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Creatine supplementation enhances immunological function of
neutrophils by increasing cellular adenosine triphosphate
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Creatine is an organic compound which is utilized in biological activities, especially for adenosine triphosphate
(ATP) production in the phosphocreatine system. This is a well-known biochemical reaction that is generally
recognized as being mainly driven in specific parts of the body, such as the skeletal muscle and brain. However,
our report shows a novel aspect of creatine utilization and ATP synthesis in innate immune cells. Creatine
supplementation enhanced immune responses in neutrophils, such as cytokine production, reactive oxygen species
(ROS) production, phagocytosis, and NETosis, which were characterized as antibacterial activities. This creatine-
induced functional upregulation of neutrophils provided a protective effect in a murine bacterial sepsis model. The
mortality rate in mice challenged with Escherichia coli K-12 was decreased by creatine supplementation compared
with the control treatment. Corresponding to this decrease in mortality, we found that creatine supplementation
decreased blood pro-inflammatory cytokine levels and bacterial colonization in organs. Creatine supplementation
significantly increased the cellular ATP level in neutrophils compared with the control treatment. This ATP
increase was due to the phosphocreatine system in the creatine-treated neutrophils. In addition, extracellular
creatine was used in this ATP synthesis, as inhibition of creatine uptake abolished the increase in ATP in the
creatine-treated neutrophils. Thus, creatine is an effective nutrient for modifying the immunological function of
neutrophils, which contributes to enhancement of antibacterial immunity.
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INTRODUCTION

Creatine is an organic compound produced from glycine and
L-arginine through biosynthesis pathways in the kidney and liver
[1]. In the initial step, glycine and L-arginine are converted to
guanidinoacetate (GAA), which is accompanied by L-ornithine
production, via the catalytic activity of L-arginine:glycine
amidinotransferase (AGAT) in the kidney [2]. In the second
step, this intermediate product is converted to creatine by
guanidinoacetate N-methyltransferase (GAMT), which requires
the participation of S-adenosylmethionine (SAM), in the liver [3].
Aside from endogenous synthesis, creatine can be taken in from
several foods, such as fish and meat [4]. The majority of creatine
is stored in skeletal muscle, and the brain and testes also hold
relatively high levels of creatine as compared with other tissues
and organs [5].

Although creatine is not an essential nutrient, excessive
loss of creatine leads to critical situations in our health that are
epitomized by creatine deficiency disorders (CDDs) [6]. Impaired
creatine metabolism and transportation are major causes of CDDs
[7]. Deficiencies of AGAT and GAMT lead to the impairment
of creatine synthesis [8]. A deficiency or functional loss of the
creatine transporter (CrT) critically downregulates the level and
utilization of intracellular creatine [9]. The most famous symptoms
of CDDs are neurological disorders, such as developmental delay,
intellectual disability, and speech-language disorder [10, 11].
Therefore, creatine homeostasis is an indispensable factor for
maintaining biological function and activity.

The most important use of creatine is for adenosine triphosphate
(ATP) synthesis [12]. Creatine is used in the phosphocreatine
system, which generates ATP from adenosine diphosphate
(ADP) and phosphocreatine (PCr) via the catalytic activity of
creatine kinase (CK) [13]. In the generation of PCr, CK catalyzes
the reversible transfer of phosphate from ATP to creatine with
its reversible catalytic activity [14]. Since creatine is able to
conjugate with high-energy phosphate, most stored creatine
molecules are bound with high-energy phosphate and form PCr
[13]. Therefore, PCr functions as a carrier of phosphate used for
rapid ATP generation in the phosphocreatine system [14, 15].
This is distinguishable from the oxidative phosphorylation-based
ATP production in mitochondria and makes it possible to generate
ATP in anaerobic manner [16].

The phosphocreatine system has been described as being
mainly driven in specific organs and tissues, such as the skeletal
muscle, heart, and brain, which have high energy demands
[17, 18]. However, recent studies have revealed novel possibilities
indicating that the immune system also requires creatine to
enhance its activity. For instance, creatine supplementation
promoted the activity of CD8+ T cells in anti-tumor immunity
by increasing ATP production [19]. Innate immunity provides a
strong front-line defense against various pathogenic invasions
[20]. Neutrophils are especially important innate immune cells
in this defensive mechanism [21]. In the acute phase of bacterial
invasion, neutrophils are mobilized to the infected site and
aggressively eliminate the bacteria by phagocytosis and producing
antibacterial agents [22, 23]. Furthermore, they rapidly require
sufficient sources of energy to exert these capabilities [24]. In this
context, ATP is the primary energy source and is mainly provided
through glycolysis rather than oxidative phosphorylation in
mitochondria [25]. If rapid ATP production under inflammatory

conditions involves another metabolic reaction, more neutrophil
activity could be promoted than usual. Recent studies showed that
various nutrients modify the activity of immune cells, such as T
cells and dendritic cells (DCs) [26, 27]. However, the effects of
nutrients on the activity of innate immune cells, especially for
neutrophils, have not been described well. Thus, we investigated a
nutrient that effectively modifies neutrophil activity and enhances
the immune response.

In this report, we show that creatine supplementation enhanced
the immunological activity of neutrophils and that this was based
on increasing the cellular ATP level. This functional modification
of neutrophils contributed to attenuation of the mortality rate,
based on enhanced antibacterial immunity, in a murine bacterial
sepsis model. Our finding indicates a novel aspect of the biological
effect of creatine, especially for innate immunity.

MATERIALS AND METHODS

Reagents and antibodies

Creatine monohydrate, phorbol 12-myristate 13-acetate
(PMA), lipopolysaccharide (LPS), B-guanidinopropionic acid
(B-GPA), and BioTracker ATP-Red Live Cell Dye were purchased
from Sigma Aldrich (St. Louis, MO, USA). CellROX™ Green,
K-12 BioParticles (fluorescein labeled), SYTOX™ Green,
4’ 6-diamidino-2-phenylindole (DAPI), anti-SLC6AS polyclonal
antibody (PA5-110393), HRP Goat Anti-Rabbit IgG (H+L), and
TRIzol were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). CellTiter-Glo® 2.0 was purchased from Promega
(Madison, WI, USA). Anti-CD45 (30-F11), anti-CD11b (M1/70),
anti-Ly-6G (1A8), and 7-aminoactinomycin D (7-AAD) were
purchased from BioLegend (San Diego, CA, USA).

Mice

C57BL/6 J mice were purchased from CLEA Japan (Tokyo,
Japan) and the Jackson Laboratory (Bar Harbor, ME, USA). All
mice were bred under specific pathogen-free (SPF) conditions
with 12 hr day/night cycles and were allowed free access to food
and water. Gender-matched 8- and 12-week-old mice were used
for the experiments. Some mice received intraperitoneal (i.p.)
injection of saline (200 pL) or creatine (200 pL of 50 mg/mL in
saline) every 24 hr for 7 days. Both naive and treated mice were
used for bone marrow (BM) neutrophil isolation. All experiments
were approved by the animal care and use committees of Jichi
Medical University (protocol no.: 20036-01, 20037-01), Central
South University (protocol no.: 15-10-874), and Shibata Gakuen
University (2021-019).

Bacterial sepsis model

Frozen Escherichia coli K-12 strain stock was purchased from
the American Type Culture Collection (ATCC; Manassas, VA,
USA). The bacteria were thawed on ice, transferred to LB media
(BD Biosciences, Franklin Lakes, NJ, USA), and then cultured at
37°C for 18-20 hr with shaking. Bacterial colony forming units
(CFU) were determined in each culture. To establish a bacterial
sepsis model, the mice that had been administrated saline or
creatine (200 pL of 50 mg/mL in saline) for 7 days received
an i.p. injection of live E. coli K-12 (100 uL of 1.0x10° CFU/
mL suspension). Some mice received an oral administration
of B-GPA (200 uL of 10 mg/mL in phosphate-buffered saline
(PBS)) every 24 hr for 7 days prior to the K-12 challenge. The
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numbers of live and dead mice were counted every 12 hr up to
72 hr postinjection of K-12. At 24 hr, serum was collected from
surviving mice, and the cytokine concentration was measured by
enzyme-linked immunosorbent assay (ELISA). The frequency of
NETosis in peripheral blood neutrophils was analyzed by flow
cytometry. To measure K-12 colonization in organs of sepsis
mice, K-12-challenged mice (a different group of mice from those
used for live/dead monitoring) were sacrificed at 24 hr, and then
whole spleens and livers were extracted from each mouse for
the preparation of suspensions by homogenization in PBS. After
centrifugation at 300 g for 5 min, supernatants were collected and
used for determination of K-12 CFUs in the organs.

Flow cytometry

Flow cytometry analysis was performed by using a flow
cytometer (LSR-II, BD Biosciences, Franklin Lakes, NJ, USA)
with the fluorochrome-conjugated monoclonal antibodies and
chemical probes described in the reagents and antibodies section.
For surface marker staining, the cells were incubated with an FcR
blocker (anti-CD16/32; 2.4G2) at 4°C for 10 min, and then the
cells were incubated with antibodies at 4°C for 30 min. Finally,
the samples were stained with 7-AAD and analyzed on the same
day without fixation. The NETosis assay was performed by a
previously reported method with minor modification [28, 29].
Briefly, peripheral blood was treated with 1x red blood cell
(RBC) lysis buffer at room temperature (RT) for 10 min, washed
and fixed with 1% paraformaldehyde (PFA) at RT for 10 min,
and subjected to staining for surface markers as well as nuclear
and DNA staining. All data were analyzed with BD FACSDiva
(BD Biosciences, Franklin Lakes, NJ, USA) or FlowJo (BD
Biosciences).

Isolation of BM neutrophils

BM neutrophils were isolated from naive or treated (saline
or creatine supplementation for 7 days) C57BL/6 J WT mice by
following a protocol described in a previous report [28]. Briefly,
tibias and femurs were extracted from the mice, and then BM cells
were flushed out by using a 10 mL syringe with a 27G needle and
cell culture medium (RPMI 1640 supplemented with 10% fetal
bovine serum (FBS) and 1% penicillin-streptomycin). The cells
were then washed, and RBCs were eliminated by treatment with
1xRBC lysis buffer at RT for 10 min. Subsequently, the cells were
washed again with cell culture medium. The neutrophils were then
enriched by using a Neutrophil Isolation Kit, mouse (Miltenyi
Biotec, Bergisch Gladbach, North Rhine-Westphalia, Germany).
All procedures were performed by following the product manual.
Neutrophil purity was determined by flow cytometry. Samples
with CD45+CD11b+Ly-6G+ >90% were used for experiments
(Fig. 1A, 1B).

Cytokine production assay

Neutrophils (1.0x107/mL) were seeded in a 96-well flat-bottom
plate with cell culture medium containing vehicle control (PBS)
or LPS (100 ng/mL). Neutrophils isolated from naive mice were
also treated with vehicle control (PBS) or creatine (6.7 mM).
The culture was incubated at 37°C overnight, and the plate was
immediately frozen at —80°C and stored until use. The cytokine
concentration in the culture was measured by ELISA.

Reactive oxygen species (ROS) production assay

Neutrophils (1.0x107/mL) were seeded in a 96-well round-
bottom plate with cell culture medium containing vehicle
control (PBS) or LPS (100 ng/mL) and CellROX™ Green (1
puM). Neutrophils isolated from naive mice were also treated
with vehicle control (PBS) or creatine (6.7 mM). The culture
was incubated at 37°C for 60 min. The ROS signal (mean
fluorescence intensity; MFI) was detected in the live neutrophil
(7-AAD-CD11b+Ly-6G+) population by flow cytometry.

Phagocytosis assay

Neutrophils (1.0x107/mL) were seeded in a 96-well round-
bottom plate with cell culture medium containing K-12
BioParticles (100 pg/mL). Neutrophils isolated from naive
mice were also treated with vehicle control (PBS) or creatine
(6.7 mM). The culture was incubated at 37°C for 2 hr, and then
the phagocytosis activity was analyzed by flow cytometry. The
incorporated K-12 signal mean fluorescence intensity (MFI) was
detected in the neutrophil (CD11b+Ly-6G+) population.

NETosis assay

Neutrophils (5.0x10°/mL) were seeded in a 96-well flat-
bottom plate (poly-L-lysine coated) with cell culture medium
supplemented with PMA (50 nM). Neutrophils isolated from naive
mice were further treated with vehicle control (PBS) or creatine
(6.7 mM). The culture was incubated at 37°C for 4 hr to induce
NETosis. After incubation, the culture medium was harvested and
stored at —80°C until use. The cells were stained with SYTOX™
Green (500 nM) at 37°C for 15 min. After being washed with
PBS, they were treated with 1% PFA at 4°C for 10 min. NETosis
was observed by fluorescence microscope. The cell-free DNA
(CFD) in the culture medium was quantified by staining with
SYTOX™ Green (500 nM) at 37°C for 15 min. Fluorescence
was measured by microplate reader (Tecan, Ménnedorf, Ziirich,
Switzerland).

ELISA

Cytokine concentrations were measured by ELISA using a
Ready-SET-Go!™ Kit (Thermo Fisher Scientific) for each target.
All procedures were performed by following the product manuals.

Biochemical assay

Neutrophils (1.0x107/mL) isolated from naive mice were
treated with vehicle control (PBS) or creatine (6.7 mM) at 37°C
for 6 hr before assay. Creatine concentration was measured by
using a Creatine Assay Kit (Abcam, Cambridge, UK). ATP level
was measured by CellTiter-Glo® 2.0 (Promega). PCr levels were
measured with a PCr ELISA Kit (MyBioSource, San Diego,
CA, USA). CK activity was measured with a Creatine Kinase
Activity Assay Kit (Thermo Fisher Scientific). All procedures
were performed by following the product manuals. For blocking
of mitochondrial ATP production, the neutrophils (1.0x107/
mL) were pretreated with oligomycin A (1 pg/mL) at 37°C for
1 hr prior to creatine (6.7 mM) treatment at 37°C for 6 hr. For
inhibition of creatine uptake, the neutrophils (1.0x107/mL) were
pretreated with B-GPA (10 mM) at 37°C for 1 hr prior to creatine
treatment (6.7 mM) at 37°C for 6 hr.
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Real-time polymerase chain reaction (PCR)

Neutrophils (5.0x10%mL) were treated with vehicle (PBS)
or creatine (6.7 mM) at 37°C for 6 hr, and then total RNA was
isolated with TRIzol RNA Isolation Reagents (Thermo Fisher
Scientific). cDNA was synthesized with 500 ng of total RNA
using a PrimeScript RT Reagent Kit (TaKaRa, Tokyo, Japan).

The expression level of CrT mRNA was quantified with a TB
Green system (TaKaRa) and Thermal Cycler Dice (TaKaRa).
GAPDH mRNA expression was used as an internal control. The
following primers were used to specifically amplify the target
genes: 5'-ACTGGGAGGTGACCTTGTGC-3’ (forward) and
5"-CGATCTTTCCTGTTGACTTG-3' (reverse) for SLC6A48
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Fig. 1.  In vitro creatine treatment enhances the immunological activity of neutrophils.

A, B) Determination of the purity of neutrophils isolated from bone marrow (BM). A) Gating strategy of flow cytometry for determination of the purity
of BM-isolated neutrophils. The purified neutrophils were determined to be the CD11b+Ly-6G+ population (red square) in 7-aminoactinomycin D
(7-AAD-) gate (live cells). B) The percentages of CD11b+Ly-6G+ cells in whole BM and purified neutrophils. C) Intracellular creatine concentration
in neutrophils. Neutrophils (1.0x107/mL) were treated with the vehicle control (PBS) or creatine (6.7 mM) at 37°C for 6 hr, and then the intracellular
creatine concentration was measured by ELISA. D) IL-1B production in neutrophils. Neutrophils (1.0x107/mL) were treated with the vehicle control
(PBS) or creatine (6.7 mM) and then further treated with the vehicle control (—, PBS) or lipopolysaccharide (LPS) (100 ng/mL) at 37°C overnight. The
concentration of IL-1p in the cultured medium was measured by ELISA. E, F) reactive oxygen species (ROS) production in neutrophils. Neutrophils
(1.0x107/mL) were treated with the vehicle control (PBS) or creatine (6.7 mM) and then further treated with the vehicle control (—, PBS) or LPS (100 ng/
mL) at 37°C for 60 min. ROS production was analyzed by flow cytometry. E) Representative histogram image of ROS production in the flow cytometry
analysis. F) Cumulative data for ROS MFIs. G, H) Phagocytosis activity of neutrophils. Neutrophils (1.0x10%/mL) were treated with the vehicle control
(PBS) or creatine (6.7 mM) in the presence of E. coli K-12 BioParticles (fluorescein labeled, 100 pg/mL). The cultures were incubated at 37°C for
120 min, and then the phagocytic activity against K-12 was analyzed by flow cytometry. G) Representative histogram image of phagocytosis in the
flow cytometry analysis. H) Cumulative data for K-12 MFIs. I, J) NETosis of phorbol 12-myristate 13-acetate (PMA)-treated neutrophils. Neutrophils
(5.0x10%/mL) were treated with the vehicle control (PBS) or creatine (6.7 mM) in the presence of PMA (50 nM). The cultures were incubated at 37°C for
4 hr, the culture medium was collected, and the cell-free DNA (CFD) was then stained with SYTOX™ Green. The NETosis images were obtained with
a fluorescence microscope. I) Representative image of NETosis. Bar=100 pM. J) Cumulative data for the fluorescence intensity of CFD. The cumulative
data are shown as mean + SEM values of eight samples in three independent experiments. Student’s t-test (B, C, H, J) or one-way ANOVA (D, F) was
used to analyze data for significant differences. Asterisks indicate significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.
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and 5-TGTGTCCGTCGTGGATCTGA-3’, (forward) and
5'-TTGCTGTTGAAGTCGCAGGAG-3' (reverse) for Gapdh.
All procedures were performed by following the product manuals.
The relative expression of the mRNA of interest was calculated
using the 224CT method.

Western blot

Neutrophils (1.0x107/mL) were treated with vehicle or creatine
(6.7 mM) at 37°C for 6 hr, and then the cells were treated with
1x RIPA buffer. The protein concentration was determined by
the bicinchoninic acid (BCA) method. The sample was diluted
with distilled water (DW) and 5% sodium dodecyl sulfate
(SDS) sample buffer (2% SDS; 62.5 mM Tris—HCI, pH 6.8;
10% glycerol; 0.01% bromophenol blue; 50 mM dithiothreitol
(DTT) and boiled at 95°C for 5 min. The cell lysates (20 pg/
well) were separated by sodium dodecyl-sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) (10% gel), and proteins were
transferred onto a PVDF membrane using a Trans-Blot Turbo™
Transfer System (Bio-Rad Laboratories, Hercules, CA, USA).
The membrane was treated with tris-buffered saline, 0.05%
Tween 20 (TBS-T) (20 mM Tris—HCI, pH 7.6; 150 mM NaCl;
0.1% Tween 20) containing 5% skim milk at room temperature
for 1 hr and then further incubated with the primary antibody
(anti-SAC6AS, 1:1,000) in TBST containing 1% skim milk at RT
for 1 hr. After washing with TBST, the membrane was treated
with the secondary antibody (HRP Goat Anti-Rabbit IgG (H+L),
1:5,000) in TBST containing 1% skim milk at RT for 30 min.
After washing with TBST, the protein bands were visualized
with an ECL Western Blotting Detection System (GE Healthcare
Bioscience, Chicago, IL, USA), and the image was captured by a
ChemiDoc XRS Imaging System (Bio-Rad, Hercules, CA, USA).

Statistical analyses

GraphPad Prism (GraphPad Software, La Jolla, CA, USA)
was used for the statistical analysis. Student’s t-test and one-
way analysis of variance (ANOVA) were used for comparisons
between two groups and multiple groups, respectively. Values of
p<0.05, p<0.01, p<0.001, and p<0.0001 were considered to be
statistically significant.

RESULTS

Creatine enhanced the immune response of neutrophils

To investigate the contribution of creatine to neutrophil
activity, we characterized the typical immunological response of
neutrophils to creatine treatment. We used neutrophils isolated
from BM for the experiments. BM cells were isolated from naive
C57BL6/] mice, and then the neutrophils were purified from
the whole BM cells by magnetic enrichment. The purity of the
neutrophils was over 90% in an average of eight samples, which
was confirmed by flow cytometry (Fig. 1 A, 1B). We first measured
the intracellular creatine concentration in the neutrophils. The
neutrophils treated with creatine showed a significant increase
in intracellular creatine concentration compared with the vehicle
controls (Fig. 1C). To determine the suitable dose of creatine,
the intracellular creatine concentrations of the neutrophils were
measured at different doses of creatine during culture. When the
dose reached 6.7 mM, the intracellular creatine concentration was
significantly increased compared with the basal concentration as
well as doses lower than 6.7 mM. In addition, the intracellular

creatine concentration reached almost a plateau level at doses
above 6.7 mM (Supplementary Fig. 1A). Therefore, we decided
to use 6.7 mM of creatine in our in vitro experiments. IL-1f is
a primary pro-inflammatory cytokine produced by neutrophils
[30]. Creatine treatment significantly increased IL-1p production
compared with the vehicle control even under the basal conditions,
and the difference was clearly greater when the neutrophils were
stimulated with LPS (Fig. 1D). ROS production, which is an
antibacterial response, was also measured in the neutrophils [31].
Under the basal and LPS-stimulated conditions, ROS production
was significantly increased in the creatine-treated neutrophils as
compared with the vehicle controls (Fig. 1E, 1F). Neutrophils
show aggressive phagocytosis against pathogenic bacteria
[32]. In the phagocytosis assay using E. coli K-12 BioParticles,
K-12 incorporation was significantly increased in the creatine-
treated neutrophils as compared with the vehicle controls
(Fig. 1G, 1H). Neutrophil extracellular traps (NETs) formation
is another dynamic antibacterial response in neutrophils [28]. In
the NETosis induced by PMA in this study, creatine treatment
enhanced the formation of NET structures, which could be
observed under fluorescence microscope (Fig. 11). The magnitude
of NETosis was quantified based on CFD release in the culture,
and the creatine-treated cultures showed significantly high signals
of CFD compared with the vehicle controls (Fig. 1J).

Taken together, creatine treatment enhanced the innate immune
response of neutrophils.

Creatine supplementation modified the potential immunological
activity of neutrophils and decreased the mortality rate of
bacterial sepsis in the mice

Next, we investigated the immunomodification of neutrophil
function by creatine in the physiological environment. The
C57BL/6 ] mice received saline or creatine supplementation by
i.p. injection every 24 hr for 7 days, and then neutrophils isolated
from BM were used for a functional analysis (Fig. 2A).

Intraperitoneal injection of creatine significantly increased
the serum creatine concentration in the mice at day 7 compared
with saline injection (Fig. 2B). The serum creatine concentration
was dose-dependently increased; however, the level reached a
plateau at injection with 50 mg/mL, which we used in the in vivo
experiment (Supplementary Fig. 2).

In the stimulation assay, neutrophils isolated from creatine-
supplemented mice showed a significantly larger amount of
IL-1B production with LPS stimulation compared with that of
the control mice. Interestingly, the basal IL-1p production was
already slightly upregulated in the neutrophils that originated from
creatine-supplemented mice (Fig. 2C). Both ROS production and
K-12 phagocytosis were significantly enhanced in the neutrophils
isolated from creatine-supplemented mice as compared with those
of the control mice (Fig. 2D, 2E). Furthermore, NETosis was
also enhanced in the neutrophils that originated from creatine-
supplemented mice (Fig. 2F).

To investigate the contribution of creative supplementation
to neutrophil-based antibacterial immunity, we established a
murine bacterial sepsis model. C57BL/6 J mice first received
saline or creatine administration for 7 days (Day —7 to 0). At day
0, live E. coli (K-12 strain) was i.p. injected into the mice. The
mortality rate was monitored every 12 hr up to 72 hr after the
K-12 challenge. The serum cytokine concentrations and NETosis
of blood circulating neutrophils were measured in surviving mice
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at 24 hr. Furthermore, bacterial CFUs were assessed in the spleen
and liver of the surviving mice (a different group of mice from
those used for live/dead monitoring) at 24 hr (Fig. 2G).

In the saline-supplemented group of mice, 40% of the
population was dead at 24 hr, and all of the mice were dead by

48 hr post-challenge with K-12. On the other hand, the creatine-
supplemented mice showed high resistance to bacterial sepsis. At
24 hr and 48 hr, 100% and 50% of the creatine-supplemented
mice were still alive, respectively. Ultimately, all of the mice in
the creatine-supplemented group were dead by 72 hr; however,
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Fig. 2. In vivo creatine supplementation enhances the immunological activity of neutrophils and establishes an environment resistant to bacterial
sepsis.

A) Design of in vivo creatine supplementation. The mice (n=8 in each group) received an i.p. injection of saline (200 pL) or creatine (200 pL of 50 mg/
mL in saline) every 24 hr for 7 days. After completion of the administration procedures, neutrophils were isolated from bone marrow (BM) and used for
subsequent in vitro experiments. B) Serum creatine concentrations of mice i.p. injected with saline or creatine at day 7. C) IL-1p production in neutrophils.
Neutrophils (1.0x107/mL) were treated with the vehicle control (—, PBS) or lipopolysaccharide (LPS) (100 ng/mL) at 37°C overnight. The concentration
of IL-1B in the culture medium was measured by ELISA. D) reactive oxygen species (ROS) production in neutrophils. Neutrophils (1.0x107/mL) were
treated with the vehicle control (—, PBS) or LPS (100 ng/mL) at 37°C for 60 min. The ROS production was analyzed by flow cytometry. E) Phagocytosis
activity in neutrophils. Neutrophils (1.0x107/mL) were incubated with E. coli K-12 BioParticles (100 pg/mL) at 37°C for 120 min. The phagocytosis
activity against K-12 was analyzed by flow cytometry. F) NETosis of PMA-treated neutrophils. Neutrophils (5.0x10°/mL) were treated with PMA (50 nM)
at 37°C for 4 hr. The cell-free DNA (CFD) in the cultured medium was stained with SYTOX™ Green, and the fluorescence was analyzed with a microplate
reader. G) Design of the bacterial sepsis model. The mice (n=10 in each group) received an i.p. injection of saline (200 pL) or creatine (200 pL of 50 mg/
mL in saline) every 24 hr for 7 days (days —7 to 0). Live E. coli K-12 (100 uL of 1.0x10° CFU/mL of suspension in saline) was i.p. injected into the mice
(at day 0). The numbers of live and dead mice in each group were monitored every 12 hr up to 72 hr (days 0 to +3). Plasma cytokine concentration, K-12
CFU in organs, and NETosis in peripheral blood circulating neutrophils were analyzed in the surviving mice at 24 hr post-challenge with K-12. H) Survival
curve of bacterial sepsis mice. I, J) Serum cytokine levels in sepsis mice. The serum samples were collected from surviving mice at 24 hr post-challenge
with K-12, and IL-6 (I) and TNF-a (J) concentrations were measured by ELISA. K-L) Bacteria colonization in organs of sepsis mice. The spleen and liver
were extracted from surviving mice at 24 hr post-challenge with K-12 (a different group of mice from those used for live/dead monitoring). The K-12
CFUs in whole organs were measured in the spleen (K) and liver (L), respectively. M, N) NETosis activity of blood circulating neutrophils. Peripheral
blood was collected from surviving mice at 24 hr post-challenge with K-12, and NETosis in neutrophils was analyzed by flow cytometry. The SYTOX™
Green+DAPI+ population in the CD45+CD11b+Ly-6G+ gate was determined to comprise NETosis neutrophils. L) Representative image of NETosis
neutrophils in the flow cytometry analysis. M) Cumulative data for the percentage of NETosis neutrophils. The cumulative data are shown as mean + SEM
values of six or eight samples in two independent experiments. Student’s t-test (B, E, F, K, L, N) or one-way ANOVA (C, D, I, J) was used to analyze data
for significant differences. Asterisks indicate significance: *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. ns, not significant.
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the surviving numbers of mice in this group were larger than
those of the control group at all other time points (Fig. 2H).

Pro-inflammatory cytokines, such as interleukin 6 (IL-6) and
tumor necrosis factor-alpha (TNF-a), are generally dramatically
increased in bacteria sepsis [33, 34]. Abnormal levels of these
cytokines are major causes of death in septic shock, as they
induce cytokine storms and multiple organ dysfunction [35].
The plasma concentration of IL-6 was markedly increased in
sepsis mice compared with naive mice. Creatine supplementation
significantly decreased the plasma IL-6 level compared with
that of the control mice (Fig. 2I). The TNF-a level was also
slightly decreased in the creatine-supplemented mice compared
with the control mice, although the difference was smaller than
that for IL-6 (Fig. 2J). The creatine-supplemented mice showed
significantly smaller K-12 CFUs compared with the control mice
in both the spleen and liver at 24 hr of K-12 challenge (Fig. 2K,
21). NETosis in blood circulating neutrophils was promoted in
the creatine-supplemented mice at 24 hr postinjection of K-12
(Fig. 2M, 2N).

Taken together, creatine supplementation enhanced the potential
immunological activity of neutrophils in the physiological
environment. Furthermore, the modified immunological
environment attenuated the mortality rate in bacterial sepsis by
enhancing neutrophil activity.

Creatine supplementation increased the intracellular ATP level
in neutrophils

ATP is a universal energy in mammalian cells [36]. The
cellular level increasing of uptake and the production of ATP are
frequently correlated with cell activation [19, 37]. In fact, some
reports have shown that increases in ATP promote the activity
of immune cells [19, 38, 39]. Mammalian cells are capable
of cytosolic ATP synthesis, which is distinct from oxidative
phosphorylation-based ATP production in mitochondria [40]. The
intracellular creatine concentration has an important role to this
reaction, as high-energy phosphate-conjugated creatine (PCr) is
utilized in the rapid production of ATP via the phosphocreatine
system catalyzed by CK [41]. To investigate the effect of creatine
supplementation on ATP production in neutrophils, we performed
biochemical assays. We found a significant increase in the
intracellular ATP concentration in creatine-treated neutrophils
compared with the controls (Fig. 3A). The intracellular ATP
concentration increased with the creatine dose; however, it
reached a plateau at 6.7 mM of creatine, which was the dose we
used in this study (Supplementary Fig. 1B).

In conjunction with the ATP upregulation, the PCr levels
increased in the creatine-treated neutrophils (Fig. 3B). In addition,
CK activities were also significantly upregulated in the creatine-
treated neutrophils compared with the controls (Fig. 3C).

In vivo creatine administration resulted in a significant increase
in cellular ATP level in peripheral blood neutrophils compared
with saline administration in the mice (Fig. 3D, 3E).

Treatment with oligomycin A, an inhibitor of complex V in
mitochondrial electron transport chain (ETC), did not suppress
the creatine-mediated ATP increase in neutrophils (Fig. 3F) [42].
This showed that this creatine-mediated ATP increase occurred
via a pathway independent from ETC in mitochondria. Creatine is
generally taken up by the creatine transporter, which is expressed
on the cellular membrane [43]. Creatine treatment increased
CrT mRNA expression in neutrophils (Fig. 3G). In addition,

we confirmed creatine-mediated CrT protein upregulation in
neutrophils by western blotting (WB; Fig. 3H). The expression
intensity of CrT was significantly upregulated in neutrophils by
creatine treatment compared with the vehicle control (Fig. 31).

B-guanidinopropionic acid is a creatine mimetic substance
which competitively inhibits creatine uptake by inhibiting
the CrT on cells [44-46]. When neutrophils were treated with
creatine in the presence of f-GPA, the cellular ATP concentration
did not increase, and it was similar to that of the vehicle control
(Fig. 3J). Interestingly, oral administration of B-GPA attenuated the
creatine-mediated protective effect against bacterial sepsis in the
mice. At 24 hr of K-12 challenge, 40% of the mice administered
both creatine and B-GPA were dead, which was higher than
the rate for the mice administered creatine only (Fig. 3K).
Furthermore, the concentrations of serum IL-6 and TNF-a were
both significantly higher in B-GPA-treated mice compared with
those of the control mice (Fig. 3L, 3M). In addition, B-GPA-
treated mice showed significantly larger bacterial CFUs in the
spleen and liver compared with the control mice (Fig. 3N, 30).
The B-GPA treatment also downregulated the NETosis activity
of neutrophils in the blood stream (Fig. 3P). Finally, we found
a correlation between the cellular ATP levels in neutrophils and
survival times (hours post-challenge with K-12) of the mice with
bacterial sepsis. The mice with high ATP levels, which were
mostly administered creatine but not treated with B-GPA, showed
extended survival times compared with the mice without creatine
administration or with administration of both creatine and p-GPA
(Fig. 3Q).

Taken together, creatine supplementation increased the
intracellular ATP level by driving the phosphocreatine system
in neutrophils, and this was based on the uptake of extracellular
creatine via CrT. In addition, the ATP increase was one of the
major mechanisms in the functional modification of neutrophils
that provided an environment resistant to bacterial sepsis.

DISCUSSION

In the present study, creatine supplementation effectively
promoted the immunological activity of neutrophils by increasing
ATP synthesis. Functional modification of neutrophils is generally
a difficult approach, because neutrophils are biologically fragile
and sensitive to the external environment. Hence, the finding of
an effective approach to enhance neutrophil function is valuable
from both the biological and immunological perspectives. In
fact, we previously tried to enhance the activity of neutrophils
with several nutrients and food-derived factors; however, all of
our attempts to date have failed, except creatine. Eventually,
we confirmed that creatine supplementation enhanced the
antibacterial activity of neutrophils in both in vitro and in vivo
environments (Fig. 1D-1J and Fig. 2B-2E). This phenomenon
contributed to a reduction in the mortality late of bacterial sepsis
in the mouse model (Fig. 2G). To the best of our knowledge, this
is the first report of creatine-mediated functional modification in
neutrophils.

We found that this creatine-induced functional upregulation
is based on intracellular ATP increase in the neutrophils
(Fig. 3A, 3D and 3E). In this biological mechanism, the
phosphocreatine system might have primarily been involved
in cytosolic ATP synthesis, as both the PCr level and CK
activity were upregulated in the creatine-treated neutrophils
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Fig. 3.  Creatine supplementation increases cellular adenosine triphosphate (ATP), which is one of the major causes of the functional enhancement of neutrophils.

A-J) Biochemical assays in neutrophils. Neutrophils were isolated from naive mice for use in the assays (A—C, F-J). In vivo assays (D, E) were performed by
using peripheral blood neutrophils collected from creatine-administered mice (following the administration schedule indicated in Fig. 2A). A—C) Neutrophils
(1.0x107/mL) were treated with the vehicle control (PBS) or creatine (6.7 mM) at 37°C for 6 hr and then used for each assay. A) ATP concentration in neutrophils.
B) phosphocreatine (PCr ) level of neutrophils. C) creatine kinase (CK) activity of neutrophils. D, E) ATP level in peripheral blood circulating neutrophils. The
mice (n=6 in each group) received an i.p. injection of saline (200 pL) or creatine (200 pL of 50 mg/mL in saline) every 24 hr for 7 days. After completion of
the administration procedures, peripheral blood was used for ATP assays by flow cytometry. D) Representative histogram image of ATP in the flow cytometry
analysis. E) Cumulative data for ATP MFIs. F) ATP concentrations of neutrophils with blocking of oxidative phosphorylation-based ATP production. Neutrophils
(1.0x10%mL) were treated with the vehicle control (PBS) or creatine (6.7 mM) in the presence or absence of oligomycin A (1 pg/mL) at 37°C for 6 hr, and then
the intracellular ATP concentration was measured in the neutrophils. G-T) CrT expression in neutrophils. Neutrophils (1.0%107/mL) were treated with the vehicle
control (PBS) or creatine (6.7 mM) at 37°C for 6 hr, and then total RNA or proteins were isolated for real-time PCR and western blotting (WB), respectively. G)
Cumulative data for quantification of the CrT mRNA level. H) Total expression of CrT protein in WB. I) Cumulative data for CrT expression intensity in WB.
J) ATP concentration in neutrophils with CrT blocking. Neutrophils (1.0x107/mL) were treated with the vehicle control (PBS) or B-PGA (10 mM) at 37°C for 1
hr followed by creatine (6.7 mM) treatment at 37°C for 6 hr, and then the intracellular ATP concentration was measured in the neutrophils. K—P) Comparison of
mortality rate and antibacterial responses with or without the inhibition of ATP uptake in bacterial sepsis. The mice (n=10 in each group) received an i.p. injection
of saline (200 pL) or creatine (200 pL of 50 mg/mL in saline) every 24 hr for 7 days (days —7 to 0). At the same time, some mice received oral administration
of saline (200 L) or B-GPA (200 pL of 100 mg/mL in saline). Live E. coli K-12 (100 pL of 1.0x10° CFU/mL of suspension in saline) was i.p. injected into the
mice (at day 0). The numbers of live and dead mice in each group were monitored every 12 hr up to 72 hr (days 0 to +3 K). K) Survival curve of bacterial sepsis
mice. L, M) Serum cytokine levels in sepsis mice. The serum samples were collected from surviving mice at 24 hr post-challenge with K-12, and IL-6 (L) and
TNF-a (M) concentrations were measured by ELISA. N, O) Bacteria colonization in organs of sepsis mice. The spleen and liver were extracted from surviving
mice at 24 hr post-challenge with K-12 (a different group of mice from those used for live/dead monitoring). The K-12 CFUs in whole organs were measured
in the spleen (N) and liver (O), respectively. P) NETosis activity of blood circulating neutrophils. Peripheral blood was collected from surviving mice at 24 hr
post-challenge with K-12, and NETosis in neutrophils was analyzed by flow cytometry. The SYTOX™ Green+DAPI+ population in the CD45+CD11b+Ly-
6G+ gate was determined to comprise NETosis neutrophils. Q) Correlation between the neutrophil ATP levels and survival times in bacterial sepsis mice. Both
the ATP MFIs in blood neutrophils and survival times in bacterial sepsis mice (four groups in total in this study) are summarized in a linear regression graph.
The ATP levels were analyzed in peripheral blood neutrophils collected from surviving mice at 24 hr post-challenge with K-12. The cumulative data are shown
as mean + SEM values of six samples in two independent experiments. Student’s t-test (A—C, E, G, I, L—P) or one-way ANOVA (F, J) was used to analyze data
for significant differences. Asterisks indicate significance: *p<0.05, **p<0.01, ****p<0.001. ns, not significant.
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(Fig. 3B, 3C). This is one of the possible mechanisms by which
rapid ATP production was induced in the creatine-exposed
neutrophils. This creatine-mediated ATP increase was observed
in the neutrophils within 6 hr of creatine treatment (Fig. 3A). It
was a relatively fast response, and this suggests that creatine was
utilized for rapid ATP production in neutrophils by driving the
phosphocreatine system in the cytosol. We also confirmed that
the creatine-mediated ATP increase was an independent response
from mitochondrial phosphorylation-based ATP production
by treating neutrophils with oligomycin A, which selectively
inhibits complex V in the ETC (Fig. 3F) [42]. A previous report
showed that ATP supplementation enhanced the immunological
activities of neutrophils [47, 48]. Neutrophils require ATP for
their inflammatory responses, and previous studies reported that
ATP treatment directly enhanced the activities of neutrophils,
which were characterized by promoted cytokine production
and chemotaxis [47, 48]. This evidence supports our findings.
There were also interesting findings indicating that creatine
administration promoted the potential activity and intracellular
ATP level of neutrophils in the mice (Fig. 2B-2E and Fig. 3D, 3E).
The neutrophils isolated from the creatine-supplemented mice
showed significantly promoted immunological activities
compared with the control mice, even at the basal level
(Fig. 2B-2E). This means that creatine supplementation has
sufficient potential to also modify our innate immunity. Previous
reports indicated that the phosphocreatine system has a pathway
via mitochondria and that mitochondrial CK has a role in this
biosynthesis [49, 50]. This means that creatine might be utilized
for ATP production via mitochondrial CK in neutrophils. We did
not investigate this in the present study; however, we intend to
perform another experiment to investigate it in the near future.

We found that CrT expression was upregulated in creatine-
treated neutrophils at both the mRNA and protein levels
(Fig. 3G-31). The ATP increase in creatine-treated neutrophils was
based on extracellular creatine uptake, which was proven by an
experiment in which creatine transport was blocked with B-GPA.
There was clear suppression of the increase in intracellular ATP
in the neutrophils (Fig. 3J). We did not investigate the exact
biological mechanism of CrT upregulation in creatine-treated
neutrophils; however, we suspected that it was positive feedback
to effectively utilize extracellular creatine depending on the
circumstances. Since immune cells have no dynamic abilities to
synthesize creatine, we hypothesize that neutrophils must sense
the creatine abundance and promote uptake into the cytosol
for maximum utilization of it. This is an interesting biological
response of neutrophils in creatine utilization; therefore, we will
work to describe this mechanism in detail.

Finally, we found that the inhibition of creatine uptake impaired
the creatine-derived extension of survival time in bacterial
sepsis mice (Fig. 3K). In addition, there was a strong correlation
between the cellular ATP level in neutrophils and survival times
of bacterial sepsis mice (Fig. 31). These two findings were strong
proof that the antibacterial response of neutrophils was enhanced
by the uptake of creatine, which subsequently promoted ATP
synthesis in the neutrophils. This finding is based on experiments
in mice; however, we believe that this positive effect of creatine
is conserved in the human immune system.

In this report, we introduced a positive aspect of creatine
uptake in innate immunity; however, we must also consider the
negative side effects on the immune response. A previous report

indicated that creatine promoted the inflammatory response in
the respiratory tract accompanied by increases in T helper 2-type
cytokines and granulocyte accumulation in the inflamed region
in a murine experimental asthma model [51]. Since some types
of inflammatory diseases are also connected to overactivation of
neutrophils, unsuitable creatine supplementation might have a
potential risk of aggravating the inflammation [52, 53]. Similar to
the characters of other nutrients, creatine supplementation must
take into consideration the circumstances and background of the
individual.

Creatine is easily supplemented orally in humans as a powder-
based supplement. Therefore, it can be used for self-maintenance
of the immune system on a daily basis. Our findings are still
insufficient evidence for the use of creatine in a clinical setting;
however, future studies have the potential to uncover further
evidence indicating that creatine is highly effective for the
treatment of several infectious diseases.
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