPLC (Waters) held at 40°C-50°C. The MS methods utilized Thermo
Scientific Q Exactive high-resolution/accurate mass spectrometers with
heated electrospray ionization (HESI-II) sources and Orbitrap mass
analyzers (Thermo Fisher Scientific) operated at 35,000 mass resolu-
tion. Metabolites were then identified by automated comparison of ion
features to a reference library of chemical standards followed by visual
inspection for quality control as previously described [31]. For statis-
tical analyses and data display, any missing values were assumed to be
below the limits of detection; these values were imputed with the
compound minimum (minimum value imputation).

Primary macrophage isolation

Primary macrophages for use in experimental in vitro assays of
participant plasma functionalities were isolated from healthy male vol-
unteers in an overnight fasted state. Peripheral blood mononuclear cells
were isolated using Ficoll gradient extraction (Sigma, GE17-1440-03)
and then cultured in flasks with Roswell Park Memorial Institute Me-
dium 1640 (RPMI) (Thermo Fisher Scientific, 11875119) and 1x pen-
icillin—streptomycin—glutamine (1xPSG) (Thermo Fisher Scientific,
11875119) for 3 h to induce adhesion. Nonadherent cells were discarded,
and adherent cells were placed into RPMI, 10% fetal bovine serum (FBS)
(Thermo Fisher Scientific, A3160402), and 1xPSG containing 20 ng/mL
of human macrophage colony-stimulating factor (Peprotech, 300-25) for
7 d to induce macrophage differentiation.

THP-1 macrophage differentiation

For certain assays requiring high cellular concentrations beyond
what was feasible to isolate from human volunteers, THP-1 monocytes
(ATCC, TIB-202) were cultured in RPMI 1640, 10% FBS, and 1xPSG
and differentiated into MO macrophage using 100-nM phorbol 12-myr-
istate 13-acetate (Sigma, P8139) for 2 d followed by incubation with
clean RPMI, 10% FBS, and 1xPSG for 1 d.

Functional analyses of participant plasma and isolated
metabolites

Analyses of molecular functionalities of participant plasma from
each timepoint and in vitro effects of participant plasma and isolated
metabolites on human macrophage functionalities and activities were
performed as described in the following. All functional analyses were
performed in duplicate for each experimental sample assessed.

Citrullinated fibrinogen immune complex assay

The responsiveness of treated primary macrophage to citrullinated
fibrinogen immune complex (cFb IC), an Fc-y receptor stimulant and in
vitro model of autoimmune disease [32], was performed as previously
described [32]. Briefly, 20 pg/mL of citrullinated fibrinogen was plated
onto 96-well plates, blocked, and treated with 20 pg/mL of anti-
fibrinogen antibody (Agilent, A008002-2) to form cFb ICs. Primary
human macrophage in RPMI 1640 and 1xPSG were treated with
participant plasma to a final concentration of 20%, isolated metabolites,
or FBS to a final concentration of 20% as a positive control for 1 h and
then plated at 5.0 x 10° cells/mL and allowed to incubate at 37°C
overnight (~18 h). A negative control well containing macrophage in
RPMI 1640, 20% FBS, and 1xPSG without immune complexes was
also included. Tumor necrosis factor alpha (TNF-a) secretion from
treated macrophage was then measured in the cell supernatant via
enzyme-linked immunosorbent assay (PeproTech, 900-K25). After
obtaining the results from our initial experiment of participant plasma
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on macrophage reactivity in this model using a single primary cell
donor, we performed a follow-up experiment to confirm our observed
results in a second primary cell donor. From those results, we found the
same significant effects of participant plasma on macrophage reactivity
from both primary cell donors (see Supplemental Figure 2) and, thus,
proceeded to use macrophage from a single consistent cell donor for the
remainder of the analyses utilizing primary macrophage.

Antioxidant capacity
Plasma antioxidant capacity was assessed using a commercially
available kit (Abcam, ab65329).

Cholesterol efflux ability

Cholesterol efflux ability of participant plasma from primary
macrophage was measured using a commercially available kit (Abcam,
ab196985) following the manufacturer’s
following modifications: primary macrophages were lipid loaded with
one-half of the recommended labeled cholesterol for 4 h prior to in-
cubation with either participant plasma in equilibration buffer to a final
concentration of 2% or FBS in equilibration buffer to a final concen-
tration of 2%. Cholesterol efflux from macrophage was measured after
2 h of incubation with participant plasma.

instructions with the

Intracellular reactive oxygen species assay

The effect of treatment with participant plasma at a final concen-
tration of 20% and individual metabolites on cellular reactive oxygen
species (ROS) accumulation in primary macrophage was assessed
using a commercially available kit according to the manufacturer’s
instructions (Abcam, ab113851).

Cyclooxygenase activity assay

The effect of treatment with participant plasma and individual
metabolites on the total cellular cyclooxygenase (COX) activity of
primary macrophage was measured using a commercially available kit
(Cayman Chemical, 760151). To induce COX-2 expression, primary
macrophages were incubated with 10 ng/mL of lipopolysaccharide
(LPS) (Sigma, LPS25) in RPMI and 1xPSG along with 20% participant
plasma or in RPMI, 20% FBS, and 1xPSG either alone as a positive
control or with isolated metabolites overnight (~18 h) before measuring
total COX activity from cell lysates. A negative control of macrophage
in RPMI, 20% FBS, and 1xPSG without LPS was also performed.

M1 polarization assay

The effect of treatment with participant plasma and individual
metabolites on the induction of M1 polarization was assessed via
enzymatic analysis of nitric oxide synthase (NOS) and arginase activity
in macrophage cell lysates. MO THP-1 macrophages were incubated for
2 d with 100 ng/mL of LPS and 20 ng/mL of interferon gamma (INF-
Y), a known M1 polarization inducer [33], in either RPMI 1640 and
1xPSG with 20% participant plasma or RPMI, 20% FBS, and 1xPSG
alone as a positive control or with isolated metabolites. A negative
control of macrophage in RPMI, 20%, and 1xPSG without LPS and
INF-y was also performed. NOS and arginase activities of these cells
were assessed in cell lysates standardized to total protein content via
commercially available kits according to the manufacturer’s in-
structions (Abcam, ab211083; ab180877).

Caenorhabditis elegans lifespan studies
Caenorhabditis elegans var. Bristol (N2) was used as the wild-type
strain. Strains were maintained, and lifespan assays were performed at

289

The American Journal of Clinical Nutrition 117 (2023) 286-297

20°C. Twenty-four hours after seeding Escherichia coli (OP50) on
standard Nematode Growth Medium (NGM) plates, the bacteria were
killed by 4-min exposure to ultraviolet (UV) irradiation using a Stra-
talinker UV crosslinker (Stratagene, Model 2400). The following
concentrations of compounds were used: /) 0.2 mM of spermidine, 2)
0.5 mM of 1-methylnicotinamide (1-MNA), 3) 0.01 mM of palmi-
toylethanolamide (PEA), and 5) 0.01 mM of oleoylethanolamide
(OEA). The spermidine and 1-MNA concentrations were selected
based on previous research showing lifespan extension effects at 0.2
and 0.5 mM, respectively [34, 35], whereas the PEA and OEA con-
centrations were chosen based on their efficacy during our in vitro
analyses. Spermidine and 1-MNA were diluted into 100 pL of sterilized
water and applied to the top of the agar medium (3-mL NGM plates).
Plates were then gently swirled to allow compounds to spread to the
entire NGM surface. Identical solutions of compound-free water were
used for the control plates. Plates were then allowed to dry overnight.
The procedure was repeated each time worms were transferred to fresh
plates (every 2—4 d). PEA and OEA were added to cooled agar, prior to
solidification; for the combination, all compounds were added to
cooled agar and plates stored at 4°C. Synchronous worm populations
were generated by hypochlorite treatment of gravid adults, and lifespan
assays were performed beginning at the L4 stage (day 0). Eight plates
of 15 worms each were exposed to the indicated compounds. Animals
were transferred to fresh plates every 2 d for the first week and then 34
d thereafter. Worms were examined for touch-provoked movement and
pharyngeal pumping until death. Worms that died due to desiccation
from crawling on the edge of the plates were censored.

Statistical analysis

Metabolomic analyses

All statistical analyses were performed in the statistical language R
(3.6.1). A linear model was used to test the differences between
experimental groups by giving each subject an individual intercept
using the R package limma [36]; P < 0.05 was considered significant.
Multiple comparisons were corrected using the Benjamini—-Hochberg
method. The MS intensity of each metabolite was log transformed prior
to group comparisons. Fisher’s exact test was performed to test whether
metabolites that were significantly increased or decreased (P < 0.05)
were enriched in particular pathways using Metabolon’s Portal
Database.

In vitro functional assessments

An analysis of variance (ANOVA) mixed model was fit for each in
vitro functional assay using the treatment group as a fixed variable and
subject ID as a random variable. The ANOVA model was fit using the
R package Ime4 (1.1.21) [37]. Post hoc comparison was performed on
the fitted ANOVA model using Tukey’s all-pair comparisons with the R
package multcomp (1.4.13) [38].

C. elegans lifespan analysis

The Kaplan-Meier survival curves were created to evaluate
C. elegans lifespan. The R package survival (3.1.8) was used to fit the
Cox proportional hazards regression model to evaluate differences in
survival between each treatment group and control. The median life-
span is given as the length in days at which each group reached 50%
survival, and the maximal lifespan was calculated as the mean lifespan
of the longest lived 10% of organisms for each group. The n of each
experimental group was 120.
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Results

PF significantly alters clinical markers of metabolic health

To assess the effects of PF on the metabolome and macrophage
functionalities of human participants, we performed a 3-d human study of
36 h of fasting in 20 young healthy participants (age, 27.5 + 4.35 y; BML,
24.1 £+ 2.66 kg/mz; male, n = 10; female, n = 10). Across the trial,
plasma was collected during 4 distinct nutritional states, including an
overnight fasted baseline state (baseline), a 2-h postprandial state (fed), a
36-h fasted state (fasted), and a second 2-h postprandial state collected 12
h after the 36-h fasting period (re-fed). A timeline of the 3-d study pro-
tocol is shown in Figure 1, and the baseline characteristics of participants
are shown in Table 1. Of 20 participants enrolled, all successfully
completed the study protocol without any protocol violations and were
included in experimental analyses (see Supplemental Figure 1). No sig-
nificant differences were observed between the mean dietary intakes of
participants during day 1 or 3 of the study indicating compliance to the
controlled habitual diet protocol (see Supplemental Table 1). Compliance
to fasting was assessed through the use of personal glucose monitoring
throughout the waking hours of the fasting period as well as assessment of
elevated ketone body levels in the fasted state (see Table 2, Supplemental
Figure 3). All participants were found to be compliant to the fasting
period as indicated by elevated ketone body levels in the fasted state
above the values of the baseline state (see Table 2) and consistent glucose
readings below 100 mg/dL throughout the fasting period (see Supple-
mental Figure 3). Typical of fasting, NMR LipoProfile data from each
timepoint showed significantly increased levels of circulating ketone
bodies (2284 £ 1261 vs. 191.6 & 129.9 pM, P < 0.001) and amino acids
(561.1 £33.2 vs. 530.2 £ 52.8 a.u., P < 0.001) along with significantly
decreased glucose values (74.5 £ 9.1 vs. 86.4 + 11.4 mg/dL, P < 0.001)
in the fasted versus the baseline state, respectively (see Table 2). Simi-
larly, the circulating triglyceride levels (84 &= 28 vs. 118.6 = 49.3 mg/dL,
P < 0.001) significantly decreased, and the ketone body levels (353.1 £
334.4vs. 187.1 £160.6 uM, P < 0.001) and glucose levels (97.1 +10.3
vs. 88.4 £ 14.1 mg/dL, P < 0.014) significantly increased in the re-fed
state versus the fed state, respectively, indicating that even after a full
day of eating, there are still metabolic carryover effects of PF (see
Table 2). Interestingly, the LDL cholesterol levels also significantly
increased in the fasted state versus the baseline state (85.8 +25.1 vs. 77.5
=+ 27 mg/dL, P < 0.001), whereas the HDL cholesterol levels were un-
changed (67.7 £ 15.1 vs. 66.1 + 16.8 mg/dL, P < 0.622) indicating
potentially altered lipoprotein and cholesterol metabolism in response to
PF (see Table 2).

PF enhances plasma functionalities and induces anti-
inflammatory effects in macrophage

To assess the molecular effects of PF on participant plasma, we
performed multiple biochemical assessments of the functionality of

Table 1
Baseline characteristics of the study participants

Participant characteritic Value at baseline

Age (y) 27.5 £435
Height (cm) 170.7 £9.8
Weight (kg) 713 £13.4
BMI 243 £3.1
Waist circumference (cm) 78.8 £ 8.9
Systolic blood pressure (mmHg) 113.7+9
Diastolic blood pressure (mmHg) 71.6 £ 5.5

Average characteristics of all 20 study participants at baseline.
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participant plasma across states as well as the effect of participant
plasma on the functionalities of primary human macrophage using a
novel ex vivo modeling technique. For all assessments reported, we
found significant differences between not only the fed and fasted states
but also the baseline and fasted states, indicating the unique effects of
PF that are not achieved through an ordinary overnight fast. First, we
found that PF was capable of significantly increasing the total anti-
oxidant capacity of human plasma compared with the baseline state
(1.75 £ 0.14 vs. 1.61 £ 0.13 mM, P < 0.0001) and strikingly that that
this effect was also achieved in the re-fed state compared with that in
the fed state (1.71 £ 0.13 vs. 1.66 &+ 0.13 mM, P = 0.034), indicating a
powerful carryover effect of PF to the re-fed postprandial state even
after a full day of habitual eating (see Figure 2A). Similarly, we found
that the ability of participant plasma to efflux cholesterol from lipid-
loaded macrophage in the fasted state also significantly increased
from the baseline and fed states (30.7% =+ 3.7% vs. 25.3% + 4.1%, P <
0.0001, vs. 18.6% =+ 5.2%, P < 0.0001) and that the re-fed state had
significantly higher efflux ability than the fed state (24.7% =+ 5.5% vs.
18.6% + 5.2%, P < 0.0413) (see Figure 2B). We also found that
treatment of primary human macrophages with participant plasma was
capable of significantly decreasing cellular ROS accumulation in the
fasted state compared with that in the baseline and fed states (948 +
186 vs. 1107 £ 176 RFU, P = 0.0018, vs. 1275.8 £ 118.8 RFU, P <
0.0001, respectively) (see Figure 2C).

As previous studies have shown immunomodulatory effects of PF
on macrophage [14, 18, 39] and monocyte-driven autoimmune disease
[16], we assessed the effects of participant plasma on primary human
macrophages in a previously described in vitro model of autoimmune
disease [32]. Remarkably, we found a highly significant decrease in
proinflammatory TNF-o secretion from primary human macrophage
treated with fasted plasma compared with that from primary human
macrophage treated with baseline and fed plasma during stimulation
with cFb ICs (677 4 232 vs. 964 + 304 pg/mL, P = 0.0003, vs. 1626 +
371 pg/mL, P < 0.0001), and this effect carried over to the re-fed state
compared with that in the fed state (1313 £ 352 vs. 1626 £ 371 pg/mL,
P = 0.0004) (see Figure 2D). To further investigate the scope of the
observed immunomodulation, we assessed the effects of treatment of
THP-1 macrophages with participant plasma during in vitro induction
of M1 polarization [33]. We found that treatment with participant
plasma from the fasted state versus the fed and baseline states signif-
icantly decreased cellular NOS activity (0.045 £ 0.006 vs. 0.06 +
0.008 mU/mg, P < 0.0001, vs. 0.048 £+ 0.005 mU/mg, P = 0.035)
whose activity is highly associated with classical activation and M1
polarization [33] along with concomitant increases in arginase activity,
whose activity is highly associated with alternative activation and M2
polarization [33], in fasted versus baseline and fed plasma-treated cells
(2494 +£ 1340 vs. 1275 £ 594 U/mL, P < 0.0001, vs. 980 + 332
U/mL, P < 0.001, respectively) (see Figure 2E-F). In agreement with
previous mouse studies of PF and macrophage polarization [18, 39],
these results indicate that treatment with fasted plasma is also capable
of affecting the polarization state of macrophage in humans. Further-
more, that fasted plasma is capable of modulating cells away from
classical activation responses and toward alternative activation
responses.

To further elucidate the cellular pathways that may be involved in
these immunomodulatory effects, we investigated the effects of treat-
ment with participant plasma on the total COX activity of primary
macrophages during LPS stimulation. We found that treatment with
fasted plasma was able to significantly decrease total COX activity
versus the baseline and fed plasma-treated cells (34.3 &+ 3.6 vs. 36.8
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Table 2

Nuclear magnetic resonance LipoProfile data of the study participants
Participant characteristic Baseline (A) Fed (B) Fasted (C) Re-fed (D) pval_AC pval BD
HDL cholesterol (mg/dL) 66.1 = 16.8 68.2 £ 17.5 67.7 £ 15.1 67.5 £ 159 0.622 0.948
LDL cholesterol (mg/dL) 715 +£27 76.8 +29.4 85.8 £ 25.1 82.2 +30.1 < 0.001 0.058
Triglyceride (mg/dL) 94.4 + 31.6 118.6 +49.3 81.8 £ 17.8 84 + 28 0.091 < 0.001
Total cholesterol (mg/dL) 163.1 +36.3 168 £ 39.2 166.8 + 29.2 165.2 £+ 37 0.417 0.594
Glucose (mg/dL) 86.4 £ 114 88.4 + 14.1 74.5 £ 9.1 97.1 £10.3 < 0.001 0.014
Ketone bodies (pmol/L) 191.6 = 129.9 187.1 = 160.6 2284 £+ 1261 353.1 +£ 3344 < 0.001 < 0.001
Amino acids (a.u.) 530.2 + 52.8 537.5 £ 47.7 561.1 +£33.2 550.9 £ 43 < 0.001 0.129
LPIR' 19.8 £ 13.5 229 +£13.1 12.7 £ 5.6 16.4 + 8.7 0.166 0.161
GlycA (pmol/L) 329.9 + 549 325 £ 48.6 3164 +43.9 317.6 + 50 0.154 0.318

Values are presented as mean =+ standard deviation. n = 20. Average nuclear magnetic resonance LipoProfile data from 20 study participants across timepoints.
Significance was determined using Tukey’s test, and significance values are given comparing the baseline state (A) with the fasted state (C) and fed state (B) with
the re-fed state (D). Elevated ketone body levels in the fasted versus the baseline indicate compliance to fasting. LPIR, Lipoprotein insulin resistance index.

! LPIR index score from 0 to 100.

2.1 U/mL, P =0.013, vs. 49.4 + 9.8 U/mL, P < 0.0001, respectively), macrophage through treatment with participant plasma in a 36-h fasted

indicating a previously unknown role of COX signaling in PF-induced state, and these effects are quantitatively larger than a typical overnight
immunomodulation (see Figure 2G). These results show that PF fast. These results suggested that there are numerous plasma-borne
significantly alters the functionality of human plasma, the anti- factors that are differentially regulated between the baseline and fas-
inflammatory effects of PF are inducible even in nonfasted ted states that mediate the enhanced functional effects observed in the
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Figure 2. Prolonged fasting significantly alters the effects of participant plasma on macrophage. In vitro analysis of the total antioxidant capacity of participant
plasma (A). Significance between timepoints for all analyses (A—G) is denoted by their assigned letter (a—d) where groups that share an assigned letter in
common were found to have no significant differences (P > 0.05) and groups that do not share an assigned letter in common were found to be significantly
different (P < 0.05) from each other. The significance levels are provided for the baseline versus fasted states and fed versus re-fed states where significance (P
< 0.05) is achieved. Significance between states was determined using Tukey’s test. Baseline versus fasted states (1.614 0.13 vs. 1.75 + 0.14 mM, P < 0.0001)
and fed versus re-fed states (1.66 £ 0.14 vs. 1.71 £ 0.13 mM, P = 0.034). In vitro analysis of the cholesterol efflux capacity of participant plasma from lipid-
loaded primary human macrophage (B). Baseline versus fasted states (25.3% =+ 4.1% vs. 30.7% =+ 3.7%, P < 0.0001) and fed versus re-fed states (18.6% =+ 5.2
vs. 24.7% £ 5.5%, P < 0.0001). In vitro analysis of intracellular ROS production in hydrogen peroxide-stimulated primary human macrophage treated with
participant plasma (C). Baseline versus fasted states (1107 = 176 vs. 948 £ 186 RFU, P = 0.0018). In vitro analysis of tumor necrosis factor alpha (TNF-o)
secretion from citrullinated fibrinogen immune complex (cFb IC)-stimulated primary human macrophage treated with participant plasma (D). Baseline versus
fasted states (964 + 304 vs. 677 pg/mL + 232, P = 0.0003) and fed versus re-fed states (1626 £ 371 vs. 1313 £ 352 pg/mL, P = 0.0004). In vitro analysis of
NOS activity in lipopolysaccharide (LPS)- and interferon gamma (INF-y)-stimulated THP-1 macrophage treated with participant plasma (E). Baseline versus
fasted states (0.048 £ 0.005 vs. 0.045 £ 0.006 mU/mg, P = 0.035) and fed versus re-fed states (0.06 = 0.008 vs. 0.055 & 0.008 mU/mg, P = 0.017). In vitro
analysis of arginase activity in LPS- and INF-y- stimulated THP-1 macrophage treated with participant plasma (F). Baseline versus fasted states (1275 + 594 vs.
2494 + 1340 U/mL, P < 0.0001). In vitro analysis of total cyclooxygenase (COX) activity in LPS-stimulated primary macrophage treated with participant
plasma (G). Baseline versus fasted states (36.8 = 2.1 vs. 34.3 4+ 3.6 U/mL , P = 0.013) and fed versus re-fed states (49.4 £ 9.9 vs. 449 £ 52 U/mL, P =
0.034). Each analysis described earlier was performed using plasma samples from all 20 study participants. Assays were performed in duplicate using primary
human macrophage from a single healthy donor (A-D) or differentiated THP-1 macrophage (E-G). Boxplots displayed on graphs show the median, first
quartile, third quartile, minimum, and maximal values of each timepoint.
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fasted plasma. To identify these factors, we performed comprehensive
metabolomics on each participant plasma sample across all 4 nutri-
tional states.

PF robustly and uniquely alters the human plasma

The American Journal of Clinical Nutrition 117 (2023) 286-297

of the 3 metabolites with the highest fold change in relative abundance
in response to fasting including the known anti-inflammatory ketone
body beta-hydroxybutyrate (BHB) [40] (1.16 £ 1.36 vs. 19.8 £ 10.8, P
< 0.0001), 3-hydroxybutyrylcarnitine (0.57 £ 0.45 vs. 7.98 £ 5.10, P
< 0.0001), and acetoacetate (0.75 + 0.86 vs. 9.89 £+ 5.37, P < 0.0001),

metabolome indicating multiple obligate responses to acute fasting in humans (see

Comprehensive untargeted metabolomic analysis of participant
plasma revealed remarkable alterations to the human metabolome in
response to feeding, fasting, and re-feeding (see Figure 3). However, to
delineate the distinct effects of PF rather than those achieved by the
resolution of the postprandial response, we focused our analysis here
on differences observed between the overnight fasted baseline state and
the 36-h fasted state. Even between the baseline and fasted states, we
found >375 significantly differentially regulated metabolites even after
adjustments for multiple comparisons (see Figure 3A). Principal
component analysis revealed a distinct metabolome of the fasted state
that was different from and completely nonoverlapping with all other
states (see Figure 3B). Moreover, we found significant and universal
responses in multiple metabolites during PF as highlighted by our data

Figure 3C-E). However, even within these obligate responses, there
was also considerable interindividual variability in the magnitude of
response between participants by as much as 14 times between the
highest and lowest levels of an individual metabolite between partici-
pants in the fasted state (e.g., 3-hydroxybutyrylcarnitine) (see
Figure 3D). Pathway analysis of the most differentially affected path-
ways between the baseline and fasted states revealed alterations to
multiple fatty acid and amino acid biosynthesis and degradation
pathways, ketone body metabolism, tricarboxylic acid cycle, and
nicotinamide metabolism (see Figure 3F). In agreement with a recent
trial of long-term human alternate day fasting [13], this study also
found highly increased levels of immunomodulatory polyunsaturated
fatty acids in the fasted state, indicating the potential involvement of

A B —— —
° upregulated ©  downregulated non-sig timepoint E| Baseline El Fed [ o] Faste B Refed F upregulated downregulated non-sig
60 Number of metabolites Number of metabolites
i T 20 0 0 10
1 s R Food G nUPTant Fatty Acid, [
I . i =
O . ' . : s
A [ T S 8
o o o RIS L P R T IR 20 Benzoate Metabolism Leucine, Isoleucine and Valine Metabolism
S20t - 23 :-.'r’_-_: 7 6#:%4'55'..% s & -
o oo Sectmens 4 ° o, P <0.001 H 15 18 P:UOO?
' p-10 -:}‘h g € <o P=g01 « 10 z 8
. 2
T e e e 8 Urea cycle; Arginine and Proline Metabolism Long Chain Polyunsaturated Fatty Acid (n3 and n6)
-20

-2 -1 0 1 2 3
Fold Change (log)

C beta hydroxybutyrate (BHB) D

Fatty Acid Metabolism (Acyl Choline)

o l P <0.001
PC 1 [21% explained]

(R)-3-hydroxybutyrylcarnitine E

Fatty Acid, Monohydroxy

acetoacetate
P<0.001

40 subject Fatty Acid, Amino Fatty Acid Metabolism (Acyl Camitine, Monounsaturated)
-1 e 11
= - 3 13 Long Chain Monounsaturated Fatty Acid
c - 4 - 14
‘ﬂézo o & ams 8 7 P=0003
10 -6 - 16 Long Chain Saturated Fatty Acid
-7 - 17
> —
0 e B i § 7 P =0.003
BaselineFed FastedRefed Baseline Fed Fasted Refed Baseline Fed Fasted Refed e TCA Cycle
12hrs 36 hrs 12 hrs 12 hrs 36 hrs 12 hrs 12hrs 36 hrs 12hrs —&= 10p=e 20 0025
G spermidine H 1-methylnicotinamide I palmitoyl ethanolamide J Fatty Acid Metabolism (Acyl Carnitine, Hydroxy)
25
3
20 Hemoglobin and Porphyrin Metabolism
>
= Bl P =0.022
215 2 I 0
2 Fatty Acid Metabolism (Acyl Camnitine, Medium Chain)
=40 .
1 B - - 0.005
05 Endocannabinoid

kW P - 0.043

BaselineFed FastedRefed Baseline Fed Fasted Refed Baseline Fed Fasted Refed Baseline Fed Fasted Refed
12 hrs 36 hrs 12hrs 12 hrs 36 hrs 12 hrs 12 hrs 36 hrs 12 hrs 12 hrs 36 hrs 12 hrs

Figure 3. Prolonged fasting dramatically alters human metabolome and upregulates bioactive metabolites. Volcano plot analysis of the fasted metabolite levels
compared with the baseline metabolite levels showing over 375 significantly different metabolites between the 2 states (A). Principal component analysis of
complete metabolite datasets between the baseline, fed, fasted, and re-fed states (B). Circulating levels of the ketone body beta-hydroxybutyrate (BHB) in
participant plasma (C). Significance between timepoints for all metabolite levels (C-E, G-J) is denoted by their assigned letter (a—c) where groups that share an
assigned letter in common were found to have no significant differences (P > 0.05) and groups that do not share an assigned letter in common were found to be
significantly different (P < 0.05) from each other. The significance levels are provided for the baseline versus fasted states and fed versus re-fed states where
significance (P < 0.05) is achieved. Baseline versus fasted (1.16 4= 1.36 vs. 19.80 £ 10.80 RA, P < 0.0001). Circulating levels of (R)-3-hydroxybutyrylcarnitine
in participant plasma (D). Baseline versus fasted states (0.57 & 0.45 vs. 7.98 £ 5.10 RA, P < 0.0001) and fed versus re-fed states (0.60 £ 0.60 vs. 1.59 & 1.34,
P < 0.0001). Circulating levels of the ketone body acetoacetate in participant plasma (E). Baseline versus fasted states (0.75 £ 0.86 vs. 9.89 + 537, P <
0.0001) and fed versus re-fed states (0.78 £ 0.63 vs. 1.52 + 1.32, P = 0.025). Pathway analysis of metabolic datasets showing significantly differentially
regulated pathways between the baseline and fasted states determined using Fisher’s exact test (F). Circulating levels of spermidine in participant plasma (G).
Baseline versus fasted states (1.03 £ 0.37 vs. 1.51 £ 0.35, P = 0.0001) and fed versus re-fed states (0.74 = 0.37 vs. 0.87 £ 0.27, P = 0.025). Circulating levels
of I-methylnicotinamide (1-MNA) in participant plasma (H). Baseline versus fasted states (1.52 £+ 0.84 vs. 2.28 £ 1.19, P = 0.0038). Circulating levels of
palmitoylethanolamide (PEA) in participant plasma (I). Baseline versus fasted states (0.87 £ 0.30 vs. 2.06 + 0.51, P < 0.0001). Circulating levels of
oleoylethanolamide (OEA) in participant plasma (J). Baseline versus fasted states (0.93 £ 0.46 vs. 1.83 = 0.61, P < 0.0001). The n of each analysis described
earlier was 20. Significance for Figure A-E and G-J was determined using a linear fit model. Moderated t-statistics were computed by empirical Bayes
moderation, and P values were adjusted using the Benjamini—-Hochberg method. Significance was determined using Fisher’s exact test for Figure F. Boxplots
displayed on graphs show the median, first quartile, third quartile, minimum, and maximal values of each timepoint.
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altered fatty acid and eicosanoid signaling in the mechanisms under-
lying the effects of fasted plasma on macrophage functionality (see
Figure 3F). Ultimately, PF induced widespread, highly significant, and,
in several cases, universal alterations to the human metabolome beyond
what is achieved during a typical overnight fast. Given these stark
modulations, we sought to assess how differences in plasma metabo-
lites across states may play a key role in mediating the enhanced plasma
functionalities and inducible immunomodulatory effects observed in
the fasted state.

PF upregulates circulation of multiple
immunomodulatory metabolites

To determine the potential plasma-borne mediators of the observed
anti-inflammatory effects of PF, we analyzed the dataset of significantly
upregulated metabolites between the fasted and baseline states to find
metabolites that had previously been shown to have effects on immune
cell functionality. Although BHB was highly upregulated during PF (P
< 0.0001) (see Figure 3C) and, due to its known anti-inflammatory
effects, is often thought to be the major mediator of the immuno-
modulatory effects of PF [40, 41], we also identified numerous other
metabolites with known immunomodulatory effects that were upre-
gulated in the fasted state, including dihomo-y-linolenic acid, succi-
nimide, biliverdin, kynurenic acid, spermidine, 1-MNA, PEA, and
OEA. Upon screening of these metabolites at various concentrations in
an in vitro model of autoimmune disease as described earlier, we found
that 4 of our selected compounds—spermidine, 1-MNA, PEA, and
OEA (see Figure 3G—J)—were able to ameliorate TNF-a secretion
from stimulated macrophage more potently than treatment with 1-mM
BHB at between 100 and 10,000 times lower concentrations (see
Figure 4A). Based on these results, we decided to further investigate
these 4 metabolites both alone and in combination (combo) in the same
in vitro functional analyses that we observed to be affected by treatment
with fasted plasma. For each metabolite, we chose a single concen-
tration to be tested based on the half maximal inhibitory concentration
(IC50) of each metabolite during initial screening. The experimental
results for each analysis are given for the following concentrations: /)
spermidine, 100 uM; 2) 1-MNA, 100 pM; 3) PEA, 10 nM; 4) OEA , 10
pM; and 5) combo, 100 pM of spermidine, 100 pM of 1-MNA, 10 nM
of PEA, and 10 pM of OEA.

Fasting metabolites replicate the anti-inflammatory effects
of fasted plasma in macrophage

As with fasted plasma, treatment of primary human macrophage
with individual compounds or their combination during stimulation
with cFb ICs significantly reduced the secretion of TNF-a versus the
vehicle-treated positive control (positive control, 1065 + 42.61 pg/mL;
spermidine, 259 + 19 pg/mL, P < 0.0001; 1-MNA, 336 + 29 pg/mL, P
< 0.0001; PEA, 248 + 5 pg/mL, P < 0.0001; OEA, 283 + 29 pg/mL,
P < 0.0001; combo, 74 + 9 pg/mL, P < 0.0001) (see Figure 4B).
Furthermore, the combination of metabolites together reduced the
TNF-a levels to a significantly greater extent than the most potent
individual metabolite PEA (74 4+ 19 vs. 248 £ 5 pg/mL, P = 0.019)
and was not significantly different from the unstimulated negative
control (51 £ 8.7 pg/mL), indicating potent additive anti-inflammatory
effects of the metabolites in combination. Similarly, all individual
metabolites and their combination were capable of significantly
reducing cellular ROS production from primary human macrophage
(positive control, 1804 £+ 55 RFU; spermidine, 820 & 47 RFU, P <
0.0001; 1-MNA, 1091 + 18 RFU, P < 0.0001; PEA, 1375 £ 42 RFU,
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P =0.0002; OEA, 930 & 36 RFU, P < 0.0001; combo, 481 & 32 RFU,
P < 0.0001), and the level of ROS production in combination-treated
cells was significantly reduced beyond the most potent individual
metabolite spermidine (481 £ 32 vs. 820 + 47 RFU, P = 0.001) (see
Figure 4C). This result was also observed for total COX activity in
LPS-stimulated primary macrophage where each individual compound
and the combination treatment were able to significantly decrease the
total COX activity versus the vehicle-treated positive control (positive
control, 80.6 4 3.4 U/mL; spermidine, 49.7 + 6.2 U/mL, P = 0.001; 1-
MNA, 58.6 + 2.3 U/mL, P = 0.0012; PEA, 38.9 £ 0.9 U/mL, P <
0.0001; OEA, 47.8 £ 0.2 U/mL, P < 0.0001; combo, 34.7 &+ 2.7 U/
mL, P < 0.0001) (see Figure 4D). PEA was a potent inhibitor of COX
activity, and combination-treated cells were not found to be signifi-
cantly lower than those treated with PEA alone (see Figure 4D). These
data are in line with previous studies showing that COX activities are
influenced by all 4 tested metabolites [42-45] and further underscores
the potential of these metabolites to be responsible, at least in part, for
the observed COX activity reduction in fasted plasma.

Finally, we found that the in vitro treatment of THP-1 macrophage
with individual metabolites and their combination during induced M1
polarization showed a significant reduction in NOS activity (positive
control, 0.076 £ 0.002 mU/mg; spermidine, 0.046 + 0.003 mU/mg, P =
0.001; 1-MNA, 0.059 £ 0.002 mU/mg, P = 0.0034; PEA, 0.039 +
0.002 mU/mg, P < 0.0001; OEA, 0.054 £+ 0.004 mU/mg, P = 0.0009;
combo, 0.031 £ 0.001 mU/mg, P < 0.0001) with a corresponding in-
crease in arginase activity versus the vehicle-treated positive controls
(positive control, 506 + 26 U/mL; spermidine, 1032 + 110 U/mL, P =
0.01; 1-MNA, 927 £ 87 U/mL, P = 0.1836; PEA, 2181 £ 260 U/mL, P
< 0.0001; OEA, 1736 + 68 U/mL, P = 0.0007; combo, 3914 £ 203 U/
mL, P < 0.0001) (see Figure 4E-F). Decreases in NOS activity were
observed to be significantly greater in combo-treated cells for all me-
tabolites except PEA-treated cells (see Figure 4E). Concomitant to
blunted NOS activity, combo-treated cells also showed significantly
higher arginase activity than those treated with the most potent indi-
vidual metabolite PEA (see Figure 4F). Ultimately, these findings indi-
cate that treatment of human macrophage with spermidine, 1-MNA,
PEA, and OEA, all of which are upregulated in the fasted state, is
capable of replicating the immunomodulatory effects induced by fasted
plasma. Therefore, spermidine, 1-MNA, PEA, and OEA may be
important molecular mediators of at least a portion of the beneficial
immunomodulatory effects of PF, especially when used in combination.

Fasting metabolites extend lifespan in C. elegans

Beyond immunomodulation, PF has also been shown to signifi-
cantly extend lifespan in model organisms [1, 3, 4]. To assess the po-
tential involvement of spermidine, 1-MNA, PEA, and OEA in
mediating the lifespan extending effects of PF, we performed lifespan
analyses of C. elegans whose medium contained individual metabolites
or their combination. Strikingly, we found that treatment with sper-
midine, PEA, OEA, and the combination of spermidine, PEA, OEA,
and 1-MNA (combo), but not 1-MNA alone, showed significantly
increased lifespan extension versus untreated control worms (see
Figure 5). The hazard ratios (HRs) (and 95% confidence intervals
[CIs]) for each treatment group versus the control were as follows: /)
spermidine, HR, 0.672 (95% CI: 0.498, 0.907); 2) 1-MNA, HR, 1.061
(95% CI: 0.789, 1.426); 3) PEA, HR, 0.362 (95% CI: 0.265, 0.493); 4)
OEA, HR, 0.418 (95% CI: 0.304, 0.575); and 5) combo, HR, 0.147
(95% CI: 0.107, 0.202). Of the individual metabolites, PEA and OEA
were found to have the greatest effect on lifespan extension at the
lowest concentrations and significantly increased lifespan versus



C.H. Rhodes et al. The American Journal of Clinical Nutrition 117 (2023) 286-297

A
wod T T TTTTTTTTTToTTTTTToTToTTTTTTmTTTTTTTTTTT 10nM  100nM  fuM  10uM  100uM 1mM ~ T T T TTTTTTTT T mEmmmm AT T
. positive
- control
£
=3
&
5 .
L 500
z
[=
negative
control
R R R —-- —e- yo_o_]
0 ! -
BB Spermidine 1MNA PEA OFA
B cFb ICs c Intracellular ROS D Cox Activity E NOS Activity F Arginase Activity
1200 q J
c 2000 f e oo e =000 f
o E3 o 1 r e [
4000 1 _I_
900 1500 - e d d d
— 0.06 1
§ cd cd
d 3000
= - " 1 50 cd g 2 d
2 600 L 1000 C! £ b = be £
=z c = C b S 0.04- =
3 [i4 ) ab =
0 £ a 2000 cd
=4 b be
= b b b 254 a
300 b 500 0.02 ab
a ’ 1000
a
I aLle [] D [
0 | 0 — 0 — 0.001 — 0 — —
Spermidine1-MNAPEA OEAComboPos Neg Spermidine 1-MNAPEA OEAComboPos Neg Spermidine 1-MNAPEA OEACombo Pos Neg Spermidine 1-MNAPEA OEAComboPos Neg Spermidine 1-MNAPEA OEAComboPos Neg

Figure 4. Metabolites upregulated during fasting induce anti-inflammatory effects in macrophage. Tumor necrosis factor alpha (TNF-a) secretion from cit-
rullinated fibrinogen immune complex (cFb IC)-stimulated primary human macrophage treated with beta-hydroxybutyrate (BHB), spermidine, 1-methylnicoti-
namide (1-MNA), palmitoylethanolamide (PEA), and oleoylethanolamide (OEA) at a final concentration of 1-10 nM (A). The TNF-« levels from unstimulated
macrophage are shown as negative control values, and the TNF-« levels from stimulated macrophage without any other treatment are shown as positive control
values. TNF-a secretion from cFb IC-stimulated primary human macrophage treated with spermidine (100 pM), 1-MNA (100 pM), PEA (10 pM), OEA (10
puM), and a combination treatment (combo) of all 4 metabolites at their individual concentrations (B). These concentrations were used for all vitro analyses
(B-F). The negative and positive control values for all in vitro metabolite analyses (B-F) were generated from unstimulated macrophage or stimulated
macrophage with no other treatment, respectively, as described earlier. Significance between treatments and controls for all in vitro analyses (B-F) is denoted by
their assigned letter (a—f) where groups that share an assigned letter in common were found to have no significant differences (P > 0.05) and groups that do not
share an assigned letter in common were found to be significantly different (P < 0.05) from each other. Significance was determined using Tukey’s test and is
provided for Figure B-F for each treatment group versus the positive control. Positive control, 1065 + 42.61 pg/mL; spermidine, 259 £+ 19 pg/mL, P < 0.0001;
I-MNA, 336 + 29 pg/mL, P < 0.0001; PEA, 248 £+ 5 pg/mL, P < 0.0001; OEA, 283 + 29 pg/mL, P < 0.0001; combo, 74 £+ 9 pg/mL, P < 0.0001; and
negative control, 52 + 8 pg/mL. Intracellular ROS production from hydrogen peroxide-stimulated primary human macrophage treated with spermidine, 1-MNA,
PEA, OEA, and combo (C). Positive control, 1804 £ 55 RFU; spermidine, 820 4+ 47 RFU, P < 0.0001; 1-MNA, 1091 + 18 RFU, P < 0.0001; PEA, 1375 £ 42
RFU, P = 0.0002; OEA, 930 + 36 RFU, P < 0.0001; combo, 481 + 32 RFU, P < 0.0001; and negative control, 241 4+ 53 RFU. Total cyclooxygenase (COX)
activity from lipopolysaccharide (LPS)-stimulated primary macrophage treated with spermidine, 1-MNA, PEA, OEA, and combo (D). Positive control, 80.6 +
3.4 U/mL; spermidine, 49.7 & 6.2 U/mL, P = 0.001; 1-MNA, 58.6 + 2.3 U/mL, P = 0.0012; PEA, 38.9 £ 0.9 U/mL, P < 0.0001; OEA, 47.8 + 0.2 U/mL, P <
0.0001; combo, 34.7 £ 2.7 U/mL, P < 0.0001; and negative control, 20.5 £ 2.1 U/mL. Total NOS activity from LPS- and interferon gamma (INF-y)-stimulated
THP-1 macrophage treated with spermidine, 1-MNA, PEA, OEA, and combo (E). Positive control, 0.076 £+ 0.002 mU/mg; spermidine, 0.046 + 0.003 mU/mg,
P =0.001; I-MNA, 0.059 £ 0.002 mU/mg, P = 0.0034; PEA, 0.039 £ 0.002 mU/mg, P < 0.0001; OEA, 0.054 + 0.004 mU/mg, P = 0.0009; combo, 0.031 £+
0.001 mU/mg, P < 0.0001; and negative control, 0.025 £ 0.004 mU/mg. Arginase activity from LPS- and INF-y-stimulated THP-1 macrophage treated with
spermidine, 1-MNA, PEA, OEA, and combo (F). Positive control, 506 4+ 26 U/mL; spermidine, 1032 4+ 110 U/mL, P = 0.01; 1-MNA, 927 + 87 U/mL, P =
0.1836; PEA, 2181 4+ 260 U/mL, P < 0.0001; OEA, 1736 4+ 68 U/mL, P = 0.0007; combo, 3914 + 203 U/mL, P < 0.0001; and negative control, 4550 + 129
U/mL. All analyses described earlier were performed in duplicate using primary human macrophage isolated from a single healthy donor (A-D) or differentiated
THP-1 macrophage (E-F).

spermidine-treated worms (P = 0.00943 and P < 0.001, respectively) Discussion

(see Figure 5). Similar to the results seen in vitro, the combo-treated

worms showed the highest lifespan extension overall with lifespan In this pilot clinical study, we showed that PF is capable of
being significantly (2 < 0.001) increased from the control group witha  gramatically altering human plasma functionalities and the plasma
96% increase to median lifespan and a 51% increase to maximal life- metabolome; treatment of nonfasted macrophage with fasted plasma is
span. Importantly, ?ifespan in combo—trez?ted worms was also signifi- capable of producing significant anti-inflammatory effects; these ef-
cantly (P < 0.001) increased compared with those in both the PEA and fects are mediated, at least in part, by specific bioactive metabolites that

OEA groups, showing a powerful synergistic effect of the combination are upregulated after 36 h of fasting; and these metabolites are capable
of these 4 metabolites to extend lifespan. These data suggest that of extending lifespan in C. elegans.

spermidine, 1-MNA, PEA, and OEA are all potential mediators of the A key advantage of the current study was the rigorous and
lifespan extending effects of PF and treatment with these metabolites controlled design of the human trial. Unlike other studies of fasting, we
even under normal feeding conditions can induce fasting-like benefits controlled for dietary intake within individuals using a controlled

to lifespan extension. habitual diet, assessed compliance to fasting through personal glucose
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Figure 5. Metabolites upregulated during fasting extend
lifespan in Caenorhabditis elegans: lifespan analysis of
C. elegans with either no treatment (control) or lifelong
exposure to spermidine (200 pM), I-MNA (500 uM), PEA
(10 pM), OEA (10 pM), or a combination of all 4 me-
tabolites (combo). Significant lifespan extension was
observed for the spermidine-, PEA-, OEA-, and combo-
treated groups but not for the I-MNA-treated group-
—spermidine (P = 0.009), 1-MNA (P = 0.697), PEA (P <
0.001), OEA (P < 0.001), combo (P < P < 0.001). The
hazard ratios (HRs) and 95% confidence intervals (CIs) for
each treatment group versus the control are as follows: /)
spermidine, HR, 0.672 (95% CI: 0.498, 0.907); 2) 1-MNA,
HR, 1.061 (95% CI: 0.789, 1.426); 3) PEA, HR, 0.362
(95% CI: 0.265, 0.493); 4) OEA, HR, 0.418 (95% CI:
0.304, 0.575); and 5) combo, HR, 0.147 (95% CI: 0.107,
0.202). The n of each treatment and control group was 120
worms. Significance was determined using a Cox propor-
tional hazards regression model.

20
Days Elapsed

o4
o

30

monitoring, and collected 4 distinct nutritional states from each indi-
vidual across the study timecourse. These measures allowed us the
ability to sensitively assess differences not only in a prolonged fasted
state versus a postprandial state, as most other fasting trials have per-
formed, but also between a 36-h fasted state and an overnight fasted
state and postprandial states both before and after 36 h of fasting. This
was critical in determining the distinct effects and mediators of PF
beyond what is achieved during a typical overnight fast and the
carryover effects of PF into the re-fed state without confounding di-
etary influences.

In this study, PF was capable of significantly increasing plasma
antioxidant capacity as well as the cholesterol efflux ability of partic-
ipant plasma over both the baseline and fed states, and these increases
carried over to the re-fed state. Treatment of nonfasted macrophage
with fasted plasma also induced powerful anti-inflammatory effects
significantly reducing TNF-a secretion, intracellular ROS accumula-
tion, M1 polarization responses, and total COX activity of stimulated
human macrophage versus the baseline and fed states. To our knowl-
edge, these are the first studies to show that PF is capable of benefi-
cially modifying human plasma functionalities and treatment of human
macrophage with fasted plasma can induce significant anti-
inflammatory effects beyond what is achieved by an overnight fast.
We are similarly the first to report that PF is capable of ameliorating Fc-
y receptor-induced macrophage activation and reducing total COX
activity in macrophage, further elucidating the molecular pathways
involved in the immunomodulatory effects of PF. Additionally,
although other studies have shown that PF is capable of modulating
macrophage polarization in mice [18, 39], we are the first to report that
PF is also capable of acutely decreasing M1 polarization responses in
human macrophage. These analyses help to underscore that treatment
of primary cells with participant plasma during in vitro analyses can
induce cellular responses akin to what would be expected in vivo.
Thus, such ex vivo modeling can provide sensitive and real-time
readouts of systemic functionality throughout the course of a clinical
study. Taken together, these findings help to create a clearer picture of

40

the systemic and cellular effects of PF in humans and elucidate new
molecular mechanisms underpinning these effects. Significantly, these
results also show that not only does PF create anti-inflammatory effects
in human macrophage but that these effects are inducible in nonfasted
cells via treatment with fasted plasma indicating that the beneficial
effects of PF may not be entirely dependent upon cellular energy re-
striction. Instead, there appear to be multiple bioactive plasma-borne
factors that may be responsible for mediating certain cellular re-
sponses to PF independent of energy balance.

The importance of investigating these potential plasma-borne me-
diators cannot be understated as they represent a direct pathway by
which the beneficial effects of PF may be replicated without the need to
fast. The discovery of such mediators and their development into
fasting mimetics represents great potential as therapeutic or preventa-
tive interventions for health and disease. In our investigations of these
mediators, we showed that the human plasma metabolome in the fasted
state versus the baseline state was remarkably altered with 389 me-
tabolites being significantly different between the 2 states. Further
analysis and screening of significantly upregulated metabolites in the
fasted state revealed spermidine, 1-MNA, PEA, and OEA to have
significant anti-inflammatory effects on stimulated macrophage even
beyond the effects of BHB, which is often considered to be the major
immunomodulatory metabolite during PF [40, 41]. Assessment of
these metabolites and their combination showed that all were able to
replicate the anti-inflammatory effects observed in fasting plasma
including reductions in TNF-o secretion, intracellular ROS accumu-
lation, total COX activity, and M1 polarization responses in stimulated
human macrophage. Furthermore, the combination of these metabolites
induced the greatest reductions in all these measures compared with
any individual metabolite. Thus, the upregulation of these metabolites
appears to be responsible, at least in part, for the anti-inflammatory
effects observed in fasted plasma. Furthermore, a combination of
these metabolites can be used to achieve similar functional effects as PF
even in nonfasted cells. To the best of our knowledge, this is the first
trial to show that spermidine, 1-MNA, PEA, and OEA are distinctly
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upregulated in humans during PF. Moreover, although previous studies
have shown anti-inflammatory effects for each of these metabolites
[42-45], this is the first trial to show their involvement in the immu-
nomodulatory effects of PF on human immunity and their synergistic
effect that exceeds the immunomodulatory ability of each individual
metabolite.

Finally, we also showed that lifelong treatment of C. elegans with
spermidine, PEA, OEA, and, most potently, a combination of sper-
midine, 1-MNA, PEA, and OEA all significantly enhanced lifespan
versus control worms even under normal feeding conditions. Previous
studies have shown both spermidine and 1-MNA to be able to increase
lifespan in C. elegans via the induction of autophagy [34, 46] and
changes in ROS production, respectively [35]. The mechanisms un-
derlying PEA and OEA lifespan extension are unknown but may be
due to effects on the innate immune system, as shown here for humans
and which has been implicated in lifespan extension in worms. Thus, it
is likely that these compounds affect different and complementary
cellular processes to mediate longevity, leading to the potent 96%
median lifespan extension observed in combination. These results
implicate the importance of these metabolites, and particularly their
combination, in mediating the well-known lifespan extending effects of
PF and further exemplify the potential for these compounds to be used
as fasting mimetics. Significantly, this is also the first study to show that
PEA and OEA have lifespan extending effects and, thus, represents the
discovery of novel molecules for investigation in longevity research.

In conclusion, the results of this trial identified metabolites and
mechanisms of action needed to develop future interventions designed
to mimic the effects of PF. This study revealed new functionalities and
pathways affected by PF in humans, identified 4 candidates for use as
fasting mimetics, showed their effects to be most potent when used in
combination, and discovered a previously unknown role of PEA and
OEA in lifespan extension. Moreover, this study serves as a strong
proof of concept for a human-based approach for the discovery of
clinically relevant longevity and health molecules. As with PEA and
OEA, by first identifying bioactive molecules in humans and then
assessing their roles in longevity extension in model organisms, it may
be possible to greatly increase the pace of discovery of longevity tar-
gets that could then be immediately translatable to a human health
context. Although spermidine has already been investigated for its
potential as a caloric restriction mimetic [47, 48], I-MNA, PEA, and
OEA have not, and the effects of combination treatments with different
caloric restriction or fasting mimetics are still poorly characterized [48].
It will be a goal for future studies to further clinically investigate the
effects of human supplementation with spermidine, 1-MNA, PEA, and
OEA both alone and in combination to assess the feasibility and
effectiveness of their use in mimicking the effects of fasting.
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