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Abstract
Calorie restriction (CR) and fasting affect lifespan, disease susceptibility and response
to acute injury across multiple animal models, including ischaemic injuries such
as myocardial infarction or kidney hypoxia. The cargo and function of circulating
extracellular vesicles (EV) respond to changes in host physiology, including exercise,
injury, and other interventions. Thus, we hypothesised that EVs induced following
CR may reflect some of the beneficial properties of CR itself. In a pilot study, EVs
were isolated frommice following 21 days of 30 % CR, and from eight human donors
after 72 h water-only fasting. EV size, concentration and morphology were profiled
by NTA, western blot and cryoEM, and their function was assessed using multiple
assays related to ischaemic diseases. We found that EVs from post-fasting samples
better protected cardiac cells from hypoxia/reperfusion (H/R) injury compared to
pre-fasting EVs. However, there was no difference when used to treat H/R-injured
kidney epithelial cells. Post-fasting derived EVs slowed the rate of fibroblast migra-
tion and slightly reduced macrophage inflammatory gene expression compared to
pre-fasting derived EVs. Lastly, we compared miRNA cargos of pre- and post-fasting
human serum EVs and found significant changes in a small number of miRNAs. We
conclude that fasting appears to influence EV cargo and function, with varied effects
worthy of further exploration.
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 INTRODUCTION

. Ischaemic diseases

Ischaemic diseases are the most frequent causes of death in the world, causing more global deaths than all cancers combined
(World Health Organization). Hypoxia renders cells unable to produce sufficient ATP, resulting in mitochondrial damage, apop-
tosis and/or necrosis of parenchymal cells, and eventual loss of functional tissue (Ojha et al., 2008; Scarabelli et al., 2001). Heart
(myocardial infarction), brain (thrombotic stroke), kidney (renal ischaemia) and skeletal muscle (critical limb ischaemia) are
the most common sites of hypoxic injury. In the clinic, the gold standard of care is the rapid restoration of blood flow, aiming
to prevent additional cell death, minimise infarct volume and preserve organ function. However, reperfusion also induces a sec-
ond wave of injury, caused by rapid pH change, reactive oxygen species (ROS) generation and calcium overload (Prasad et al.,
2009). Upon ischaemia/reperfusion injury, it has been shown that macrophages play a crucial role in regulating tissue damage
and repair, depending on their phenotypic/functional states (or polarisation) (Shin et al., 2022). Macrophage polarisation can be
roughly categorised intoM1 (“pro-inflammatory”) andM2 (“anti-inflammatory or reparative”) polarisation (Murray et al., 2014).
Although simplistic, this classification has been widely utilised to understand the role of macrophages within specific disease sce-
narios. For therapy of ischaemia many strategies have been explored to provide small molecules, growth factors, cytokines or
miRNAs which can buffer against parenchymal cell death, and/or modulate local the immune response, particularly macrophage
polarisation, at the time of reperfusion (Gerczuk & Kloner, 2012).

. Extracellular vesicles

Body fluids are rich in micro- and nano-scale particles secreted from cells. These particles include phospholipid bilayer
membrane-bound extracellular vesicles (EVs), comprising apoptotic bodies, microvesicles and exosomes (Théry et al., 2018).
The smallest population includes exosomes (∼100 nm diameter), which are secreted by exocytosis. EVs carry payloads of pro-
teins (including growth factors, cytokines) and geneticmaterial (mRNA,miRNAs, lncRNAs)which have powerful, combinatorial
biologic effects (Barile et al., 2017; George et al., 2022; Kugeratski et al., 2021). Proteomic analysis has found approximately 1200
proteins present in EVs isolated from a variety of sources, with only 22 being universally enriched. This illustrates the consid-
erable diversity in the EV cargo, which depends on the originating cell types (Kugeratski et al., 2021) There is further variation
between EV subpopulations which possess distinct RNA profiles and proteomes, which in turn have differential effects on recip-
ient cells (Willms et al., 2016). Critically, EV quantity, content and bioactivity reflects the nature/condition of the cells which
produced them. For example, many stem cells secrete EVs bearing pro-regenerative, anti-inflammatory cargo which can show
tissue-protective effects (Barile et al., 2014; Czosseck et al., 2022; Gallet et al., 2017). However, EVs derived from the plasma of
patients with dilated cardiomyopathy were able to transfer the same pathogenic phenotype to healthy cultured cardiomyocytes
(Shah et al., 2018).

. Calorie restriction

Controlled studies using animal models of calorie restriction (CR) have shown improved survival in some cancers, delayed neu-
rodegeneration, improved cognitive function (problem solving, memory), improved physical performance (balance, endurance,
strength) and many other beneficial effects (Nencioni et al., 2018). It is also well-described that CR dramatically extends the
“health-span” (time to disease onset) and lifespan of more than 20 species ranging from yeast and nematode worms to rodents,
canines and non-human primates, in both healthy and disease-model animals (Colman et al., 2009). The underlyingmechanisms
are complex and diverse, including increased rates of DNA repair, enhanced autophagy, improved clearance of misfolded pro-
teins, mitochondrial fusion and metabolic efficiency, immunomodulation towards a less chronic inflammatory state, alterations
in mTOR activation, reduced IGF-1 levels, and many others (Most et al., 2017).
Calorie restriction has also been explored in the context of acute disease models. With regards to ischaemic disease, robust

experiments in mice found that lifelong CR prior to myocardial ischaemia/reperfusion surgery significantly reduced cardiac
injury and preserved cardiac function (Edwards et al., 2010). A similar study showed that a short-term 30 % reduction in calo-
rie intake protected mice from renal ischaemia injury (Mitchell et al., 2010). Importantly, this study showed that protection
could be induced by only 2–4 weeks CR in otherwise ad libitum-fed mice. However, it was not known whether these are local
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adaptations at the tissue level, or systemic changes brought about through paracrine effects. Supporting the latter hypothesis, a
2020 study published in Science found that plasma from exercised animals could be transplanted into non-exercised animals,
transferring neurological benefits to the sedentary animals (Horowitz et al., 2020). The authors identified the bioactive fac-
tor as glycosylphosphatidylinositol (GPI)–specific phospholipase D1 (Gpld1) which was secreted by the liver into circulation in
response to exercise. Regarding circulating EVs specifically, a 2021 study also found that both resistance training and aerobic
exercise altered EV cargo in human blood plasma (Vanderboom et al., 2021). EVs derived from mouse hearts after MI induc-
tion promoted pro-inflammatory behaviour, influenced macrophage polarisation, and aggravated heart injury in recipient mice
(Ge et al., 2021). In another study, one night of sleep deprivation (in mice) altered circulating EVs to have more pro-thrombotic
effects (Wang et al., 2022). Exercise has been shown (in mice) promote mobilisation of EVs from brown adipose tissue which
contained cardioprotective miRNAs (Zhao et al., 2022). Recently, ischaemic preconditioning (in rats) altered circulating EVs
towards a more cardioprotective phenotype (Luo et al., 2023). Taken together, it is clear that the physiological state of the donor
steers EV cargos towards beneficial or deleterious phenotypes. Since CR appears to induce an anti-inflammatory, pro-reparative,
pro-regenerative physiological state, we hypothesised that circulating EVs derived from calorie-restricted subjects would tend
towards this same phenotype. These EVs could therefore have beneficial effects on recipient cells.
Since immune function naturally declines with age, the links between CR, ageing and immune function have been widely

investigated. Data from lab animals are mixed but studies have shown that young and agedmice formweaker immune responses
to influenza infection following CR (Gardner, 2005; Ritz et al., 2007). CR mice have also been shown to be more vulnerable to
parasitic infections (Kristan, 2007). Calorie restricted C57BL/6 mice were also more susceptible to death following sepsis than
their ad libitum-fed counterparts (Sun et al., 2001). Interestingly, peritoneal macrophages isolated from the CR mice were less
responsive to lipopolysaccharide (LPS) stimulation than their well-fed counterparts. Lastly, Vega and colleagues showedC57BL/6
mouse macrophages had altered responses to LPS in accordance with CR andmouse age (Vega et al., 2004). Thus, there are clear
links between CR/fasting, immune function and macrophage activity and we hypothesised that EVs derived after CR may have
immunosuppressive functions.
There are some limitations of CR/fasting for use as a therapy. With the exception of scheduled surgeries, it is not possible to

accurately predict when an injury will occur so that the patient can initiate CR beforehand. Secondly, outside of the lab environ-
ment, patient compliance with dietary restriction has shown to be very poor inmost settings. For example, in a recent study using
4-day calorie restriction (200–1000 kcal/day) as an adjuvant therapy for breast cancer, only 33.8 % of patients successfully com-
pleted the full course of the planned calorie restriction (de Groot et al., 2020). Thus, if purified EVs from fasted subjects, or their
key components (i.e., particular miRNAs or peptides) could offer therapeutic effects without the need for dietary restrictions,
this could be of clinical benefit.
Based on the aforementioned evidence, we hypothesised that CR would affect the function and cargo of circulating EVs. Since

most of the published literature is in mice, we first carried out a controlled pilot study in mice using a standard model of CR.
However, we primarily sought to focus on human subjects since this is more relevant to human health and disease. To screen for
differences in EV function we assessed the effects of pre-/post-fasting EVs in models of cardiomyocyte hypoxia, kidney hypoxia,
fibroblast wound healing/migration, andmacrophage polarisation. Lastly, we aimed to carry out preliminary comparisons of EV
miRNA cargo from human donors before and after fasting.

 METHODS

. Animal calorie restriction

Mouse experiments were carried out with ethical approval by the Institutional Care and Use of Animals Committee, Taipei
Medical University (protocol LAC-2021-0109) and Academia Sinica (protocol 17-11-1117). Male C57BL/6J mice were purchased
from Lasco, Taiwan. These are a widely-studied rodent model for CR, known to suitably mimic human processes (Mahoney
et al., 2006). Mice were 8 weeks old at the beginning of the experiment. Animals were housed in individual cages within the
animal facility of Academia Sinica, Taiwan, with a 12/12 light/dark cycle. For the first 28 days, all mice were provided with food
on an ad libitum basis to acclimatise them to the lab environment and establish their baseline energy intake. To minimise the
effects of circadian variation, mice were weighed at 9:30 am every Tuesday morning and their food consumption was mea-
sured by weighing the food every Tuesday and Friday at 9:45 am. A standard lab diet of PicoLab Rodent Diet 20 was provided.
This chow provides gross energy of 4.07 kcal/gram, with 24.65 % of energy coming from protein, 13.21 % from fat and 62.14
% from carbohydrates. Calorie reduction of 30 % has been previously shown to improve health and lifespan of C56BL/6J mice
(Mitchell et al., 2019). Therefore, mice in the calorie restriction (CR) group were subjected to a 30 % reduction in calorie intake
by means of weighing and providing exact amounts of dry food pellets in accordance with body weight. At 16:00 on the final day
of calorie restriction (day 20), all food was removed from the cages until 09:30 the next morning. Water was provided ad libitum
at all times. A group of 10 control mice, from the same batch of the same supplier, housed at the same facility, were provided
an ab libitum diet for the whole experimental duration. To collect blood, animals were anaesthetised by inhaled isofluorane and



 of  JAIMES et al.

blood was slowly collected by cardiac puncture using a 24 g needle into EDTA-coated paediatric blood collection tubes (BD),
then centrifuged at 2000 g for 10 min at 4◦C. Plasma was aliquoted and frozen at −80˚C for further analysis, which was within 2
weeks of sampling. This protocol follows best practice guidelines from the International Society of Extracellular Vesicles (ISEV)
(Théry et al., 2018;Witwer et al., 2013). EVs were then extracted using a validated commercial kit, ExoPure (BioVision, K1238-2).
The manufacturer protocol was followed precisely.

. Human calorie restriction

Human experiments were approved by the Institutional ReviewBoard (IRB) at TaipeiMedical University, under protocol number
N202104120. We sought to recruit male and female subjects, aged between 21 and 65, body weight of ≥50 kg, BMI ≥ 18 ≤ 30.
Exclusion criteria included type I or II diabetes, diagnosed cardiovascular disease, hypertension, hypotension, pregnancy or
anaemia. Subjects fasted from the night prior until the first blood sample (12 h) to reduce the presence of circulating products of
digestion in the samples. Subjects then consumed only water for an additional 72–96 h. Thus, the total period of fasting was 84–
108 h. Informed consent was obtained from all subjects, and the experimental aims and hypothesis were explained in full. Subjects
were provided with a written document and orally counselled regarding potential adverse events, including psychological, social
and physiological effects. Subjects were contacted at least once per day to monitor compliance and welfare, and were instructed
to follow their normal daily routines, including continuation of any routine medication. Subjects were instructed to consume
only water (calorie-free food and other beverages were explicitly forbidden) for the study period, and all subjects self-reported
compliance. Beta hydroxybutyrate (BHB) ketone levels in serum were measured, by the study researchers, using a calibrated
test device (eBKetoLife, Visgeneer). Body weight was recorded in the morning, thus standardising for circadian rhythm. Venous
blood samples were collected into serum separation tubes, gently mixed, and allowed to coagulate at room temperature for 30
min. Tubes were centrifuged at 2500 g for 15 min at 4 ˚C and extracellular vesicles were isolated using the ExoQuick LP (AMS
Bio) system, precisely following the manufacturer protocol.

. Nanoparticle Tracking Analysis (NTA)

Isolated EV pellets were re-suspended in PBS which had been pre-filtered through a 0.2 μm membrane. A Malvern NanoSight
NS300 was used to determine particle count andmean/mode particle sizes. Samples were diluted until within the range of 30–100
particles per frame. Each sample was run in triplicate and the average was taken. Matching samples (i.e., pre/post-fasting from
the same subject) were extracted and analysed simultaneously to reduce effects of storage or variations in sample handling.

. TEM and cryoEM

Mouse EVs were visualised by a Hitachi HT7700 transmission electron microscope (TEM) at Taipei Medical University core
facility, operated by a technician. Human EV samples were handled by technicians at the Academia Sinica Cryo ElectronMicro-
scope (ASCEM) core facility. Samples were vitrified using an FEI VitroBot-2 and images were acquired using an FEI Tecnai F20
system.

. Protein quantification andWestern Blot

Total protein content of the serum and EV extracts were quantified by bicinchoninic acid (BCA) assay (Pierce, 23225). Western
Blot was used to confirm the presence or absence of exosome markers using a commercial characterization kit (SystemBio,
Exo-Ab kit 1) comprising rabbit polyclonal anti-human CD9, CD63, CD81 and HSP70 antibodies and goat anti-rabbit-HRP
secondary antibodies. For Western blot 20 μg total EV protein was loaded per well into a pre-cast 10 % polyacrylamide gel
(BioRad, 4568034). Images were captured using the iBright CL750 Imaging System with Bio-Rad Clarity Max substrate. Due
to widely varying amounts of each protein, the exposure was independently set as appropriate to visualise each marker. For
SDS-PAGE to show serum and EV protein profiles, 15 μg was loaded.

. HC hypoxia reperfusion model

H9C2 rat cardiomyoblast cells were purchased from the Taiwan Bioresource Collection and Resource Centre (BCRC), product
number 60096. Cells were routinely cultured in Dulbecco’s Modified Eagle Medium (DMEM) with 4 mM L-glutamine, 1.5 g/L
sodium bicarbonate and 4.5 g/L glucose, with 10 % (v/v) foetal bovine serum (FBS, Hyclone SH30396.03). For experiments using
exogenous EVs, cells were switched to EV-depleted FBS (Thermo, A2720801) for two days prior to the experiment. Hypoxia was
induced using a dual-gas incubator at 1 %O2, 5 %CO2 and 94%N2 at 37◦C, with serum starvation. To induce reperfusion injury,
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cells were replenished with fresh culturemedium and simultaneously returned to normoxia. Timings and doses of EV treatments
are described in the results section and figure legends.

. Kidney epithelial cell models

HK-2 human kidney epithelial cells were cultured in Keratinocyte Serum Free Medium (KSFM) with 6 mM L-Glutamine. For
experiments, cells were maintained in DMEM F-12 with 2.5 mM L-glutamine, 1.2 g/L sodium bicarbonate and 3.2 g/L glucose,
with 10 % (v/v) EV-depleted FBS. Toxic injury was induced by incubation with 30 μg/mL aristolochic acid. NRK-52E cells were
routinely cultured in DMEM with 5 % (v/v) bovine calf serum.

. Cell viability testing

All cell viability was measured using a WST-based assay (CCK-8, Boster Bio AR1160). Reagent was added at 10 % (v/v) to each
well using a repeating multi-well pipette and incubated for 3–6 h. Absorbance was then read at 450 nm in a multi-well reader.
Blanks containing identical culture medium and CCK-8 reagent without cells were subtracted. EVs were confirmed to have no
effect on CCK-8 absorbance compared to blank medium.

. Macrophage polarisation

RAW264.7 cells were purchased from BCRC, Taiwan. To induce M1 or M2-type polarisation, cells were incubated with 1 μg/mL
LPS (Sigma) or 20 ng/mL IL-4 (BioLegend) for 24 h respectively. EVs from three separate human donors were added at 10 %
(v/v) for 24 h. Naïve control cells were cultured in basal mediumwith addition of EV vehicle (10 % v/v). Macrophage polarisation
was assessed by RT-qPCR using a panel of markers, show in Table S1, normalized to Gapdh.

. Scratch assay

Human dermal fibroblasts from a healthy female donor were purchased from BCRC, Taiwan and cultured in DMEMwith 4 mM
Glutamine, 1.5 g/L sodiumbicarbonate and 4.5 g/L glucose. Cells were cultured in 24well plates to approximately 90% confluence,
then treated with 10 μg/mLMitomycin C (Sigma,M4287) for 2 h to prevent cell division. A scratch was thenmade using a 200 μL
pipette tip and the cells were gently washed with PBS. Images were taken at 0 h, 5 h and 24 h following the scratch. The scratch
area and number of cells migrating into the scratch area were calculated in ImageJ using an automated process which was applied
equally to all images.

. miRNA profiling

250 μL serum from each donor was processed using ExoQuick following the manufacturer protocol. The resulting precipitate
(∼50 μL) was resuspended with 200 μL PBS. 700 μLQiaZol reagent (Qiagen, 79306) was added to extract RNA. AmiRNA spike-
in kit (Qiagen, 339390) was used as per protocol. All obtained miRNA (18 μL per sample) was transcribed to cDNA following
the miRCURY LNA RT Kit (Qiagen, 339340) protocol in a single preparation for both the QC PCR and the panel PCR. For
QC, 0.1 μL cDNA per well was assessed using a miRCURY LNAmiRNA QC PCR Panel (Qiagen, 339331) following the protocol
for serum/biofluid analysis. Quantification of all miRNAs was performed with a miRCURY LNAmiRNAmiRNome PCR Panel
(Geneglobe ID YAHS-312YG-8), run on a Roche LightCycler 480 for 45 Cycles. For all PCR reactions, the miRCURY LNA
SYBR Green PCR Kit (Qiagen, 339347) was used. Analysis was performed using the Qiagen Geneglobe website. Samples with
CT values of < 36 were considered as expressed and included in the analysis. Samples were normalized to a panel of reference
miRNAs (based on GeNorm), removing low-expressed miRNAs. miRNAs with a fold-change of at least two-fold in all three
comparisons and adjusted p-value of < 0.05 (paired testing) were considered significantly different.

 RESULTS

. Characterising extracellular vesicles after calorie restriction in mice

After 28 days ab libitum feeding, the average weight of mice was 27.7 g ± 1.56 g. The average chow consumption during this 28-
day period was 0.176 g per g body weight per day, which is an average calorie intake of 0.717947 kcal/g/d. To induce CR, food was
provided at 70 % of the acclimatisation baseline consumption. The results (Figure 1a) show that following introduction of calorie
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F IGURE  (a) Timeline of mouse body weight changes during ad libitum (AL) feeding and after 21 days of 30% calorie restriction (CR). The dotted line at
D0 shows initiation of the CR protocol. The dotted line at D20 shows the overnight water-only calorie restriction. (b) Comparison of D0 and D21 body weight
for AL (n = 10) and CR (n = 9) mice. Samples were compared by one-way ANOVA, D0 versus D21. (c) Average energy consumption, determined by overall
food weight changes, at D0 to D21 for AL and CR mice. (d) Mean particle count by nanoparticle tracking analysis (NTA) showing extracts from n = 4 mice per
group. Compared by unpaired t-test. (e) Mean particle size determined by NTA. (f) Mode particle size determined by NTA. (g) Representative transmission
electron microscopy (TEM) images of EVs from AL and CR mice. Scale bar 1 μm. ns, not significant; **p ≤ 0.01, ****p ≤ 0.0001.

restriction (CR), the CR group lost weight within the first 4 days, which continued at a slower rate until the end of the experiment.
Statistical comparison of body weight (Figure 1b) at D0 (immediately prior to CR induction) and D21 (day of sacrifice) shows
that CR mice lost, on average, 25.0 % of their body weight. Daily energy intake (Figure 1c), determined by measuring the weight
of food consumed, was reduced by 36.2 % in the CR group. The ad libitum group did not change significantly.
Circulating extracellular vesicles (EVs) were isolated and samples from four mice per group were analysed by nanoparticle

tracking analysis (NTA). As shown in Figure 1d, the total mean particle count was significantly higher in the CR group. Themean
particle size (Figure 1e) and mode particle size (Figure 1f) were unchanged. Conventional TEM (Figure 1g) revealed spherical,
membrane-bound particles of approximately 100 nm, with morphology typical of exosomes isolated by ExoPure preparation
(Brennan et al., 2020). Unfortunately, we lacked enough sample quantity to carry out Western Blotting for mouse EV samples.
However, the commercial EV isolation reagents we used are well-validated by other labs and confirmed to successfully isolate
circulating EVs (Helwa et al., 2017; Huang et al., 2013).

. Examining hypoxia protective properties of murine extracellular vesicles

As described earlier, previous animal studies have shown beneficial effects of CR prior to ischaemia. Therefore, to detect any
potential changes in function of the isolated EVs, a H9C2 rat cardiomyoblast hypoxia/reperfusion (H/R) injury model was used.
A schematic of the experimental design is shown in Figure 2a. After 48 h of hypoxia, cell viability was significantly reduced
(60.56 %) compared to the normoxia group, as shown in Figure 2b. Cells were then returned to normoxia to induce H/R injury,
resulting in oxidative stress and further reduction in cell viability. Upon reoxygenation, cells were incubated with 10 % FBS (Pos)
or serum-free media (Neg) as positive and negative controls respectively. FBS was able to buffer against reperfusion injury and
cell metabolic activity fell to 39.9 % compared to 6.3 % for cells without serum. Cells incubated with a 10 % (v/v) suspension of
ad libitum-derived EVs had higher viability (14.8 %) than the negative control. However, cells incubated with CR-derived EVs
had 37.1 % viability, which was significantly higher than the AL EV group. Inspection of cell morphology (Figure 2c) showed that
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F IGURE  (a) Schematic diagram of in vitroH9C2 hypoxia/reperfusion (H/R) injury experiment. (b) Viability of H9C2 rat cardiomyoblasts after 48 h
hypoxia, and H/R with 0 % FBS (Neg), 10 % FBS (Pos), 10 % ad libitum-derived EVs (AL) or 10% calorie restriction-derived EVs (CR). Samples were compared
by ANOVA with Tukey’s post-test. (c) Representative images of H9C2 cells are shown for each condition. *p < 0.05, ****p ≤ 0.0001.

TABLE  Donor characteristics prior to water-only fasting

Donor Age (years) Sex Height (cm) Weight (kg) BMI (kg/m) Duration (h)

1 34 F 160 56.0 21.8 108

2 35 M 171 78.9 26.9 84

3 46 M 183 87.1 26.0 84

4 27 M 170 65.0 22.4 84

5 28 F 157 62.1 25.1 84

6 23 M 176 86.6 28.0 84

7 31 M 175 65.6 21.4 84

8 32 F 169 71.0 24.9 84

H9C2 cells in the injury groups displayed swollenmorphologies and a lower cell number than the normoxic control. TheH/RCR
EV group showed a greater cell number than the AL EV group, and cell morphology was more similar to the Pos group. Taken
together, these results indicate that circulating EVs from calorie restricted mice appeared to have greater protective properties
than those from ad libitum-fed mice.

. Characterising extracellular vesicles after water-only fasting in human donors

Since the mouse experimental results showed proof-of-principle that EVs derived after CR would have hypoxia-protective prop-
erties, we sought to carry out a similar experiment in humans. A prolonged 30 % calorie restriction in humans would require
resources beyond the capability of our lab. However, studies have shown that short periods of low calorie intake have long-
lasting metabolic benefits in healthy weight individuals (Wei et al., 2017). Circulating IGF-1 and inflammatory markers were also
reduced, demonstrating that even a short period of fasting can alter systemic circulating factors. Therefore, we recruited human
donors and obtained blood samples before and after a period of water-only fasting, as shown in Figure 3a. Table  shows the
donor characteristics.
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F IGURE  (a) Schematic of human fasting experimental design. (b) Mean change in body mass index (BMI) from pre- to post- fasting samples. N = 8
donors. Compared by one-way t-test versus a mean change of 0. (c) Serum beta hydroxybutyrate (BHB, ketone) levels. (d) Serum total protein concentration.
The Y axis dotted lines show the standard reference range. Compared by paired t-test. (e) Mean and mode EV size determined by nanoparticle tracking
analysis (NTA). (f) Particle concentration of EV extracts determined by NTA. (g) EV protein concentration determined by BCA assay. (h) Serum EV particle to
protein ratio. Samples from the same subject pre- to post-fasting are joined by a line and were compared by paired t-test. Pre- versus post-fasting samples were
compared by paired t-test. (i) Western blot of exosome markers HSP70, CD63, CD9 and CD81 for three separate donors. Exposure length was adjusted to
enable visualisation, depending on the strength of each marker. (j) cryoEM of EVs derived from pre- and post-fasting samples of two human donors. ****p ≤

0.0001, ns, not significant.

Figure 3b shows the change in BMI for each subject. All subjects lost ≥3.0 kg total body weight, with an average reduction in
BMI of −1.14 kg/m2 which was highly significant (one sample t-test, p ≤ 0.0001). Subject samples were tested for beta hydrox-
ybutryrate (BHB) levels pre-/post-fasting (Figure 3c). Serum BHB increased from an average of 0.51 ± 0.13 mmol/L pre-fasting
to 6.08 ± 0.60 mmol/L post-fasting (N= 8, p ≤ 0.0001 by paired t-test), demonstrating that the subjects were in a robust state of
ketogenesis (Newman&Verdin, 2014). This supports good overall compliance with the fasting protocol. Total serum protein was
also measured for all samples (Figure 3d), and showed no significant difference after fasting (p = 0.41, N = 8, paired t-test). All
samples were within the normal reference range for healthy humans. Serum EVs were isolated and characterised by NTA. There
was no significant difference between the mean or mode particle size of the pre/post-fasting samples, as shown in Figure 3e.
Average particle concentration after fasting (Figure 3f) was not significantly different, nor was protein EV content (Figure 3g).
Calculating the ratio of particle number to protein concentration (Figure 3h) showed no significant difference between groups,
indicating that the purity of each isolation was similar, and not contaminated by excess non-EV particles, or excess free proteins.
Total protein extracts from three donors were analysed by SDS-PAGE (Figure S1, S2). The results showed no noticeable changes
in the overall protein profile of serum or EV isolated between pre- and post-fasting samples. Western Blot (Figure 3i) was used
to determine whether the isolated particles expressed markers HSP70, CD63, CD9 and CD81. Samples from three donors, both
before and after fasting, were positive for all markers. Lastly, cryoEM (Figure 3j) was used to observe the structure of the isolated
particles. In pre- and post-fasting samples from two donors, spherical, ∼100 nm vesicles with lipid bilayers were detected. Taken
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F IGURE  (a) Schematic of H9C2 hypoxia protection and hypoxia/reperfusion (H/R) assays. R = 6 h reperfusion. (b) Effect of 0 % FBS (Negative), or 10
% pre- or post-fasting human serum on H9C2 viability during hypoxia. N = 2 donors, 3 replicates per sample. (c) Dose-response of EVs by % volume. EVs
were from one donor (Subject 1, pre-fasting) and each dot shows one replicate. Samples were compared to negative control by one-way ANOVA. (d) Effect of
10% (v/v) EV concentration on H9C2 hypoxia protection, from five donors. Pre- and post-fasting samples were compared by two-way ANOVA for each donor,
and the overall effect was calculated by nested t-test. (e) H9C2 viability after 24/6 h H/R injury with EVs from four donors. (f) H9C2 viability after 48/6 h H/R
injury with EVs from five donors. ns, not significant, *p < 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.

together, these data confirm that serum EVs were successfully purified. Since the biogenesis of the vesicles cannot be known, we
will continue to refer to them as EVs rather than “exosomes.”

. Examining hypoxia protective properties of human extracellular vesicles

Human blood-derived EVs are known to be cardioprotective in in vitro cultured rat cardiomyocytes and ratMImodels (Vicencio
et al., 2015). Therefore, we used two H9C2 cell hypoxia protocols to mimic myocardial infarction injury, as shown in Figure 4a.
First, we used a simple hypoxia protection model where cells were subjected to 48 h hypoxia in the presence of each treatment
condition. As an initial test, cells were cultured in media supplemented with 10 % (v/v) of the whole human serum from pre- and
post- fasting samples. These were compared to serum-free conditions (Negative). Viability testing (Figure 4b) found that whole
human serum from two donors, (subject 1 and subject 3, provided at 10 % v/v) had no significant beneficial effect on the cells;
nor was there any difference between pre- and post-fasting serum.
Next, we tested the purifiedEVs. To establish aworking dose range for future experimentswe supplemented hypoxicH9C2 cells

with purified EVs (from subject 1, using pre-fasting samples) at concentrations ranging from 0.5 to 20 % (v/v). EV-supplemented
cells under hypoxia were compared to cells cultured under normoxia. The results (Figure 4c) showed that concentrations above
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F IGURE  (a) Visualisation of scratch assay closure at 0, 5 and 24 h. The images were generated by an automated procedure in ImageJ. The white area
signifies the scratch. (b) Scratch wound area percentage remaining after 5 and 24 h. (c) Number of cells inside the wound area after 5 and 24 h. Groups were
compared by two-way ANOVA. § shows comparisons at 5 h (grey bars) and * shows comparisons at 24 h (white bars). Error bars show standard error of the
mean from N = 3 separate EV donors.

2.5 % (v/v) EVs had a significant protective effects on the H9C2 cells. The example images show that EV-supplemented cells
had improved morphology and a greater cell number. To balance effectiveness with conservation of our limited sample volumes,
we opted to use 10 % (v/v) for our further experiments. This is equal to a final concentration of approximately 2.7 μg/μL of EV
protein, or 5 × 107 particles/μL.
We then tested hypoxia protection using five separate donor EV samples at 10 % (v/v). The results (Figure 4d) showed that all

groups containing EVs showed higher cell viability than the negative control, demonstrating that all of the human EV samples
had hypoxia-protective effects. It is interesting to note that the isolated EVs were beneficial but the whole serum (Figure 4b) was
not, despite the whole serum having amuch higher total protein content. Assessing all samples together by nested t-test produced
a p-value of 0.466, summarised in the adjacent graph. Thus, we conclude that there was no significant difference between pre-
and post-fasting EVs in this hypoxia protection assay.
Next, we used the H/Rmodel where all cells were subjected to 24 h hypoxia and serum deprivation, then restored to normoxia

with simultaneous addition of 10 % (v/v) EVs. Viability was measured at 6 h following restoration of normoxia. The results from
four separate donors (Figure 4e) show that H/R reduced cell viability (53.1%), as expected, and addition of human EVs signif-
icantly preserved cell viability compared to the negative control. In this assay, EVs derived from donors post-fasting preserved
significantly higher cell viability than pre-fasting EVs in three out of the four donors tested. The overall average viability of cells
treated with pre-fasting EVs was 62.0 %, which increased to 72.4 % with post-fasting EVs. Comparison by nested t-test showed
that this was highly significant, with a p-value of 0.006. A more severe injury model using 48 h hypoxia and 6 h normoxia
(Figure 4f) reduced cell viability of the vehicle control (negative) group to only 9.6%. Addition of EVs at the time of reperfusion
produced slightly increased viability, with post-fasting EVs producing a slightly higher average (13.0 %) than pre-fasting EVs (11.1
%). This was statistically significant for three of five donors, and nested t-test of all pre- versus post-fasting EVs gave a p-value of
0.003. Overall, these findings show that human circulating EVs may have improved cardioprotective potential following fasting.
However, the difference was moderate and not consistent between all donors.
To avoid drawing conclusions from a single cell line, we utilised a human kidney proximal tubule epithelial cell line, HK-2.

Kidney ischaemia causes apoptosis or necrosis of renal epithelial and endothelial cells, resulting in chronic kidney disease (CKD)
or acute kidney failure (Sharfuddin &Molitoris, 2011). HK-2 cells are a well-knownmodel for kidney hypoxia (Andrade-Oliveira
et al., 2015). Using a 48/6 H/R protocol (Figure S3a), EVs from both pre- and post-fasting samples were provided at doses from
0.1 to 20.0 % (v/v). The viability results (Figure S3b,c) showed that the H/R protocol reduced HK-2 viability to an average of
57.49 % compared to normoxia. However, there was no significant protective effect of human serum-derived EVs, even at 20
% (v/v) concentrations. Furthermore, there was no difference between pre- and post-fasting EVs. We were surprised by this
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negative result and wondered whether this was specific to the H/R injury model, or if the kidney epithelial cells themselves were
unresponsive to the EVs. CR (40 %) has been demonstrated to protect the rat kidney from drug-induced injury nephrotoxicity
(Ning et al., 2014). Therefore, we utilised aristolochic acid (AA), which is a potent nephrotoxic agent, to induce HK-2 injury (Lu
et al., 2021). Addition of 30 μg/mL AA for 24 h reduced HK-2 viability to approximately 40 %. AA was then removed and EVs
from five donors were added at 10 % (v/v). Again, this showed no significant effect on enhancing cell viability (Figure S3d). We
additionally tested another kidney epithelial cell line, NRK-52E, which also showed no response to supplemental EVs following
H/R injury (Figure S3e). Overall, the supplemental EVs had no effect on kidney epithelial cell viability in hypoxic or toxic injury
models.

. Examining stimulation of cell migration by extracellular vesicles from fasted humans

Followingmyocardial infarction or kidney injury, resident fibroblasts migrate to the injured site (Shi et al., 2017). Previous studies
have shown that stem cell-derived EVs can influence cell motility in ischaemic injury (Gangadaran et al., 2017). Therefore, we
used a dermal fibroblast wound-healing assay to measure any potential differences in the ability of pre- and post-fasting EVs
to stimulate cell migration. Primary human dermal fibroblasts were grown to confluence and the cell cycle was arrested by
Mitomycin treatment. After the scratch was created, cells were incubated with serum-free culture medium containing EVs from
donors three, four or five (10 % v/v), or EV vehicle (negative control) for 24 h. Medium containing FBS was included as a positive
control. Representative images, processed by ImageJ, are shown in Figure 5a. Both pre- and post-fasting EVs stimulated cell
migration compared to the negative control, at 5 and 24 h. However, the results showed that, on average, post-fasting EVs had
slower scratch closure and less cells migrating into the wound area than those treated with pre-fasting EVs (Figure 5b,c). After
24 h, the overall results from both EV groups were similar.

. Examining macrophage polarisation by extracellular vesicles from fasted humans

Previous studies have shown that CR or fasting may induce immunomodulation—particularly the suppression of inflammation
(Harvey et al., 2014). This, in turn, may reduce tissue injury following ischaemia. Ketones, increased following CR, have been
shown in isolation to reduce NLRP3 inflammasome signalling in macrophages (Youm et al., 2015). Therefore, we hypothesised
that fasting-derived EVs may differentially affect macrophage polarisation. To test this, we used the RAW246.7 macrophage cell
line. As controls, lipopolysaccharide (LPS) was used to induce an “M1-like” phenotype and interleukin-4 (IL-4) was used to
induce an “M2-like” phenotype. A panel of primers (Table S1) was then used to then assess polarisation-related gene expres-
sion after 24 h (Figure 6a). The results, (Figure 6b) show the log2 fold change for each condition compared to the relevant
control condition. LPS (red bars) and IL4 (yellow bars) were compared to macrophages incubated with the EV vehicle. Post-
fasting EVs were compared to pre-fasting EVs alone (brown bar). Lastly, we tested pre- and post-fasting EVs in the presence of
LPS (grey bars). The results showed that LPS induced M1 markers, particularly Ilb, Nos and Il. Arg, Tnfa and Il were also
increased. IL4 increased M2 markers including Arg and Irf, and suppressed Il. The RAW246.7 cells did not show changes in
Nlrp gene expression following any treatment. The effects of pre- versus post-fasting EVs from three separate donors (donors
one, three and four) on otherwise non-stimulated RAW246.7 cells, are shown by the brown bars. The results show that post-
fasting EVs induced less Il, Il and Ilb than pre-fasting EVs, and induced more Retnla expression. There were no differences
in the effect of pre/post-fasting EVs on Nos, Arg or Irf expression. This indicates a trend towards a reduced inflamma-
tory phenotype, but the EVs did not induce a distinct “M1” or “M2” signature and overall changes in gene expression were
mild.
We then tested whether EVs may affect inflammatory markers in the presence of pro-inflammatory signalling. RAW246.7

cells were treated with low dose LPS alongside 10 % (v/v) pre or post-fasting EVs, shown by the grey bars. Interestingly, the
results showed that cells incubated with post-fasting EVs showed significantly lower expression of Il, Tnfa and Nos compared
to pre-fasting EVs. There was also a trend towards reduced Ilb but one donor produced particularly large reductions in expres-
sion which increased the intra-sample variability. Therefore, the results of this experiment indicate that post-fasting EVs may
have anti-inflammatory properties, although they did not produce a clear-cut “M2” phenotype or suppress all inflammatory
markers.

. Examining miRNA cargo of extracellular vesicles from fasted humans

Lastly, we sought to examine whether the EV miRNA cargo differed between pre- and post-fasting samples. We utilised a PCR-
based array to specifically detect 752 knownmiRNAs from EVs obtained from three subjects (donors six, seven and eight) before
and after 72 h fasting. As shown in Figure 7a, 55 % to 61 % of surveyedmiRNAs were detected in all samples with CT values of less
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F IGURE  (a) Schematic diagram showing experimental timelines. (b) Assessment of macrophage polarisation markers after 24 h incubation with
lipopolysaccharide (LPS), Interleukin 4 (IL4), or EVs from pre- or post-fasting donor samples. Each graph shows log2 fold change versus the relevant control.
For LPS (red) and IL4 (yellow), the fold change compared to non-stimulated macrophages is shown. The brown bars show differential effects of pre- and
post-fasting EVs on naive macrophages. The grey bar shows pre- and post-fasting EVs on LPS-stimulated macrophages. Three individual donor EVs samples
are shown by dots, and each donor had three replicates. To determine statistical significance samples were compared by one-way t-test against a hypothesised
fold change of zero. *p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001.

than 36.0. Quality control data (Figure S4) shows successful amplification of spiked-in UniSP2, 4 and 5, detected at CT values of
21.1, 28.9 and 33.8, representing high, medium and low expression respectively. There was also excellent cross-sample consistency
(CT= 19.74± 0.08) based on inter-plate calibration wells (UniSP3). Together, these results show that miRNA extraction, reverse
transcription and amplification was successful.
Principal component analysis (PCA) showed that pre-fasting and post-fasting miRNA expression profiles had relatively

distinct groupings (Figure 7b). A scatter graph (Figure 7c) shows pre- (Y axis) versus post-fasting (X axis) EV miRNA expres-
sion levels normalised to geNorm reference miRNAs. The most abundant miRNAs detected were miR-451a, miR-223-3p and
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F IGURE  Comparison of miRNA cargo extracted from pre- and post-fasting EVs. (a) Percentage of 752 total miRNAs detected with cycle threshold
(CT) values of <36, ≥36, or not detected (ND) for each sample. Samples with CT ≤ 36 in all six samples were included in the following analyses. (b) Principal
component analysis (PCA) of all samples. Pre-fasting EV samples are shown in white, and post-fasting EV samples are shown in brown. (c) Scatter plot
showing mean expression level, normalised to reference miRNAs, for pre-fasting (Y axis) and post-fasting (X axis) miRNAs. The red line shows a reference
gradient of 1. Statistically significant results are highlighted green (reduced in post-fasting) and yellow (increased in post-fasting). (d) Volcano plot showing
fold change (X axis) and statistical significance (Y axis). The Y axis grey area shows p > 0.05 and X axis grey area shows fold-change <2.0. Statistically
significant results are annotated.

miR-16-5p, which are all well-known serum EV cargo (Helwa et al., 2017). A list of the 25 most abundant miRNAs is shown in
Table S2. A volcano plot (Figure 7d) showing fold change (X axis) and p-values (Y axis) revealed a small number of statistically
significant changes between pre- and post-fasting miRNAs. The significantly upregulated miRNAs were miR-622, miR-487b-3p
and miR-378a-3p and the downregulated miRNAs were miR-760, miR-98-5p and miR-31-5p. Exact fold changes and p-values
are shown in Table S3. Target prediction using DAVID did not show any common biological pathway for the three upregulated
miRNAs, however, the Geneglobe prediction service highlighted several potential gene interactions, shown in Table S4.
Surveying the literature surrounding these miRNAs revealed several interesting findings. miR-622 has been directly shown

to reduce expression of the enzyme RNF8 and increased miR-622 increased the rate of cellular DNA damage repair and slowed
cell migration (Liu et al., 2019). The second upregulated miRNA, miR-487b-3p, has been previously shown, in rats, to be linked
to ageing (Lee et al., 2018). In terms of function, miR-487b-3p has been shown to act on the IGF-1 signalling pathway in muscle
tissues (Wang et al., 2018). It has also been shown to regulate macrophage IL-33 expression, whereupon increased miR-487b-3p
lowered the macrophage pro-inflammatory response to LPS stimulation (Xiang et al., 2016). These findings support our findings
that post-fasting EVs appeared to reduce macrophage pro-inflammatory response and reduced cell migration. Interestingly, the
third upregulated miRNA we detected, miR-378, has been shown to play roles in energy homeostasis, mitochondrial function,
oxidative capacity and the response to metabolic stress (Carrer et al., 2012).
Taken together, the results of our study show that CR and fasting appear to induce changes in the properties of circulating

EVs in both mice and humans. The isolated EVs showed moderate, though sometimes inconsistent, differences in their effects
when tested in in vitro assays. In particular, post-fasting EVs were superior to pre-fasting EVs at protecting cardiac cells from
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hypoxia/reperfusion injury. In terms of wound healing, post-fasting EVs stimulated less fibroblast migration than pre-fasting
EVs, in our assays. Lastly, we found that post-fasting EVs tended towards reducing pro-inflammatory signalling in macrophages.

 DISCUSSION

Fasting has been shown to confer manymeasurable health benefits, including protection from hypoxic injury, in multiple animal
models. Since EVs vary by donor properties, including health/disease status, we hypothesised that EVs isolated from fasted
subjects may also confer those benefits. Previous studies have shown alterations in serum EVs miRNAs due to CR in animals,
though these studies did not look at efficacy/function of the EVs (Lee et al., 2018; Liu et al., 2020). These rodent studies rely on
longer periods of CR; typically 30 % to 40 % restriction, maintained for at least several weeks. Our animal study was designed
in the same manner, subjecting mice to 21 days of a 30 % calorie deficit. Our mouse study results (Figures 1 and 2) found that
circulating EVs from calorie-restricted C57BL/6 mice did appear to have improved cardioprotective properties in an in vitro
model of hypoxia.
However, there aremany differences between the rodent and human responses to CR/fasting, which limit the comparisons that

can be made between the two species. For example, the progression of weight loss in rodents and humans differs significantly.
Standard laboratory mice are typically much leaner than average humans, enter ketosis and gluconeogenesis faster than humans,
and experience more rapid weight loss than humans (up to 20 % of their body weight after 24 h of water-only fasting) (Boldrin
et al., 2017). Therefore, results from rodent CR protocols do not necessarily translate to results in humans (Ingram and de Cabo,
2017). For example, one human clinical trial investigatedwhether seven days of 40%CRwould provide renal protection following
scheduled cardiac surgery, but did not find any measurable benefit (Grundmann et al., 2018).
In our study we sought to focus primarily on samples derived from humans. This necessitated changing the dietary protocol,

since recruiting subjects to a long-term diet program and ensuring their compliance and safety is beyond the capability of our
research group. A short (3–5 day) period of water-only fasting was a feasible strategy to accomplish this since previous human
studies have shown long-lasting metabolic changes can be induced from 72 h of low calorie diet (Cheng et al., 2014; Wei et al.,
2017).

However, this short duration is a limitation of our study. Changes in EV properties can be initiated quickly, such as after acute
injury or with one night of sleep deprivation (Luo et al., 2023; Wang et al., 2022). However, we speculate that a longer fasting
period (under appropriate clinical supervision) would allow more time for the circulating EV pool to be turned over. Another
caveat is that, by necessity of IRB approval for our study design, we recruited normal weight, young adults whoweremetabolically
healthy and absent of chronic diseases. It is plausible that metabolically dysfunctional individuals would show greater changes
in circulating EVs following fasting. However, such subjects would require closer clinical supervision or in-patient monitoring
which our lab is unable to provide.
Our results from the RAW246.7 cell line support previous studies of CR, aging and macrophage function. For example,

macrophages derived from aged, calorie-restrictedmice showed reduced Il, Il Tnfa and Ilb expression following LPS stimula-
tion (Vega et al., 2004). Our study showed that EVs derived from post-fasting human donors attenuated macrophage expression
of these markers when stimulated by LPS. This implies that some degree of the immunomodulatory effects of CR/fasting may
be derived by circulating EVs acting on immune cells. Our EV cargo miRNA analysis also detected increased concentrations of
miRNAs with anti-inflammatory activities. In the future, we hope to use in vivomodels to assess whether post-fasting EVs could
affect macrophage polarisation in injured tissues, and whether this has subsequent effects on parenchymal cells.
There are some methodological factors and limitations to consider when interpreting our results. Extracellular particles (EPs)

are complex biological products and there is no single preferred method for their purification or characterisation. Phospholipid
bilayermembrane-bound EVs are one population of EP, which includesmicrovesicles, exosomes and apoptotic bodies. Exosomes
are a specific subset of EVs, defined by their mechanism of biogenesis and secretion, as well as surface markers. Isolation of EVs
from blood plasma, blood serum, urine, CSF or other fluids each have different best practices for their handling and preparation
(Lai et al., 2022; Théry et al., 2018). For example, serum contains an additional portion of EVs derived from platelet activation
during blood coagulation, which may be desired or undesired, depending on the application. Platelet-derived EVs themselves
have been shown to contain pro-regenerative cargos and have protective properties (Widyaningrum et al., 2021). Since we could
only obtain limited sample volumes, we opted to trade higher purity in favour of greater yield, which would thus allow us to
carry out more experiments. To do this, we used commercial exosome isolation kits which are well-validated by a large body of
prior literature (Helwa et al., 2017; Lai et al., 2022; Théry et al., 2018). Following EV isolation, NTA showed a single peak with
a mean diameter < 150 nm, western blot confirmed several common exosome markers, and cryoEM showed vesicles formed
from lipid bilayer membranes. Together, this provides strong evidence that we successfully isolated circulating EVs. However,
these blood-derived samples likely also include other nanoscale particles such as chylomicrons, lipoproteins (LDL, HDL, VLDL
etc.), protein aggregates or cell fragments, as well as free proteins (Brennan et al., 2020). Knowing this would be the case, we
ensured that the pre-fasting samples were still taken after an overnight fast to reduce excessive contamination of chylomicrons
or products of digestion. Baseline BHB levels of 0.51 mmol/L indicate good compliance with the overnight fasting. In addition,



JAIMES et al.  of 

SDS-PAGE analysis showed no missing or additional protein bands in the post-fasting serum or EV samples, and the parti-
cle:protein ratio was consistent between samples. Nevertheless, it is possible that alternative exosome isolation methods could
produce different results due to selection of alternative EV subpopulations. For example, size exclusion chromatography can col-
lect specific fractions of EVs and free proteins which can be separately examined (Lai et al., 2022) We elected not to carry out
further purification or fractionation because we aimed to assess the “whole picture” of the effects of calorie restriction, and we
could only acquire limited sample volumes. In the future we hope to recruit more human subjects and to carry out more detailed
analyses.
Lastly, our study focused mainly on ischaemic disease models, but EVs, and CR/fasting as treatment modalities, have been

explored formany other purposes including protection from toxins, prevention of neurodegeneration, or as drug delivery vehicles
(Agrahari et al., 2019; Osorio-Querejeta et al., 2020; Soler-Botija et al., 2022). Thus, is possible that fasting-derived EVs may have
differential effects in other models. It is also likely that some functional differences may not manifest in in vitro models. In the
future we hope to carry out in vivo studies to address these questions and to investigate the downstream mechanisms of action.
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