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A B S T R A C T

Chemical substances containing citrate such as calcium citrate, citrate esters and citric acid exhibit anti-oxidant
and anti-inflammatory properties in different cells and tissues. However, data on the anti-oxidant and anti-
inflammatory properties and mechanisms of action of citrate are insufficient. In this study, we systematically
evaluated the anti-oxidant capacity of citrate using chemical, cellular and animal assays. Citrate showed a stable
molecular structure and did not directly react with oxides. Citrate exerted protective and anti-apoptotic effects
on BMSCs and also showed significant inhibitory effects on the oxidative stress and inflammatory reactions in
the rat air pouch model. By using proteomics, we found that PPARγ contributed to the upregulation of various
free radical scavenging proteins and the downregulation of diverse components of the inflammatory responses.
Citrate-regulated global PPARγ expression was evidenced by the significant increase expression of PPARγ in
PC12 cell line. Our results provide novel insights into the role of citrate in regulating cellular redox signaling and
the function of PPARγ signaling in this process and also provide basic molecular cell biology information to
improve the applications of biomaterials or stem cells as treatments for oxidative stress-induced degenerative
diseases and inflammatory diseases.

1. Introduction

Oxidative stress has been implicated in cardiovascular disease [1],
pulmonary diseases [2], diabetes [3], neurodegenerative diseases [4],
cancer [5], and inflammatory diseases [6]. Providing cells with anti-
oxidant (vitamin C and E, carotenoids, and phenolics) may decrease
intracellular oxidative stress levels [7,8]. However, the direct reduction
of the radical oxidant levels derived from oxidative stress requires a
high dose of anti-oxidant supplementation, which may be unsafe [9].
Oral anti-oxidants do not improve the effects of cardiovascular disease
or cancer treatments [10,11].

Biomaterials that carry anti-oxidants, drugs or cells to the site of
oxidative injury in the tissue and decrease intracellular oxidative stress
levels in a sustained manner may be an efficient therapeutic approach
for these medical problems. Numerous studies examining conjugation
of small molecule anti-oxidants such as superoxide dismutase mimetics
(mSOD), vitamin E, gallic acid, catechin, ascorbic acid and glutathione

to ultra-high molecular weight poly (ethylene) (UHMPE), poly (acrylic
acid), gelatin, poly (methyl methacrylate) and poly (ethylene glycol)
have been reported [12–16]. Although this approach has resulted in the
suppression of oxidative stress to some extent, the delivery of a low
dose and unstable molecular structure of anti-oxidants in these mate-
rials have limited their long-term clinical use [17]. Therefore, bioma-
terials with native intrinsic anti-oxidant structural components may
provide the benefits of relatively high anti-oxidant content and con-
tinuous local anti-oxidant release while the materials are degraded.
Meanwhile, a chemically stable anti-oxidant small molecule, that is not
based on consumable chemical defense (reacting with radicals) but on
the perturbation of cellular redox signaling, is an essential anti-oxidant
structural components of biomaterials that may provide the benefits of
relatively high anti-oxidant content and continuous local anti-oxidant
release with the degradation of the materials. In addition, small mole-
cules which have diffusion coefficients an order of magnitude greater
than large proteins are better suited for localized drug delivery
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applications [18,19].
The small organic molecule citrate is an intermediate in the Krebs

cycle in the mitochondria and is widely used in the food and pharma-
ceutical industries for its buffering capacity and anti-coagulant and
anti-oxidant properties. Cellular redox signaling need to be regulated
because disruptions in redox signaling may lead to organ-specific al-
terations in metabolic pathways in patients with oxidative diseases
[20]. Calcium citrate and citrate esters have been shown regulate redox
signaling by down-regulating levels of ROS and suppression of NF-ĸB
activation in RAW264.7 cells [21,22]. Citrate-based anti-coagulating
have also exhibited the same biological functions including the sup-
pression of inflammation and reductions in lipid peroxidation by re-
ducing polymorphonuclear cell degranulation and the release of mye-
loperoxidase, elastase, interleukin-1β and platelet factor 4 [23–26].
Trisodium citrate dihydrate reduced endothelial inflammation by in-
hibiting ICAM-1 expression and cytokine production [27]. We hy-
pothesized that citrate would exert direct or indirect anti-oxidant ef-
fects due to its iron chelation activity and interaction with redox
signaling pathways (regulation of the cellular anti-oxidant response).
However, data on the anti-oxidant effects of citrate are insufficient, and
thus the mechanisms of action of citrate must be investigated to de-
termine its therapeutic potential.

In the present study, we first evaluated the anti-oxidant capacity of
citrate using chemical, cellular and animal assays (Fig. 1A–C). Citrate
did not show rapid free radical scavenging activity in DPPH (2,2-di-
phenyl-1-picrylhydrazyl) and ABTS (2,2′-azinobis-(3-ethylbenzothiazol
e-6-sulphonate)) assays. Lipid peroxidation was not inhibited by citrate
as assessed by the β-carotene bleaching assay. Citrate showed a stable
molecular structure and did not directly react with oxides. In cellular
assays, citrate exerted protective effects on bone marrow mesenchymal
stem cells (BMSCs) under oxidative stress. However, a high con-
centration of citrate (5 mM) reduced cell viability and abolished the
protective effects on cells. Therefore, citrate enhanced the anti-apop-
totic ability of stem cells by inhibiting reactive oxygen species. An air
pouch model was established for in vivo animal assays. Citrate exerted
significant inhibitory effects on oxidative stress and inflammatory re-
actions induced by lipopolysaccharide (LPS).

Second, we performed proteomics assays to identify proteins regu-
lated by citrate in BMSCs and further reveal the anti-oxidant mechan-
isms of citrate (Fig. 1D). By applying the iTRAQ quantitative pro-
teomics analysis, we found that, the expression of 171 proteins was
regulated by citrate compared to that of the control. A large number of
differentially expressed proteins that exert potential anti-oxidant effects
following citrate treatment was identified. Functional cluster analysis of

Fig. 1. Schematic illustrating the investigation of the anti-oxidant effects and mechanisms of citrate in vitro and in vivo. (A) The anti-oxidant effects of citrate were
investigated using chemical assays, including the DPPH assay, ABTS assay, lipid peroxidation assay and chelation of iron ions. (B) The anti-oxidant effects of citrate
were investigated using cellular assays, including experiments examining the effects of citrate on metabolic activity, membrane morphology and apoptosis of BMSCs
under oxidative stress. (C) The anti-oxidant effects of citrate were investigated using animal assays, including experiments designed to determine the effects of citrate
on oxidative stress and inflammatory reactions in the air pouch model. (D) The anti-oxidant mechanisms of citrate were investigated by applying iTRAQ quantitative
proteomics technology, bioinformatics analyses and functional studies.
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these data at the systems level revealed major changes in proteins in-
volved in nucleic acid binding, transcription factors, signaling mole-
cules and enzyme modulators. Further functional studies revealed that
the nuclear receptor peroxisome proliferator-activated receptor γ
(PPARγ), a key protein involved in the transcription factors, contributes
to the upregulation of various free radical scavenging proteins and the
downregulation of diverse components of the inflammatory responses.
By combining proteomics data with functional data, novel insights into
the anti-oxidant mechanisms of citrate in BMSCs emerged. We postulate
that the novel findings reported in this article will provide new routes
to develop intrinsic anti-oxidant biomaterials with a relatively high
anti-oxidant content and continuous local anti-oxidant release for both
basic research and clinical therapy of oxidative stress-induced diseases.

2. Materials and methods

2.1. Materials

Trisodium citrate dihydrate was purchased from Sinopharm
Chemical Reagent Co., Ltd (PR China). Lithium chloride anhydrous was
purchased from Shanghai Macklin Biochemical Co., Ltd (PR China).
1,1-diphenyl-2-picrylhydrazyl (DPPH), PPARγ antagonist (GW9662),
lipopolysaccharide (LPS), β-carotene-linoleic acid and linoleic acid
were ordered from Sigma-Aldrich (USA). All chemicals were used as
received without further purification. MEM Alpha Modification (α-
MEM), Penicillin-Streptomycin and paraformaldehyde were obtained
from HyClone (USA). Fetal bovine serum (FBS) was obtained from
Every Green (PR China). Trypsin was obtained from Gibco (USA).
ABTS, DCFH-DA, RIPA buffer and Dio assay kits were purchased from
Beyotime Institute of Biotechnology (PR China). Protein quantitative
detection, Malondialdehyde (MAD), Superoxide dismutase (SOD),
Glutathione (GSH) and DHE assay kit were purchased from Servicebio
Biological Technology Co., Ltd (PR China). Calcein-AM stain kit was
purchased from Yeasen (PR China). Anti-FAM120B anti-body produced
in rabbit, anti-PAFAH1B3 anti-body produced in rabbit, and anti-
COX7B anti-body produced in rabbit were purchased from Abcam. Anti-
GOLTIB anti-body derived from human were purchased from SAB. Anti-
DCXR anti-body produced in rabbit were purchased from Zenbio. Anti-
SOD2 anti-body produced in rabbit, anti-β-actin anti-body produced in
rabbit, and anti-Rab27a anti-body produced in rabbit were purchased
from Proteintech. Anti-mouse HRP-conjugated secondary anti-bodies
were purchased from Proteintech. The water used in all experiments
was purified using an Ulupure system (PR China).

2.2. Animals

Wistar rats were purchased from Hubei Provincial Center for
Disease Control and Prevention (PR China). In each of the animal ex-
periments, male Wistar rats weighing 100 g were used in each group.
All animal experiments were conducted using protocol approved by the
China National Institutional Animal Care and Use Committee.

2.3. Cell culture

Rat BMSCs were harvested from male Wistar rats. Briefly, under
sterile conditions, the femur and tibia were dissected from male Wistar
rats weighing 100 g, and all soft tissues attached to the bones were
carefully removed. Both ends of the femur and tibia were removed with
scissors, and then the bone marrow cavity was flushed with α-MEM
containing 0.5% heparin. The cells were dispersed, centrifuged
(1000 rpm, 10min), resuspended in α-MEM supplemented with 20%
FBS, seeded into 25 cm2 plastic flasks, and incubated at 37℃ in a hu-
midified atmosphere with 5% CO2 for 24 h before the first medium
change. Then, the medium was replaced every 3 days and the cells were
used after 1 week. BMSCs were used at passage 2–5 in all experiments.
The cultured BMSCs were then seeded at a density of 100,000 cells/cm2

in α-MEM supplemented containing 10% fetal bovine serum, 1% pe-
nicillin and streptomycin, and the medium was refreshed every 3 days.
The PPARγ antagonist (GW9662) and lithium chloride were added 1 h
before the citrate treatment. An equivalent amount of vehicle was used
as a control when required.

2.4. Scavenging activity toward stable free radicals

DPPH and ABTS are two stable and colored free radicals that have
been widely used to determine the cellular anti-oxidant capacity. For
the DPPH assay, DPPH was dissolved in ethanol to form a 400mM
solution. Different concentrations of citrate were placed in DPPH so-
lution (50mg/mL) and incubated at 37℃. The changes in the DPPH
content were measured with a microplate reader at 517 nm at each time
point. For the ABTS assay, the amount of ABTS was measured using an
assay kit. The ABTS assay was performed according to the manufac-
turer's instructions. At each time point, the absorbance of the ABTS
solution was measured at 734 nm by using a microplate reader. All
measurements were performed three times. The scavenging activity was
measured as the percent inhibition of free radicals by measuring the
decrease in absorbance compared to that of the control solutions.

2.5. The β-carotene bleaching assay

The anti-oxidant activity of citrate was evaluated using the β-car-
otene bleaching assay [21,28]. Briefly, 4 g of tween-40, 4mg of β-car-
otene and 0.5 mL of linoleic acid were mixed in 20mL of chloroform.
After removing the chloroform using a vacuum dryer, 30mL of Britton
buffer (100mM, pH 6.5) were added to 1mL of the oily residue with
vigorous stirring. Citrate was added to 200 μL of the obtained emulsion
to form different concentrations of reaction mixtures. The mixtures
were incubated at 45℃ for 100min and the absorbance was measured
at 470 nm by using a microplate reader.

2.6. Iron chelation

The method used to inhibit the iron chelation activity was described
previously [21]. Briefly, citrate was incubated with a 0.25mM
FeCl2·4H2O solution (50mg/mL) at 37℃. Supernatants were collected
at each time point and reacted with a 5mM ferrozine indicator solution
in a 5:1 ratio. The absorbance was measured at 534 nm.

2.7. Cell viability

BMSCs were plated in 96 well culture plates at a density of 2× 103

cells/well, and cultured with medium containing different concentra-
tions of citrate for the indicated times. Then, cells were washed three
times with PBS and incubated with MTT (0.5mg/mL, 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2-H-tetrazolium bromide) at 37℃ for 4 h. The
reagent was removed, and 150 μL of DMSO were added to each well.
The number of viable cells was determined by measuring the absor-
bance at 490 nm using a microplate reader. The viability of BMSCs was
further assessed by staining with Calcein-AM according to manufac-
turer's instructions to confirm the results obtained from the MTT assay.
Cells were observed using an inverted fluorescence microscope
(Olympus, Olympus IX71, Japan).

2.8. Cell membrane staining

The membranes of BMSCs were stained with DiO (3,3′-dioctadecy-
loxacarbocyanin eperchlorate). Cells were fixed with 4% (vol/vol)
paraformaldehyde for 30min at room temperature. Cell membranes
were stained with DiO for 30min at room temperature. After three
washes with PBS for 15min, cell membranes were observed under an
inverted fluorescent microscope (Olympus, Olympus IX71, Japan).
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2.9. ROS measurements

The measure of ROS is an integral part of redox biology. However,
oxidant-sensitive fluorescent probes can provide partial information on
cellular redox activity detecting ROS in cells and tissues [29]. We used
two oxidant-sensitive fluorescent probes 2′7′-di-chlorofluorescein dia-
cetate (DCFH-DA) and dihydroethidium (DHE) detect ROS in cells and
tissues to obtain some oxidation status information. Intracellular ROS
levels were measured using DCFH-DA fluorescent probe assay kit. The
assay was performed according to the manufacturer's instructions.
BMSCs were treated with citrate medium for 3 days followed by ex-
posure to 5mM tert-butyl hydroperoxide or 200 μM hydrogen peroxide
for 1 h. The medium was removed from cells and cells were washed
three times with PBS. Then cells were exposed to the DCFH-DA (10 μM)
diluted by serum-free medium for 30min at 37℃. Fluorescence was
measured using an inverted fluorescent microscope (Olympus, Olympus
IX71, Japan) at 488 nm (excitation) and 525 nm (emission) wave-
lengths. ROS levels in vivo were measured using DHE fluorescent probe
assay kit. The assay was performed according to the manufacturer's
instructions. Frozen slices protected from light was incubated with DHE
(50 μM) diluted by PBS for 30min at room temperature. The DHE was
removed and slices were washed three times with PBS. Fluorescence
was measured using an inverted fluorescent microscope (Olympus,
Olympus IX71, Japan) at 535 nm (excitation) and 610 nm (emission)
wavelengths.

2.10. Cell apoptosis evaluation

BMSCs were seeded on 25 cm2 plastic flasks. When cells were 80%
confluent, the medium was replaced with citrate medium for 3 days.
Then, hydrogen peroxide (H2O2) was added to the citrate medium to a
final concentration of 200 μM. After 1 day of culture, BMSCs apoptosis
was analyzed using flow cytometric (CytoFLEX, Beckman Coulter, USA)
by staining the cells with Annexin V-FITC Apoptosis Detection Kit
(Becton Dickinson, USA), according to the manufacturer's protocol.

2.11. In vivo animal assays

An air pouch model was used to examine inhibitory effects of citrate
on LPS-induced oxidative stress and inflammatory reactions [30]. An
area of the dorsal skin (2 cm2) was cleaned with alcohol and shaved to
provide the pouch site. The subcutaneous tissue on the back of each rat
was injected with 10mL of air. Subsequently, 5 mL of air were injected
into the same cavity every 3 days to maintain an open cavity. On day 6,
the pouches were injected with 2mL of LPS (0.5 mg/mL). On day 12,
the pouches were injected with 2.5 mL of a suspension containing the
control, citrate, stem cells and stem cells/citrate. Control pouches re-
ceived 2.5 mL of sterile PBS alone. Rats were sacrificed 72 h after the
introduction of citrate into the pouches. The pouches were then dis-
sected from the surrounding tissue. The pouch was divided with one-
third fixed in paraformaldehyde for the histological evaluation and the
remainder was snap-frozen at −80℃ for RNA extraction (IL-1, IL-1β,
IL-6 and TNF-α assays), the collection of tissue supernatants (MAD,
SOD and GSH assays) and the production of frozen slices (ROS assay).

2.12. Histological evaluation

The pouches were fixed, dehydrated and embedded in paraffin
blocks. Sections were cut along the longitudinal axis of the pouches.
Then, sections were mounted and stained with hematoxylin and eosin
(H&E). After staining, the slides were permanently covered with cover
slips. Means of three separate sections were evaluated in a random
fashion using the Image J image analysis software package. The total
numbers of neutrophils were determined as cells per mm2 based upon
counts of the nuclei.

2.13. Redox state in the pouches

Tissue supernatants were harvested at different treatment groups
and the levels of Malondialdehyde (MAD), Superoxide dismutase (SOD)
and Glutathione (GSH) were measured using assay kits. The assays were
performed according to the manufacturer's instructions.

2.14. Real time quantitative PCR

Total RNA was isolated using TRIzol (Invitrogen), phase-separated
with chloroform, and precipitated using isopropanol. RNA was col-
lected in RNAase-free water and the total quantity was analyzed by
spectrophotometry. First strand cDNAs were synthesized from total
RNA using the Revert Aid First Strand cDNA Synthesis Kit (Thermo)
according to the manufacturer's instructions. 2.5 μL of undiluted cDNAs
was used for quantitative real time PCR performed on a Light Cycler
PCR machine (Roche) using Fast Start Universal SYBR Green Master
(Roche). The following temperature profile was used: initial denatura-
tion at 95℃ for 10min for one cycle, 40 cycles of 15 s at 95℃, 60 s at
60℃, and then 95℃ for 10min. The primer sequences are as follows:
IL1 (forward: 5´-GCTAAGTTTCAATCAGCCCTTTAC-3´, reverse: 5´-
CATGATGAACTCCTGCTTGACG)-3´), IL6 (forward: 5´-AGGATACCACC
CACAACAGACC-3´, reverse: 5´-TTGCCATTGCACAACTCTTTTC-3´),
IL1β (forward: ´-TGACCTGTTCTTTGAGGCTGAC-3´, reverse: 5´-CATC
ATCCCACGAGTCACAGAG-3´), TNF-α (forward: 5´-CCAGGTTCTCTTC
AAGGGACAA-3´, reverse: 5´-GGTATGAAATGGCAAATCGGCT-3´), and
β-actin (forward: 5´-TGCTATGTTGCCCTAGACTTCG-3´, reverse:5´-
GTTGGCATAGAGGTCTTTACGG-3´).

2.15. Protein extraction

Samples were suspended in lysis buffer (8M urea, 2 mM EDTA,
10mM DTT and 0.1% Cocktail Set IV), and then sonicated for 5min on
ice using a high intensity ultrasonic processor (Scientz). The remaining
debris were removed by centrifugation at 20,000 g at 4℃ for 10min.
Protein concentrations were quantified using a 2D-Quant Kit (GE
Healthcare) and SDS-PAGE was performed. Trypsin was added to the
protein solution at a trypsin to protein ratio of 1:50 (w/w) and digested
at 37℃ for 16 h. Dithiothreitol was then added to a final concentration
of 5mM, followed by an incubation at 50℃ for 30min. Then, iodoa-
cetamide was added to alkylate proteins with final concentration
15mM followed by an incubation at 25℃ in dark for 30min. The al-
kylation reaction was quenched by 30mM of cysteine at 25℃ for an-
other 30min. Trypsin was then added again with ratio of trypsin to
protein at 1:100 (w/w) for digestion at 37℃ for 3 h to complete the
digestion cycle. Peptides were fractionated using strong-cation ex-
change (SCX). In brief, SCX was performed using a Zorbax BioSCX-
Series II column (0.8mm×50mm, 3.5 µm). Solvent A consisted of
0.05% formic acid (FA) in 20% acetonitrile (ACN), solvent B consisted
of 0.05% formic acid and 0.5M NaCl in 20% ACN. The following gra-
dient was used: 0–0.01min (0–2%B); 0.01–8.01min (2–3%B);
8.01–14.01min (3–8%B); 14.01–28min (8–20%B); 28–38min
(20–40% B); 38–48min (40–90%B); 48–54min (90%B); and 54–60min
(0%B). Each sample was labeled by iTRAQ according to the manufac-
turer's instructions (Thermo Scientific). Fourteen fractions were col-
lected and dried in vacuo.

2.16. LC-MS/MS analysis

The dried peptides from each gel slice were dissolved in RP-solvent
A (0.1% FA in 2% ACN) and directly loaded onto a reversed-phase pre-
column (Acclaim PepMap 100, Thermo Scientific). Peptide separation
was performed using a reversed-phase analytical column (Acclaim
PepMap RSLC, Thermo Scientific) with a linear gradient of 6–22% RP-
solvent B (0.1% FA in 98% ACN) for 22min, 22–34% solvent B for
8min and 34–90% solvent B for 3min at a constant flow rate of 300 nl/
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min on an EASY-nLC 1000 UPLC system. The resulting peptides were
analyzed by Q Exactive hybrid quadrupole-Orbitrap mass spectrometer
(Thermo Fisher Scientific). Peptides were subjected to an NSI source
followed by tandem mass spectrometry (MS/MS) in Q Exactive
(Thermo) coupled online to the UPLC. Intact peptides were detected in
the Orbitrap at a resolution of 70000. Peptides were selected for MS/MS
using 28% NCE; ion fragments were detected in the Orbitrap at a re-
solution of 17500. The electrospray voltage applied was 2.0 kV. For MS
scans, the m/z scan range was 350–1800 Da.

2.17. Data processing and protein quantification

Raw data files were processed to generate peak list files using
Proteome Discoverer software (Thermo Fisher Scientific, v.1.3.0.339).
The resulting MS/MS data were processed using MaxQuant software
(v.1.4.1.2) with the integrated Andromeda search engine. The M. tu-
berculosis protein database used for MS/MS searches was downloaded
from NCBI ftp site (http://www.ncbi.nlm.nih.gov/) containing 4018
protein sequences. Trypsin/P was specified as the cleavage enzyme
allowing up to 2 missed cleavages. The precursor charge states were
allowed from 1 to 5. The mass error was set to 10 ppm for precursor
ions and 0.02 Da for fragment ions. Carbamidomethylation (C),
TMT6plex (K) and TMT6plex (N-term) were set as fixed modifications.
Oxidation of methionine (M) was set as a variable modification.
Detection of at least two matching peptides per protein was set as a
requirement for unambiguous identification. The TMT datasets were
quantified using the centroid peak intensity with the “reporter ions
quantifier” mode. For all experiments only unique peptides were con-
sidered for protein quantification. The peptide false discovery rate
(FDR) was set to 1% and minimum peptide score was set to 13.0. The
minimum peptide length was set to 7. All the other parameters in
MaxQuant were set to default values. For data analyses, only the pro-
teins identified in both of the two independent experiments were used.
Protein ratios were log2 transformed and the frequency distribution of
the quantified proteins was calculated to determine differentially ex-
pressed proteins.

2.18. Bioinformatics analysis

Gene Ontology (GO) annotation proteome was derived from the
UniProt-GOA database (http://www.ebi.ac.uk/GOA/). Firstly, protein
IDs was converted to UniprotKB ID and then mapped to GO ID by
protein ID. Then proteins were further classified by Gene Ontology
annotation based on three categories: biological process, cellular com-
ponent and molecular function. The Kyoto Encyclopedia of Genes and
Genomes (KEGG) database was used to annotate protein pathway.
Firstly, the KEGG online service tools KAAS was used to annotate pro-
tein's KEGG database description. Then annotation result was mapped
on the KEGG pathway database using KEGG online service tools KEGG
mapper. Domain annotation was performed by using InterProScan on
the InterPro domain database via Web-based interfaces and services.
Cello was used for subcellular localization predication. All quantified
proteins were searched against the STRING database version 9.1 for
protein-protein interactions. Only interactions between the proteins
contained in the searched data set were selected. STRING defines a
metric called the “confidence score” to define interaction confidence:
interactions are fetched when a confidence score ≥0.7 (high con-
fidence) is reached. Interaction networks obtained form STRING were
visualized using Cytoscape software.

2.19. Western blotting

Confluent monolayer cells were lysed in RIPA buffer. Samples were
then centrifuged at 12,000 g for 5min at 4℃. The protein concentra-
tions of cell lysates were determined with a protein quantitative de-
tection assay kit. Total proteins were separated by SDS-PAGE. After

electrophoresis, proteins were transferred to a PVDF membrane using a
liquid transblot system (Bio-Rad). Membranes used for the im-
munodetection of proteins were blocked with 5% skim milk for 60min
at room temperature. Diluted primary antibodies (1:1000) bound to the
membrane were detected with HRP-conjugated anti-mouse secondary
antibodies diluted 1:3000 in 5% skim milk in TBST (TBS/Tween20).
Blots were visualized by enhanced chemiluminescence (ECL) using a
Western blotting detection system.

2.20. Statistical analysis

Each experiment was performed three times with similar results. All
statistical analyses were performed by one-way analysis of variance
(ANOVA) using SPSS 18 software (IBM SPSS, Armonk, New York, USA).
All data are presented as the means ± standard deviations (SD). The
level of significance was set to P < 0.05.

3. Results

3.1. Anti-oxidant properties of citrate in chemical assays

We first evaluated the anti-oxidant capacity of citrate using che-
mical assays. Citrate did not show rapid free radical scavenging activity
in DPPH (Fig. 2A) and ABTS (Fig. 2B) assays within 2 h. DPPH and
ABTS are two colored free radicals that have been widely used to de-
termine the anti-oxidant capacity. Citrate did not transfer electrons and
protons to DPPH or oxidize ABTS. Lipid peroxidation was not inhibited
by citrate as assessed by the β-carotene bleaching assay (Fig. 2C).
Ferrous ions chelated by citrate will not be able to participate in the
ferrozine reaction, resulting in lower absorbance. As expected, citrate
showed strong iron chelation properties at different concentrations
(Fig. 2D). Citrate exhibited a stable molecular structure and did not
participate in direct reactions with oxide; however, the metal iron
chelation property of citrate may prevent reactions with free radicals
under physiological conditions.

3.2. Protective effects of citrate on BMSCs under oxidative stress

According to previous studies, chemical substances containing ci-
trate such as calcium citrate, citrate esters, citric acid and citrate anti-
coagulants exhibit anti-oxidant and anti-inflammatory properties in
different cells and tissues. Although the same conclusions are based on
the anti-oxidant performance of different materials, they possess same
molecular structure as citrate. Therefore, citrate may play an important
role in protecting BMSCs from oxidative stress-induced damage. We
evaluated the response of stem cells treated with 0, 0.5, 1.0, 3.0 and
5.0 mM citrate using the MTT assay to obtain an understanding of the
effects of the concentrations of citrate ions on the metabolic activity of
BMSCs. The viability of BMSCs was significantly decreased after 3 days
of treatment with 5.0 mM citrate compared with the 0, 0.5, 1.0 and
3.0 mM citrate (Fig. 3A). To measure the citrate effects on stem cells
viability upon an ROS challenge, BMSCs were cultured in 0, 0.25, 0.5,
1.0, 3.0 and 5.0mM citrate medium for 3 days. Then, BMSCs were
treated with 200 μM hydrogen peroxide (H2O2) for 12 h, this treatment
is known to induce rapid cell death due to excess ROS generation.
According to the results of the MTT assay, BMSCs cultured in 0, 0.25,
0.5 and 5.0 mM citrate medium, showed low viability after 12 h of
treatment with 200 μM H2O2; however, stem cells cultured in 1.0 and
3.0 mM citrate medium maintained their viability (Fig. 3B). This
finding was corroborated by the increased fluorescence intensity of
Calcein-AM staining after 3 days of culture in 1.0 and 3.0mM citrate
medium and decreased intensity after culture in 0, 0.25, 0.5 and
5.0 mM citrate medium (Fig. 3C). BMSCs were also stained with DiO
fluorescent dyes for cell membrane (green) respectively after 5mM tert-
butyl hydroperoxide or 200 μM hydrogen peroxide (H2O2) challenge.
The results, shown in Fig. 3D, revealed that the BMSCs showed
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damaged cell membrane after treated with 0, 0.25, 0.5 and 5.0mM
citrate in the medium, while the stem cells treated with 1.0 and 3.0mM
citrate in the medium showed a rather integrated morphology. Because
oxidative stress usually induces apoptosis, we used flow cytometry
analysis to examine the percentage of apoptotic cells. BMSCs were
cultured in 0, 0.25, 0.5, 1.0, 3.0 and 5.0 mM citrate medium for 3 days.
Then, BMSCs were treated with 200 μM hydrogen peroxide (H2O2) for
12 h. The 0.5, 1.0 and 3.0mM citrate medium indeed significantly de-
creased the rate of BMSCs apoptosis compared with that of the 0, 0.25
and 5.0mM citrate (Fig. 4). Thus, appropriate concentrations of citrate
ions exert positive effects on the metabolic activity, membrane mor-
phology and apoptosis of BMSCs under oxidative stress.

3.3. The Na-coupled citrate transporter contributes to the anti-oxidative
effects of citrate on BMSCs

The Na-coupled citrate transporter in the rat liver cell line exhibits
higher affinity for citrate than that of the transporter in human liver cell
lines. We used lithium chloride, an inhibitor of Na-coupled citrate
transporter in the rat liver cell line, to investigate the mechanism by
which citrate in the extracellular milieu enhances the cellular anti-
oxidant capacity [31]. The effects of the Na-coupled citrate transporter
on ROS levels were evaluated in BMSCs treated with 1.0 mM citrate
medium for 3 days followed by exposure to 5mM tert-butyl hydro-
peroxide or 200 μM hydrogen peroxide for 1 h. Inhibition of the Na-
coupled citrate transporter significantly increased ROS levels compared

with those of the non-suppressed group (Fig. 5A). We next examined
the effect of the Na-coupled citrate transporter on the membranes of
BMSCs by staining the cells with the fluorescent dye DiO. As shown in
Fig. 5B, the membranes of BMSCs were damaged following treatment
with 3mM lithium chloride medium containing 1.0mM citrate, while
the stem cells treated with 0mM lithium chloride showed a rather in-
tegrated morphology. A significant decrease in the rate of apoptosis was
observed in BMSCs cultured in 1.0mM citrate medium and subse-
quently exposed to 200 μM hydrogen peroxide for 12 h, and this de-
crease was abrogated by 3mM lithium chloride (Fig. 5C). Thus, the Na-
coupled citrate transporter is important for maintaining the anti-oxi-
dative effects of citrate on BMSCs.

3.4. Inhibitory effects of citrate on oxidative stress and inflammatory
reactions in vivo

Citrate exhibited both anti-oxidant and anti-inflammatory proper-
ties in BMSCs. Accurate models of oxidative stress and the in-
flammatory response must be established to evaluate the anti-oxidant
and anti-inflammatory capabilities of citrate in vivo. We have utilized
the rat air pouch model (Fig. S1) to investigate the oxidation level and
inflammatory response to a lipopolysaccharide (LPS)-induced air pouch
after treatment by 1.0mM citrate and stem cells. In vivo, LPS first ac-
tivates macrophages and neutrophils to increase ROS production and
ROS mediated-signaling pathways, subsequently generating in-
flammatory cytokines and chemokines in leukocytes [32–36]. Citrate

Fig. 2. Determination of the anti-oxidant capacity of citrate using chemical assays. DPPH (A) and ABTS (B) assays revealed a lack of radical- scavenging activity for
different concentrations of citrate. (C) Different concentrations of citrate did not inhibit lipid peroxidation. (D) Different concentrations of citrate chelate iron ions.
*p < 0.05, compared to 0mM citrate.
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Fig. 3. Protective effects of citrate on the viability and membrane of BMSCs under oxidative stress. (A) BMSCs were incubated with 0, 0.5, 1.0, 3.0 and 5.0 mM citrate
medium. The viability of BMSCs was significantly decreased after 3 days of culture with 5.0 mM citrate compared with the 0, 0.5, 1.0, 3.0mM citrate medium. (B)
BMSCs were exposed to 0, 0.25, 0.5, 1.0, 3.0 and 5.0 mM citrate medium for 3 days. After hydrogen peroxide (H2O2) challenge, both 1.0 and 3.0 mM citrate protected
against increasing levels of oxidative stress. (C) BMSCs cultured in citrate medium for 3 days showed prolonged survival upon hydrogen peroxide stimulation for
12 h. Green indicates Calcein-AM staining in live cells. Bar = 100 µm. (D) BMSCs were stained with DiO to label the cell membrane (green) after 3 days of incubation
with 0, 0.25, 0.5, 1.0, 3.0 and 5.0 mM citrate medium. The stem cells showed damaged cell membrane treated with 0, 0.25, 0.5 and 5.0 mM citrate in the medium
under oxidative stress, while treated with 1.0 and 3.0 mM citrate in the medium showed rather integrated morphology. Bar = 100 µm. Means ± SD. *p < 0.05,
compared to 0mM citrate.

X. Wu et al. Redox Biology 21 (2019) 101057

7



exerted significant inhibitory effects on ROS generation (Fig. 6A). SOD
and GSH production were significantly increased by citrate, while the
citrate treatment significantly reduced the MDA levels (Fig. 6B). The
introduction of citrate into the air pouch dramatically decreased the
histological parameters of cellular infiltration compared with the
parameters of the control or stem cells in pouch membranes (Fig. 7A).
The objective measurements of changes in inflammatory cell counts in
response to the different treatments, as determined by an analysis of
images of the histological sections (Fig. S2), are summarized in Fig. 7B.

The expression of inflammatory cytokine genes in membrane extracts
was analyzed by RT-PCR and the results are shown in Fig. 7C. Exposure
to LPS increased the levels of the IL-1, IL-1β, IL-6 and TNF-α mRNAs in
the air pouch. However, the citrate treatment reduced IL-1, IL-1β, IL-6
and TNF-α mRNAs in the air pouch. In summary, citrate exerts sig-
nificant inhibitory effects on LPS-induced oxidative stress and in-
flammatory reactions.

Fig. 4. Protective effects of citrate on the apoptosis of BMSCs under oxidative stress. Stem cells were cultured in control (A), 0 (B), 0.25 (C), 0.5 (D), 1.0 (E), 3.0 (F)
and 5.0 (G) mM citrate medium for 3 days and then treated with 200 μM hydrogen peroxide for 12 h to measure the effect of citrate on BMSCs apoptosis following an
ROS challenge. The 0.5, 1.0 and 3.0 mM citrate medium indeed significantly decreased the rate of BMSCs apoptosis compared with that of the 0, 0.25 and 5.0 mM
citrate. (H) Summary of apoptotic BMSCs. Control, stem cells without any treatment.
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Fig. 5. The role of the Na-coupled citrate transporter in citrate-mediated anti-oxidant functions in BMSCs. (A) The effects of the Na-coupled citrate transporter on the
ROS levels were evaluated in BMSCs treated with 1.0 mM citrate for 3 days followed by exposure to 5.0 mM tert-butyl hydroperoxide or 200 μM hydrogen peroxide
for 1 h. Bar = 100 µm. (B) Staining with the fluorescent dye DiO revealed damaged membranes in BMSCs treated with 3mM lithium chloride medium containing
1.0 mM citrate, while cells treated with 0mM lithium chloride showed a rather integrated morphology. Bar = 100 µm. (C) A significant decrease in the rate of
apoptosis was observed in BMSCs cultured in 1.0mM citrate medium and subsequently exposed to 200 μM hydrogen peroxide for 12 h; this decrease was abrogated
by 3mM lithium chloride.
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3.5. Identification of citrate-regulated proteins using a quantitative
proteomic approach

Because inflammatory cytokines were expressed at high levels in
BMSCs, we deduced that the citrate treatment would alter the expres-
sion of their target genes. Cells treated with citrate medium exhibited
reduced expression of inflammatory cytokine mRNAs, and we therefore
employed an iTRAQ-based quantitative proteomics approach to identify
proteins that were regulated by citrate in BMSCs. We first examined the
molecular composition of the expressed proteins in BMSCs treated with
1.0, 3.0 and 5.0mM citrate medium using SDS-PAGE. The isolated
proteins were shown in Fig. 8A. Proteins isolated from different groups
showed complex banding patterns, indicating that the expressed pro-
teins consist of many different proteins. Proteins in BMSCs treated with
1.0 mM citrate for 3 days showed increase in net lane intensity that
reflects an increase in the total adsorbed protein density. We digested
the isolated proteins with trypsin and analyzed the resulting peptide
mixtures using a quantitative proteomic approach to obtain a better
understanding of this phenomenon. A total of 3998 proteins were
identified, 110 of which were down-regulated and 61 were up-regu-
lated (Fig. 8B and C). The distribution of quantified peptides is shown in

Fig. 8D and Fig. S3. The identified proteins were initially classified
based on the UniProt database. Anti-oxidant and anti-inflammatory
proteins were listed in Table S1. All raw data have been deposited in
Table S5.

3.6. Bioinformatics analysis of citrate-regulated proteins

We first classified the citrate-regulated proteins using PANTHER
Protein Class Ontology to evaluate the biological relevance of these
proteins [37]. The proteins assigned to PANTHER Protein Class Cate-
gories were classified into 20 classes (Fig. 8B), the five largest of which
were the nucleic acid binding, transcription factor, signaling molecule,
enzyme modulator and hydrolase classes. We next classified the citrate-
regulated proteins according to the Gene Ontology (GO) molecular
function, biological process and cellular components to obtain an
overview of the distribution of GO terms (Fig. S4). Based on the results
of the GO molecular function analysis, the citrate-regulated proteins are
involved in a variety of biological processes, such as catalytic activity,
anti-oxidant activity, signal transducer activity, nucleic acid binding
and molecular transducer activity (Fig. S4). Then proteins were further
classified by Gene Ontology annotation based on three categories:

Fig. 6. Inhibitory effects of citrate on ROS production in the LPS-stimulated air pouch model. (A) Citrate showed significant inhibitory effects on ROS generation
induced by LPS. Bar = 100 µm. (B) SOD and GSH production were significantly increased by citrate, while treatment with citrate significantly reduced the MDA
levels in the LPS-stimulated pouch. N=3, means ± SD. *p < 0.05, compared to control. #p < 0.05, compared to cells.

X. Wu et al. Redox Biology 21 (2019) 101057

10



biological process, cellular component and molecular function. The
Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used
to annotate protein pathways. Many citrate-regulated proteins were
assigned to the transcription factor, enzyme modulator and metabolic
pathways (Fig. S5–7). Based on these bioinformatics results, citrate may
be a critical regulator of diverse cellular functions distributed among
various biological processes.

A citrate-regulated proteins interaction network was generated
using the STRING database version 9.1 and revealed that some anti-
oxidant proteins were involved in protein-protein interactions (Fig. 9,
Table S2). Superoxide dismutase [Mn] (SOD2), Tubulin beta-3 chain
(Tubb3) and Endothelial differentiation-related factor 1 (Edf1) formed
a highly connected cluster, suggesting that physiological interactions
between these proteins might contribute to the anti-oxidant function of
citrate. The relative abundance of Tubb3 in cells exposed oxidative
stress might exert a protective effect (from UniProt). Notably, other
anti-oxidant and anti-inflammatory proteins were not involved in pro-
tein-protein interactions, such as Protein Fam120b (PPARγ), Protein
Sgsh (SGSH), Platelet-activating factor acetylhydrolase IB subunit
gamma (PAFAH1B3), L-xylulose reductase (DCXR), Golt1b protein

(GOLT1B), Ras-related protein Rab-27A (Rab27a), and Cytochrome c
oxidase subunit 7B (COX7B), suggesting that these two clusters may
play an important role in mediating the function of citrate in BMSCs.
Interestingly, Edf1 actively regulates PPARγ expression and activity
[38–40]. Therefore, PPARγ might be also involved in protein-protein
interactions (Fig. 9).

3.7. PPARγ contributes to the anti-oxidative effects of citrate on BMSCs

Bioinformatics analyses suggested that PPARγ might play an im-
portant role in mediating the anti-oxidant and anti-inflammatory effects
of citrate on BMSCs (Fig. 9 and Table S2). We first examined the levels
of the PPARγ, SGSH, PAFAH1B3, DCXR, SOD2, GOLT1B, Rab27a and
COX7B proteins in BMSCs treated with 1.0mM citrate medium for 3
days to determine citrate-regulated protein expression. The results were
consistent with those obtained using the quantitative proteomics ap-
proach (Fig. 10A). Furthermore, the inhibition of PPARγ with 10mM
GW9662 (the dose that does not alter cell viability (Fig. 10B)) increased
the levels of COX7B, inhibited the expression of PAFAH1B3 and DCXR,
and showed no effects on the expression of SGSH, SOD2, Rab27a and

Fig. 7. Inhibitory effects of citrate on inflammatory reactions in the LPS-stimulated air pouch. (A) The number of inflammatory cells exuded from the pouch was
detected by HE staining. The introduction of citrate into the air pouch dramatically decreased the histological parameters of exuded inflammatory cells, compared
with the parameters of the control or stem cells pouch membranes. Bar = 100 µm. (B) The objective measurements of changes in inflammatory cells counts were
determined by analyzing images of the histological sections. (C) Exposure to LPS increased the levels of the IL-1, IL-1β, IL-6 and TNF-α mRNAs in the air pouch.
However, the citrate treatment reduced levels of the IL-1, IL-1β, IL-6 and TNF-α mRNAs in the LPS-stimulated air pouch. N=3, means ± SD. *p < 0.05, compared
to control. #p < 0.05, compared to cells.
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GOLT1B (Fig. 10A). In addition, we used the PC12 cell line to determine
if citrate-regulated PPARγ expression was a global change. A significant
increase expression of PPARγ was observed in PC12 cells cultured in
1.0 mM citrate medium and this increase was abrogated by 10mM
GW9662 (Fig. S8). The effects of PPARγ on ROS levels were evaluated
in BMSCs treated with 1.0 mM citrate medium for 3 days and subse-
quently exposed to 200 μM hydrogen peroxide for 1 h. PPARγ inhibition
significantly increased ROS levels compared with those of the non-
suppressed group (Fig. 10C and D). We next examined the effects of
PPARγ on the membranes of BMSCs by staining cells with the fluor-
escent dye DiO after challenge with 5mM tert-butyl hydroperoxide or
200 μM hydrogen peroxide (H2O2). As shown in Fig. 10E, the mem-
branes of stem cells treated with 1, 5, 10 and 20mM GW9662 medium
containing 1.0mM citrate were damaged, while the stem cells treated
with 0mM GW9662 medium containing 1.0 mM citrate showed rather
integrated morphology. We used flow cytometry to examine the per-
centage of apoptotic cells and determine the effect of PPARγ on BMSC
apoptosis. The rate of BMSCs apoptosis was significantly increased
following inhibition of PPARγ with 10mM GW9662 (Fig. 10F). Based
on these results, PPARγ plays an important role in mediating the anti-
oxidant functions of citrate and citrate-regulated protein expression in
BMSCs.

4. Discussion

Biomaterials loaded with anti-oxidants with a low relative mass and
unstable molecular structure do not achieve long-term sustained release
as an oxidative stress-induced disease therapy [21]. A chemically stable
anti-oxidant small molecule that can be used as the structure compo-
nent of the material may provide the benefits of a relatively high anti-
oxidant content and continuous local anti-oxidant release. Chemical
substances containing small organic molecule citrate, such as calcium
citrate, citrate esters, citric acid and citrate anti-coagulants exhibit anti-
oxidant and anti-inflammatory properties [21–27]. In the present study,
we systematically evaluated the anti-oxidant capacity of citrate, such as
scavenging free radicals and chelating iron ions in chemical assays and

modulating redox signaling in cellular assays and animal assays. Using
proteomics technology, we further investigated the mechanisms of ac-
tion by which citrate contributes to redox signaling in BMSCs.

The mechanisms of action of anti-oxidants are the inhibition of
oxidant enzymes, direct reactions with ROS/RNS or interactions with
redox signaling pathways that translate to a cellular anti-oxidant re-
sponse [41]. The anti-oxidant mechanism of citrate may include the
three pathways mentioned above. Our studies have confirmed that ci-
trate did not show rapid free radical scavenging activity in DPPH and
ABTS assays. Lipid peroxidation was not inhibited by citrate, as as-
sessed by the β-carotene bleaching assay. The stable molecular struc-
ture ensures that citrate did not directly react with ROS/RNS. Ferrous
ions chelated by citrate were not able to participate in the ferrozine
reaction, resulting in a lower absorbance. As expected, citrate showed a
strong metal iron chelation property. The metal iron plays an important
role in the catalytic decomposition of hydrogen peroxide, leading to the
formation of reactive hydroxyl radicals, and the effective removal of
excess iron is postulated to be an effective method for suppressing free
radical-mediated tissue damage [42]. Therefore, the metal iron chela-
tion property of citrate may prevent reaction of free radical under
physiological conditions.

Because anti-oxidant actions are not limited to direct reactions with
ROS/RNS but includes the regulation of anti-oxidant enzymes, detox-
ifying enzymes and redox signaling, cellular and animal assays are
appropriate models to evaluate the potential anti-oxidant activity of
citrate. Citrate exerted positive effects on metabolic activity and
membrane morphology of BMSCs under oxidative stress and enhanced
the antiapoptotic activity of BMSCs by inhibiting reactive oxygen spe-
cies production. Citrate also functions as a cellular anti-oxidant by
regulating redox signaling, such as decreasing ROS levels and sup-
pressing NF-ĸB activation [21,22]. This regulation of redox signals in
cells provide an explanation for the observed protective effects of ci-
trate on BMSCs under oxidative stress. However, a high concentration
of citrate (5.0 mM) reduced BMSCs viability and abolished the protec-
tive effects on BMSCs. This finding is consistent with studies showing
that high concentrations of citrate (5.0 mM) inhibit on rate-limiting

Fig. 8. Quantitative proteomic identification of citrate-regulated proteins in BMSCs. (A) Proteins were extracted from BMSCs after an incubation with 1.0 mM citrate
for 3 days, and then the proteins were separated by SDS-PAGE. (B) A total of 3998 proteins were identified, 110 of which were down-regulated and 61 were up-
regulated. (C) The heatmap shows the expression of differentially expressed proteins in BMSCs incubated with 1.0 mM citrate for 3 days. (D) The distribution of the
quantified peptides is shown.
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enzymes in glucose metabolism and subsequently inhibit intracellular
ATP synthesis and cell proliferation [43]. However, a fundamental
question remains regarding the mechanism by citrate from the extra-
cellular milieu enhances cells the cellular anti-oxidant capacity through
citrate transporters at the plasma membrane. Some studies have used
lithium chloride, an inhibitor of the Na-coupled citrate transporter in
the rat liver cell line, to investigate this issue [31]. The protective ef-
fects of citrate on BMSCs were negated by the inhibition of the Na-
coupled citrate transporter. ROS levels detected by DCFH-DA were also
increased compared with those of the non-suppressed group. However,
the DCFH-DA assay alone cannot identify what kind of ROS and a
change in signal cannot be directly attributed to generation of oxidant.
Our ROS detection providing an indication of disturbance of in-
tracellular redox state. Those results suggested that citrate in the ex-
tracellular milieu and its transport by Na-coupled citrate transporter,
are important factors to regulate intracellular redox state and reduce

oxidative damage in BMSCs. Furthermore, an air pouch model was
established on the back of the rat for in vivo animal assays. The oxi-
dative stress and inflammatory reactions were induced by LPS. LPS first
activates macrophages and neutrophils to up-regulate ROS production
and ROS mediated-signaling pathways to generate inflammatory cyto-
kines and chemokines in leukocytes [32–36]. DHE was used to detect
ROS levels in tissues to obtain some oxidation status information. Si-
milar to DCFH-DA assay, DHE is oxidized non-specifically by cellular
oxidants. Therefore, a simple fluorescence assay with DHE cannot de-
tect superoxide formation. We further examined the enzyme activity of
intracellular MDA, SOD and GSH. Citrate exerted significant inhibitory
effects on LPS-induced oxidative stress. The introduction of citrate into
the air pouch dramatically decreased the histological parameters of
cellular infiltration and reduced IL-1, IL-1β, IL-6 and TNF-α mRNAs in
the air pouch. Therefore, citrate exerts significant inhibitory effects on
LPS-induced oxidative stress and inflammatory reactions. However, the

Fig. 9. Bioinformatics analysis of citrate-regulated proteins. The citrate-regulated protein interaction network was constructed using the STRING database version
9.1 with default settings except that organism was set to rat. Some anti-oxidant proteins were involved in protein-protein interactions. Superoxide dismutase [Mn]
(SOD2), Tubulin beta-3 chain (Tubb3) and Endothelial differentiation-related factor 1 (Edf1) formed highly connected cluster, suggesting that physiological in-
teractions between these proteins might contribute to the anti-oxidant function of citrate. Yellow nodes indicate the differentially expressed proteins identified in the
present study. Other nodes indicate interacting proteins.
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Fig. 10. The role of PPARγ in citrate-mediated anti-oxidant functions and proteins expression in BMSCs. (A) Inhibition of PPARγ with 10mM GW9662 increased the
levels of COX7B, inhibited the expression of PAFAH1B3 and DCXR, and showed no effects on the expression of SGSH, SOD2, Rab27a and GOLT1B. (B) The dose of
GW9662 that did not alter cell viability. (C and D) PPARγ inhibition resulted in a significant increase in ROS levels. Bar = 100 µm. (E) The cell membrane was
damaged following treatment with GW9662 medium containing 1.0 mM citrate. Bar = 100 µm. (F) The percentage of apoptotic cells was examined using flow
cytometry, and a significant increase was observed following inhibition of PPARγ. Means ± SD. *p < 0.05, compared with the control.
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injection of BMSCs alone did not result in anti-oxidant and anti-in-
flammatory effects. This redox state inside the air pouch was reversed
after citrate was introduced with BMSCs. Therefore, the local admin-
istration of stem cells with citrate may be used as a strategy to cure
oxidative stress-induced diseases therapy and improve the viability of
implantable stem cells under oxidative stress or inflammatory condi-
tions. Despite the availability of different assays, the measurement of
ROS in cells and tissues remains very challenging. Oxidant-sensitive
fluorescent probes (DCFH-DA and DHE) can provide partial information
on cellular redox activity detecting ROS in cells and tissues. Many
factors limit their application, such as the interference effect of catalyst,
the oxidization of probe by free radicals and antioxidants, the compe-
titive reaction of antioxidant enzymes with the probe, and light-induced
oxidation of probe etc [29]. Although citrate did not oxidatively react
with probe and the time of light excitation was controlled for a short
time, we still cannot quantitatively detect ROS levels by using oxidant-
sensitive fluorescent probes for the interference effect of catalyst and
oxidization of probe by free radicals.

Based on the regulatory effects of citrate on the oxidative damage
and inflammatory factors observed in vitro and in vivo assays, we de-
duced that citrate may exert its function in BMSCs through multiple
protein pathways. An iTRAQ quantitative proteomics assay was per-
formed to globally search for citrate-regulated proteins followed by
bioinformatics analyses and functional validation to identify protein
pathways regulated by citrate in BMSCs and further reveal the anti-
oxidant mechanisms. Bioinformatics analyses suggested that the levels
of many proteins related to nucleic acid binding, transcription factors,
signaling molecules and enzyme modulators were regulated by citrate.
As evidenced by the citrate-regulated protein interaction network, some
anti-oxidant proteins, such as Superoxide dismutase [Mn] (SOD2),
Tubulin beta-3 chain (Tubb3) and Endothelial differentiation-related
factor 1 (Edf1), are involved in protein-protein interactions. SOD2
scavenges mitochondrial ROS and exerts an anti-apoptotic effect on
cells exposed to oxidative stress, ionizing radiation and inflammatory
cytokines [44,45]. The relative abundance of Tubb3 in cells exposed to
oxidative stress exert a protective effect [46]. Edf1 actively regulates
FAM102B (PPARγ) expression and activity, playing an important role in
mediating the anti-inflammatory function [38–40]. PPARγ, an im-
portant member of ligand-activated nuclear receptor family, functions
as a critical protein involved in metabolism, cellular proliferation, dif-
ferentiation, and the immune response [47–49]. Accumulating evi-
dence has revealed an association between the expression of PPARγ and
anti-inflammatory activity, as increased PPARγ expression inhibits NF-
ĸB and IĸB kinase [50]. According to in vitro studies, the suppression of
NF-ĸB activity by citrate in RAW264.7 cells results in reduced anti-in-
flammatory effects [22]. Inhibition of NF-ĸB expression prevents the
induction of pro-oxidant genes [41]. Therefore, PPARγ may also be
involved in protein-protein interactions and may play an important role
in mediating the anti-oxidant and anti-inflammatory effects of citrate
on BMSCs. Notably, other anti-oxidant proteins were not involved in
protein-protein interactions, such as Protein Sgsh (SGSH, inhibiting
sulfated heparan sulfate-stimulated inflammation [51,52]), Platelet-
activating factor acetyl hydrolase IB subunit gamma (PAFAH1B3, in-
hibiting Platelet-activating factor-induced inflammation and apoptosis
[53]), L-xylulose reductase (DCXR, reducing α-Dicarbonyl compounds
to detoxify endogenous and xenobiotic carbonyl compounds [54]),
Golt1b protein (GOLT1B, positive regulation of I-ĸB kinase/NF-ĸB sig-
naling [55]), Ras-related protein Rab-27A (Rab27a, positive regulation
of reactive oxygen species biosynthetic processes [56]) and Cytochrome
c oxidase subunit 7B (COX7B, protein of the mitochondrial apoptotic
pathway [57]).

Based on the results from our functional studies, citrate increases
the levels of free radical scavenging enzymes (SGSH, DCXR, PAFAH1B3
and SOD2) and decreases the levels of a pro-oxidant protein (Rab27a),
pro-inflammatory factors (GOLT1B) and pro-apoptotic protein (COX7B)
in BMSCs. The inhibition of PPARγ by GW9662 decreased of DCXR and

PAFAH1B3 levels and increased COX7B levels. Therefore, we specu-
lated that PPARγ inhibition may perturb the anti-oxidant function of
citrate in BMSCs. The inhibition of PPARγ suppressed levels of ROS
production and reduced the protective effects of citrate on BMSCs.
Interestingly, the expression of SGSH, Rab27a, GOLT1B and SOD2 was
not affected in response to PPARγ inhibition. Thus, the biological
function of PPARγ may not be necessary for some anti-oxidant protein
pathways, indicating that mechanisms underlying the anti-oxidant ef-
fects of citrate include PPARγ dependent and PPARγ independent
pathways. We observed PPARγ expression in the PC12 cell line after
treatment with 1.0 mM citrate, suggesting that the citrate-mediated
increase in PPARγ expression is not cell type specific. However, some
phenotypic differences between PPARγ-inhibited and Na-coupled ci-
trate transporter-blocked BMSCs were observed, such as the levels of
membrane damage, ROS and apoptosis. Notably, although the focus of
the current study is the regulation of some anti-oxidant proteins by
citrate, other identified proteins might also be regulated by PPARγ;
thus, the network of citrate-regulated proteins requires further study.
For instance, Metallothionein-1 (Table S1) protect against metal toxi-
city, by regulating zinc and copper levels, and protect against oxidative
stress. Cysteine residues from Metallothionein-1 capture harmful oxi-
dant radicals, such as superoxide and hydroxyl radicals [58]. Therefore,
the potential mechanism of action of citrate may be more complex than
presently conceived, and the other proteins listed in Tables S1 and S2
may be as valuable as PPARγ in the network of citrate-regulated pro-
teins.

Together, we proposed a model depicting the molecular mechan-
isms by which citrate regulates multiple pro-oxidant and anti-oxidant
protein pathways in BMSCs (Fig. 11). Citrate protects BMSCs from
oxidative stress-induced damage through at least three pathways. First,
as reported in previous studies, citrate may serve as a metal iron che-
lator to prevent reactions with free radicals under physiological con-
ditions [21,42]. Second, citrate may regulate PPARγ expression. As
PPARγ is a central organizer of the anti-inflammatory and anti-oxidant
responses, inhibition of this protein may disrupt the cellular redox
signaling pathway regulated by citrate. Third, citrate directly regulates
the levels of anti-oxidant proteins via a PPARγ independent pathway.

5. Conclusion

In summary, these findings substantially expand the present
knowledge concerning the protective effects of citrate on cells or tissues
under oxidative stress and provide a new strategy for oxidative stress-
induced disease therapy. Furthermore, this study revealed the role of
citrate in regulating cellular redox signaling and the function of PPARγ
signaling in this process, thereby providing basic molecular cell biology
information for improving the applications of biomaterials or stem cells
as treatments for oxidative stress-induced degenerative diseases and
inflammatory diseases.

Acknowledgements

This work was supported by grants from the National Natural
Science Foundation of China (No. 51772233 and 51572206), the
National Key Research and Development Program of China
(2016YFC1101605, 2018YFB1105500, 2016YFB1101302 and
2017YFC1103800) the Application Foundation and Front research
program of Wuhan (No. 2018010401011273), and the Major Special
Projects of Technological Innovation of Hubei Province (No.
2017ACA168).

Conflict of interest

The authors have no conflicts of interest to declare.

X. Wu et al. Redox Biology 21 (2019) 101057

15



Appendix A. Supporting information

Supplementary data associated with this article can be found in the
online version at doi:10.1016/j.redox.2018.11.015.

References

[1] R. Stocker, J. K Jr, Role of oxidative modifications in atherosclerosis, Physiol. Rev.
84 (4) (2004) 1381.

[2] A.M. Cantin, Potential for anti-oxidant therapy of cystic fibrosis, Curr. Opin. Pulm.
Med. 10 (6) (2004) 531–536.

[3] D. Bonnefontrousselot, The role of anti-oxidant micronutrients in the prevention of
diabetic complications, Treat. Endocrinol. 3 (1) (2004) 41–52.

[4] J. Viña, A. Lloret, D. Alonso, Molecular bases of the treatment of Alzheimer's disease
with anti-oxidants: prevention of oxidative stress, Mol. Asp. Med. 25 (1–2) (2004)
117.

[5] M.M. Berger, Can oxidative damage be treated nutritionally? Clin. Nutr. 24 (2)
(2005) 172–183.

[6] A. Mirshafiey, M. Mohsenzadegan, The role of reactive oxygen species in im-
munopathogenesis of rheumatoid arthritis, Iran. J. Allergy Asthma Immunol. 7 (4)
(2008) 195–202.

[7] R.G. Cutler, M.P. Mattson, Measuring oxidative stress and interpreting its clinical
relevance for humans: advances in basic science, diagnostics and intervention(In 2
Volumes), Critical Reviews of Oxidative Stress and Aging, (2002).

[8] R.G. Cutler Genetic stability, dysdifferentiation, and longevity determinant genes.
Critical Reviews of Oxidative Stress and Aging: Advances in Basic Science,
Diagnostics and Intervention (In 2 Volumes). pp. 1146–1235.

[9] M.E. Camire, M.A. Kantor, Dietary supplements: nutritional and legal considera-
tions, Food Technol. 53 (1999) 87–163.

[10] S.K. Myung, Y. Kim, W. Ju, et al., Effects of anti-oxidant supplements on cancer
prevention: meta-analysis of randomized controlled trials, Ann. Oncol. 21 (1)
(2010) 166–179.

[11] N.R. Cook, I.M. Lee, J.M. Gaziano, et al., Vitamin E in the primary prevention of
cardiovascular disease and cancer - the women's health study: a randomized con-
trolled trial, Acc. Curr. J. Rev. 14 (10) (2005) 10–11.

[12] P. Hu, N. Tirelli, Scavenging ROS: superoxide dismutase/catalase mimetics by the
use of an oxidation-sensitive nanocarrier/enzyme conjugate, Bioconjug. Chem. 23
(3) (2012) 438–449.

[13] Ha.P. Thu, T.M. Nguyet Tran, H. Duong Pham, et al., The synthesis of poly(lactide)-
vitamin E TPGS (PLA-TPGS) copolymer and its utilization to formulate a curcumin
nanocarrier, Adv. Nat. Sci. Nanosci. Nanotechnol. 1 (1) (2010) 015012.

[14] U.G. Spizzirri, F. Iemma, F. Puoci, et al., Synthesis of anti-oxidant polymers by
grafting of gallic acid and catechin on gelatin, Biomacromolecules 10 (7) (2009)
1923–1930.

[15] S.R. Williams, B.S. Lepene, C.D. Thatcher, et al., Synthesis and characterization of
poly(ethylene glycol)-glutathione conjugate self-assembled nanoparticles for anti-
oxidant delivery, Biomacromolecules 10 (1) (2009) 155–161.

[16] Y. Wang, A. Singh, P. Xu, et al., Expansion and osteogenic differentiation of bone

marrow-derived mesenchymal stem cells on a vitamin C functionalized polymer,
Biomaterials 27 (17) (2006) 3265–3273.

[17] E. Hood, E. Simone, P. Wattamwar, et al., Nanocarriers for vascular delivery of anti-
oxidants, Nanomedicine 6 (7) (2011) 1257.

[18] S. Papadopoulos, K.D. Jürgens, G. Gros, protein diffusion in living skeletal muscle
fibers: dependence on protein size, fiber type, and contraction, Biophys. J. 79 (4)
(2000) 2084–2094.

[19] K.A. Wieghaus, S.M. Capitosti, C.R. Anderson, et al., Small molecule inducers of
angiogenesis for tissue engineering, Tissue Eng. Part A 12 (7) (2006) 1903–1913.

[20] H.J. Forman, J.M. Fukuto, M. Torres, Redox signaling: thiol chemistry defines
which reactive oxygen and nitrogen species can act as second messengers, Am. J.
Physiol. Cell Physiol. 287 (2) (2004) C246.

[21] R.V. Lith, E.K. Gregory, J. Yang, et al., Engineering biodegradable polyester elas-
tomers with anti-oxidant properties to attenuate oxidative stress in tissues,
Biomaterials 35 (28) (2014) 8113–8122.

[22] E.Y. Choi, H.J. Kim, J.S. Han, Anti-inflammatory effects of calcium citrate in RAW
264.7cells via suppression of NF-ĸB activation, Environ. Toxicol. Pharmacol. 39 (1)
(2015) 27–34.

[23] L. Gabutti, N. Ferrari, G. Mombelli, F. Keller, C. Marone, The favorable effect of
regional citrate anticoagulation on interleukin-1beta release is dissociated from
both coagulation and complement activation, J. Nephrol. 17 (6) (2004) 819–825.

[24] M. Gritters, M.P. Grooteman, M. Schoorl, M. Schoorl, P.C. Bartels, P.G. Scheffer,
et al., Citrate anticoagulation abolishes degranulation of polymorphonuclear cells
and platelets and reduces oxidative stress during haemodialysis, Nephrol. Dial.
Transpl. 21 (1) (2006) 153–159.

[25] K. Tiranathanagul, O. Jearnsujitwimol, P. Susantitaphong, N. Kijkriengkraikul,
A. Leelahavanichkul, N. Srisawat, et al., Regional citrate anticoagulation reduces
polymorphonuclear cell degranulation in critically ill patients treated with con-
tinuous venovenous hemofiltration, Ther. Apher. Dial. 15 (6) (2011) 556–564.

[26] O.M.E. Abdel-Salam, E.R. Youness, N.A. Mohammed, S.M.Y. Morsy, E.A. Omara,
A.A. Sleem, Citric acid effects on brain and liver oxidative stress in lipopoly-
saccharide-treated mice, J. Med. Food 17 (5) (2014) 588–598.

[27] A. Bryland, A. Wieslander, O. Carlsson, et al., Citrate treatment reduces endothelial
death and inflammation under hyperglycaemic conditions, Diabetes Vasc. Dis. Res.
9 (1) (2012) 42–51.

[28] M.A. Prieto, I. Rodríguezamado, J.A. Vázquez, et al., β-carotene assay revisited.
application to characterize and quantify anti-oxidant and prooxidant activities in a
microplate, J. Agric. Food Chem. 60 (36) (2012) 8983–8993.

[29] C.C. Winterbourn, The challenges of using fluorescent probes to detect and quantify
specific reactive oxygen species in living cells, BBA - Gen. Subj. 1840 (2) (2014)
730–738.

[30] P.H. Wooley, R. Morren, J. Andary, et al., Inflammatory responses to orthopaedic
biomaterials in the murine air pouch, Biomaterials 23 (2) (2002) 517–526.

[31] E. Gopal, S. Miyauchi, P.M. Martin, et al., Expression and functional features of
NaCT, a sodium-coupled citrate transporter, in human and rat livers and cell lines,
Am. J. Physiol. Gastrointest. Liver Physiol. 292 (1) (2007) 402–408.

[32] J.A. Badwey, M.L. Karnovsky, Active oxygen species and the functions of phago-
cytic leukocytes, Annu. Rev. Biochem. 49 (49) (1980) 695–726.

[33] L.A. Guthrie, L.C. Mcphail, P.M. Henson, et al., Priming of neutrophils for enhanced
release of oxygen metabolites by bacterial lipopolysaccharide. Evidence for

Fig. 11. Schematic depicting the pro-
posed molecular mechanism by which
citrate regulates cellular redox sig-
naling pathways in BMSCs. Citrate in-
creases the cellular anti-oxidant capa-
city under oxidative stress conditions
via different mechanisms. Citrate may
serve as a metal iron chelator to pre-
vent reaction of free radicals under
physiological conditions. Citrate may
regulate PPARγ expression. As PPARγ
is a central organizer of the anti-in-
flammatory and anti-oxidant responses,
inhibition of this protein may disrupt
the cellular redox signaling pathways
regulated by citrate. Third, citrate di-
rectly regulates anti-oxidant proteins
via a PPARγ independent pathway. The
combination of all these mechanisms
regulates the expression of proteins and
increases cellular anti-oxidant capacity.
PPARγ may be a key molecule in ci-
trate-mediated redox signaling.
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