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Abstract

Objective Activated macrophages undergo a metabolic shift from oxidative phosphorylation (OXPHOS) to aerobic glyco-
lysis, which plays a critical role in inflammation. Increasing evidence suggests the important role of propofol in the regula-
tion of inflammatory response and metabolism, but the effect of propofol on the metabolic shift in macrophage, and the
mechanisms involved remain unclear.

Methods The effect of propofol on the metabolic switch was analyzed by extracellular acidification rate and oxygen con-
sumption rate assays. The effect of propofol on glycolysis was analyzed by lactate and glucose uptake assay. The mRNA,
protein, cell surface levels of glucose transporter 1 (GLUT1) and the silencing of GLUT1 were employed to understand the
effects of GLUT1-mediated metabolism by propofol. Finally, to understand the antioxidation of propofol on the regulation
of metabolism, the reactive oxygen species (ROS) production and NADPH activity were performed.

Results We show that propofol can change the metabolic pathway switch from aerobic glycolysis to OXPHOS in LPS-
activated macrophages. Moreover, propofol suppresses aerobic glycolysis via inhibited GLUT1-mediated glucose uptake.
Furthermore, we show that propofol reduces ROS overproduction, which in turn inhibits GLUT1 expression. Finally, we
find that propofol reduces ROS production via inhibits NADPH activity.

Conclusion These findings shed light on the function and mechanism of propofol in the metabolic switch and highlight the
importance of targeting metabolism by propofol in the clinical medication of inflammatory diseases.
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Introduction

Macrophage is the front-line cell of innate immunity. They
recognize and respond to pathogens or damaged cells via
pathogen-associated molecular patterns (PAMP) or dan-
ger-associated molecular patterns (DAMP), leading to the
inflammation response [1]. An excessive host response is
associated with the pathogenesis of many diseases, such as
Gram-negative bacilli-induced sepsis [2]. Depending on the
type of stimuli, macrophages have two key roles: to respond
to infection and to repair tissue damage, which requires the
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function of macrophages on host defense and inflammation.
Recent studies have shown the critical role of metabolic
reprogramming in host defense and inflammation [3, 4].
The reprogramming of metabolic pathways in immune
cells has relevance in the regulation of innate immune func-
tions and the pathogenesis of inflammatory [3-5]. A link
between the inflammatory profile and the metabolic repro-
gramming of macrophages has become increasingly clear
in the past few years [5, 6]. Growing evidence suggests
that macrophages have the ability to switch from oxidative
phosphorylation (OXPHOS) to aerobic glycolysis, which
can lead to an accumulation of metabolic intermediates
that serve as signaling molecules to regulate cellular pro-
cesses, such as the production of inflammatory mediators
[5-7]. One key mediator of aerobic glycolysis is the produc-
tion of reactive oxygen species (ROS), which participate
in normal physiological processes or contribute to a mala-
daptive response that leads to metabolic dysfunction and

@ Springer


http://orcid.org/0000-0002-4527-8802
http://crossmark.crossref.org/dialog/?doi=10.1007/s00011-021-01449-y&domain=pdf

474

W.Zeng et al.

inflammatory signaling [8]. Researchers have reported ROS
regulate metabolism via HIF-1a activity or glucose uptake
[8,9].

It is now recognized that anesthesia could influence
metabolism, inflammation, and immunological changes in
the perioperative period [10]. Propofol (2, 6-diisopropylphe-
nol), a widely used intravenous anesthetic, has been used for
the induction and maintenance of anesthesia and sedation in
critical patient care. Recent pieces of evidence have shown
that propofol has immunomodulatory effects, including sup-
pression of inflammatory response [11, 12]. Also, several
studies have shown that propofol is able to inhibit the expres-
sion of HIF-1a [13] or the overproduction of cytoplasmic
or mitochondria ROS [14], which is high correlation with
cellular metabolism [8]. Some studies demonstrated that
propofol attenuates the adhesion of tumor and endothelial
cells through inhibiting glycolysis in human umbilical vein
endothelial cells [15]. A study has reported, in THP-1 cells,
propofol suppressed lactate accumulation through the inhibi-
tion HIF-1a activation [13]. But, another study indicated that
propofol induced the metabolic switch OXPHOS to glyco-
lysis by suppressing mitochondrial function in human neu-
roblastoma SH-SY5Y cells [16]. The effect of propofol on
the metabolic switch in macrophages, and the mechanisms
involved remain unclear.

Therefore, in this study, we aim to explore the effect and
mechanism of propofol on metabolism in LPS-induced acti-
vated macrophages. Here, we found that propofol can change
the metabolic pathway switch from aerobic glycolysis to
OXPHOS in LPS-induced macrophages. Besides, we dem-
onstrated that propofol suppressed aerobic glycolysis and
improved OXPHOS via regulating the production of nicoti-
namide adenine dinucleotide phosphate (NADPH)-derived
ROS, which regulates glucose transporter 1 (GLUT1)-
mediated glucose uptake. Overall, this article presents evi-
dence for the metabolic regulation of propofol in activated
macrophages.

Materials and methods
Animals

C57BL/6 male mice (6—8 weeks old, 25 g) were purchased
from Southern Medical University Animal Center (Guang-
zhou, China). All the animal experimental protocols were
reviewed and conformed to the committees of Southern
Medical University Animal Center for care and committees
of Guangdong Medical University.
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Reagents

Propofol (56931), LPS (L3023), apocynin (178385) and
NAC (A7250) were purchased from Sigma. Rabbit poly-
clonal antibody against ACTIN was from Cell Signaling
Technology. Anti-Glucose Transporter GLUT1 antibody
(ab115730), Alexa Fluor 488 Anti-Glucose Transporter
GLUT!1 antibody [EPR3915] (ab195359), H,DCFDA
(ab113851) and 2NBDG (ab235976) were obtained from
Abcam. Control siRNA (sc-37007), GLUT1 siRNA (sc-
35494) were purchased from Santa Cruz Biotechnology.

Bone marrow-derived macrophages (BMDM)
isolation and culture

BMDMs were, respectively, isolated from the tibia and
femur of male C57BL/6 mice (6—8 week) and all the pri-
mary cells were cultured in the cell culture plates for 1 week
in macrophage medium (RPMI-1640 medium with a sup-
plement of 10% FBS, 100 pg/ml streptomycin, 100 U/ml
penicillin, and 10 ng/ml MCSF).

CCK8 assay

Cell viability was assessed by Cell Counting Kit-8 (CCK8)
assay following the manufacturer’s instructions (Dojindo,
Japan).

Extracellular acidification rate and oxygen
consumption rate assays

Extracellular acidification rate (ECAR) and cellular oxygen
consumption rate (OCR) were measured with XF24 Extra-
cellular Flux Analyzer (Seahorse Bioscience). ECAR and
OCR were measured by Seahorse XF Glycolysis Stress Test
Kit and Seahorse XF Cell Mito Stress Test Kit, respectively.
In brief, cells (2 x 10%) were seeded into a Seahorse XF 24
cell culture microplate. Cells were then switched into XF
assay medium (containing 25 mM glucose, 2 mM sodium
pyruvate, and 2 mM glutamine, and pH adjusted to 7.4) 1 h
prior to assay. After baseline measurements, for ECAR,
10 mM glucose, 1 pM oligomycin, and 50 mM 2-DG were
sequentially injected into each well at indicated time points.
For OCR, 1 pM oligomycin, 0.5 pM FCCP, and 1 pM rote-
none plus antimycin A (Rote/AA) were sequentially injected.

Mitochondrial membrane potential (JC-1) assay

BMDM cells were seeded in six-well plates at a density
of 2 x 10° cells/well. After the treatments, the cells were
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collected and stained with JC-1 for 30 min at 37 °C in the
dark and then washed twice with PBS. The cells were resus-
pended in 500 ml PBS and analyzed by flow cytometry.

RNA isolation and real-time PCR analysis

TRIzol reagent (Invitrogen, Carlsbad, CA) was used to
isolate total RNA. Total RNA was reverse transcribed to
cDNA by a Reverse Transcription Kit (TaKaRa Bio-Tech-
nology, China). Quantitative real-time PCR was performed
with the SYBR Green Mixture (TaKaRa Bio-Technology,
China). The gene-specific primers as follow: GLUT1 (for-
ward primer: GAA CCT GTT GGC CTT TGT GGC; reverse
primer: GCT GGC GGT AGG CGG GTG AGC G), 18S
(forward primer: GTA ACC CGT TGA ACC CC ATT;
reverse primer: CCA TCC AAT CGG TAG TAG CG).

Western blotting

BMDM cells protein was lysed by RIPA buffer and the
concentration was determined by BCA kit (ThermoFisher
Scientific). The proteins were subjected to SDS-PAGE and
transferred to PVDF membranes (Millipore). After block-
ing with 5% skimmed milk for 1 h at room temperature, the
membranes were incubated with primary antibodies against
GLUT1 (1:10,000, Abcam) or -ACTIN (1:1000, Cell Sign-
aling Technology) overnight at 4 C. The membranes were
incubated with secondary antibodies for 1 h at room tem-
perature, followed by visualization using ECL reagent (Mil-
lipore). The densitometric analysis of protein was performed
by Image Pro Plus.

Cell transfection

For silence GLUT]1 expression, cells were transfected with
si-NC and si-GLUT1 by Lipofectamine™ 3000 Transfec-
tion Reagent (Invitrogen) according to the manufacturer’s
instruction. After 24 h or 48 h, the silencing efficiency was
measured by g-PCR and immunoblotting.

Flow cytometry assay

For measuring cell surface expression of GLUT1, after treat-
ment, cells were incubated with AF488 Anti-Glucose Trans-
porter GLUT1 antibody (Abcam, ab195359) for 30 min on
ice, washed three times with PBS, and analyzed by flow
cytometry.

NADPH activity and lactate assay
NADPH activity in cell lysate was measure by NADP/

NADPH Quantitation Kit (Sigma-Aldrich, MAKO038) fol-
lowing the manufacturer’s instructions. Lactate in culture

medium was measured with the L-Lactate Assay Kit (Abcam,
ab65331) according to the manufacturer’s instructions.

Reactive oxygen species detection

The intracellular ROS levels were examined using
H,DCFDA (Abcam) by flow cytometry. In brief, after cor-
respondingly treatments, 1.5 X 10° cells were collected and
stained with 20 pM H,DCFDA for 30 min at room tem-
perature. Cells were washed once in PBS and analyzed by
flow cytometry. Data were analyzed using FlowJo (TreeStar,
USA).

Glucose uptake assay

BMDM cells (2 x 10° cells/well) were cultured in a six-
well plate. After treatments, cells were incubated 1 h in glu-
cose-free media. And then, cells were stained with 300 pM
2NBDG for 30 min in 37 °C in the dark. Cells were then
washed twice with PBS and analyzed by flow cytometry (BD
Biosciences). Data were analyzed using FlowJo (TreeStar,
USA).

Statistical analysis

Results are presented as mean + SD of three independent
experiments. Significance of differences between groups was
determined using One-way ANOVA or ¢ test. p <0.05 was
considered statistically significant.

Results

Propofol inhibits aerobic glycolysis and improves
oxidative phosphorylation in LPS-induced
macrophages

Macrophage activation elicits changes in metabolic pro-
files according to activation state. Activated macrophages
(LPS stimulation) metabolic pathway shift from oxidative
phosphorylation (OXPHOS) to glycolysis [5]. First, we
examined the effect of propofol on LPS-induced lactate
production. As shown in Fig. 1 a, 50 pM propofol signifi-
cantly decreased LPS-induced lactate production, while
25 pM propofol did not affect lactate production. In addi-
tion, 50 pM propofol did not affect the BMDM cell viabil-
ity (Fig. 1b). Therefore, we chose 50 pM propofol for the
following experiments. For further investigated the effect
of propofol on macrophages metabolic reprogramming.
We measure the extracellular acidification rate (ECAR)
and oxygen consumption rate (OCR), which reflects over-
all glycolytic flux and indicator of mitochondrial respi-
ration, respectively. The difference between basal and

@ Springer



476 W.Zeng et al.
* " "
A 3o _* C “ Glucose  Oligomycin 2DG E Oligomycin FCCP ROT/AA
200
= —o— Naive E —o— Naive
s, € —o—LPS E 150 —e—LPS
= T 201 —o— PPF+LPS § —o—PPF4LPS
& E //\‘l g
©
S, v S 1008—F—§
- <. & —
O 104
D w ,Qg O 5o{t—+— /\.—o.
o
> @ K & & P
FEL LS 0 : : 0
<o qf’$ &K @&‘ QQQ 20 40 60 0 20 40 60
,f,\?‘& "@“ time (min) time (min)
B D * F ok
251 150+ -
= . * 3 Control 2= 3 Control
£ = 20 m LPS 3 @ LPS
8 £ 03 PPR:LPS < 100- [ PPF+LPS
= I 154 2
S 53 © *
> E £ dk T
E 104 s
3 % x 50
g o il
> w54 o
°
° |
PPF 0 25 50 75 100 (uM) glycolytic capacity basal maximal
H g4 *
= *k
G Control LPS PPF PPF+LPS S a0
S
3|+ E =]
S 1 3 20
o Qo
[zl - o c
< ] $ 10
5 5
& 3 3 -~
3 g v
7|1 1 1 1 SRRy
Q ] ] & TN
=2 T T T T T T T T S N &
N
S ‘g?
JC-1 Green fluorescence ¥

Fig. 1 Propofol is involved in regulating LPS-induced aerobic glyco-
lysis in BMDM cells. a BMDM cells were pretreated with or without
propofol (25 pM or 50 pM) for 1 h. Cells were stimulated with LPS
(1 pg/ml) for 24 h. The concentration of lactate was determined in
the supernatant. b BMDM cells were treated with indicated concen-
tration of propofol for 24 h, cell viability was tested by CCK8 assay.
c—h BMDM cells were treated with LPS (1 pg/ml, 24 h) in the pres-
ence or absence of 50 uM propofol for 1 h. ECAR and OCR rates
were measured by extracellular flux analysis as a measurement for

maximal ECAR rates is known as the glycolytic reserve
capacity. As shown in Fig. 1c and d, 50 pM propofol
pretreatment showed a significant decrease in glycolytic
reserve capacity in LPS-induced macrophages, indicating
that propofol inhibits aerobic glycolysis. Besides, compare
with LPS stimulation, pre-treated with propofol signifi-
cantly increase basic state and maximal OCR (Fig. le, f),
indicating that propofol improves OXPHOS. Furthermore,
we found that propofol pretreatment maintained mitochon-
drial membrane potential at a higher level after LPS was
stimulated (Fig. 1g, h), indicating that propofol protects
mitochondrial function. Taken together, these results indi-
cated propofol can change the metabolic switch from aero-
bic glycolysis to OXPHOS in LPS-induced macrophages.
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OXPHOS and glycolysis, respectively. During extracellular flux
analysis, cells were sequentially treated with ¢, d glucose, oligomycin
(OM), and 2-deoxyglucose (2-DG), to determine glycolysis param-
eters from the ECAR levels, or with e, f OM, FCCP, and rotenone
(ROT) plus antimycin A (AA), to assess OXPHOS parameters from
the OCR levels. g Mitochondrial membrane potential was tested
by JC-1 assay. h JC-1 greed fluorescence-positive cells are shown.
Error bars stand for the mean+SD of at least triplicate experiments.
*p<0.05, **p<0.01

Propofol suppresses aerobic glycolysis via inhibition
of GLUT1 expression

Glycolysis involves a series of reactions, including the
transport of glucose across the plasma membranes of cells.
We found that pre-treated propofol significantly decreased
LPS-induced glucose uptake in macrophages (Fig. 2a, b),
which indicating that propofol influences glucose transport.
GLUTI, a glucose transporter, plays key roles in the acti-
vation of immune cells and glucose metabolism. We then
investigated whether propofol might influence aerobic glyco-
lysis via GLUT1 in macrophages; we examined the expres-
sion of GLUT1 at the mRNA, protein, and cell surface levels
after pre-treated propofol. We found that propofol inhibited
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Fig.2 Propofol suppresses LPS-induced aerobic glycolysis through
inhibition of GLUT1 expression. BMDM cells were pretreated with
or without 50 pM propofol for 1 h, and then exposed to LPS (1 pg/
ml) for 4 h (c) or 24 h (a, b, d-g). a, b Glucose uptake was meas-
ured by flow cytometry. ¢ Gene transcript level of GLUT1 was ana-
lyzed by qPCR. d, e Protein level of GLUT1 was analyzed by western
blot. f, g The cell surface expression of GLUT1 was analyzed by flow

GLUT1 expression at both the mRNA and protein levels
upon LPS stimulation (Fig. 2c—e). As GLUT1 locates in the
cell plasma membrane, we tested the role of propofol in the
GLUT! cell surface expression. We found that propofol sig-
nificantly decreased GLUT1 cell surface expression upon
LPS stimulation (Fig. 2f, g). These results demonstrate that
propofol can decrease GLUT1 cell surface expression via
inhibiting GLUT1 mRNA and de novo generation of GLUT1
protein.

To further confirm the effect of GLUT1 on LPS-induced
aerobic glycolysis, we silenced the expression of GLUT1 by
GLUT1 siRNA. GLUT1 was significantly down-regulated at
both the mRNA and protein levels (Fig. 2h-j). We found that
production of lactate in macrophages upon LPS stimulation
was significantly inhibited after GLUT1 silencing (Fig. 2k),
indicating that GLUT1 contributes to LPS-induced aerobic
glycolysis. Taken together, these results demonstrate that
propofol dampens LPS-induced aerobic glycolysis via inhib-
iting GLUT1 expression in macrophages.

Propofol reduces ROS production in LPS-induced
macrophage aerobic glycolysis

Experimental studies revealed the role of propofol in anti-
oxidant activity [14]. In our experiment, we found that the

cytometry. BMDM cells were transfected with si-NC and si-GLUT1
for 24 h. h—j The efficiency of silencing was evaluated by gPCR and
western blot. k BMDM cells transfected with si-NC or si-GLUT1
were treated with LPS (1 pg/ml) for 24 h to measure the concentra-
tion of lactate. Data shown represent three independent experiments.
*p<0.05, **p<0.01

increase of ROS production in LPS-induced macrophages
aerobic glycolysis (Fig. 3a, b). We wondered whether ROS
is involved in the mechanism underlying propofol inhibited
aerobic glycolysis. To test this hypothesis, we monitored
the intracellular ROS with or without propofol. We found
that propofol significantly decreased intracellular ROS pro-
duction upon LPS stimulation (Fig. 3a, b). Next, we tested
the NADPH activity, which is essential for ROS production.
We found that propofol pretreatment can inhibit NADPH
activity (Fig. 3c). Besides, we found that pretreated with
NAC or apocynin, which degrades intracellular ROS or
inhibited NADPH oxidases respectively, can significantly
decrease lactate (Fig. 3d, e). These results indicate propo-
fol can inhibit LPS-induced aerobic glycolysis via reducing
NADPH-induced ROS production.

ROS regulates GLUT1 expression

In our experiment, we have already confirmed that propo-
fol dampens LPS-induced aerobic glycolysis via inhibiting
GLUT1 expression and ROS production. We wondered the
relationship between GLUT1 and ROS underlying LPS-
induced aerobic glycolysis. We found that GLUT1 expres-
sion was decreased upon NAC or apocynin pretreatment at
both the mRNA and protein levels (Fig. 4a—e). To further
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Fig.3 Propofol inhibits LPS-induced aerobic glycolysis via reduces
NADPH activity and ROS production. BMDM cells were treated
with 1 pg/ml LPS for 4 h (a—c) or 24 h (d, e) in the presence or
absence of 50 pM propofol, 10 mM NAC or 1 pM apocynin pretreat-
ment for 1 h. a, b ROS production was analyzed by flow cytometry. ¢
NADPH activity was measured. d, e The concentration of lactate was
assessed in the supernatant. Data shown represent three independent
experiments. *p <0.05, **p <0.01

confirm the regulation of ROS to GLUT1, we measured the
cell surface expression of GLUT1. As shown in Fig. 4f and
g, NAC pretreatment can reduce the cell surface expression
of GLUT1 upon LPS stimulation. Similarly, apocynin pre-
treatment decreased the cell surface expression of GLUT1
after LPS stimulation (Fig. 4h, i). we found that NAC pre-
treatment can reduce GLUT1-induced glucose uptake upon
LPS stimulation (Fig. 4j, k). Taken together, these results
suggest ROS reduce GLUT]1 cell surface expression via
inhibiting GLUT1 mRNA and de novo generation of GLUT1
protein.

Discussion

In response to invading pathogens, the innate immune sys-
tem is the first line of defense. Macrophages play a criti-
cal role in host defense against infection and inflamma-
tory diseases, when activated using TLR ligands (such as
LPS), promote the production of inflammatory cytokines
[1, 17]. Recent studies have shown the link between the
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inflammatory response and metabolic change, when mac-
rophages activated, switch metabolism from OXPHOS to
aerobic glycolysis, which promotes the production of inflam-
matory cytokines (such as illb, HMGB1) [5, 6, 18]. Propo-
fol, as a widely used intravenous anesthetic, has been dem-
onstrated to protect tissue via the effect of anti-inflammatory
[11, 14]. Also, some studies suggested that propofol regulate
glucose metabolism in many cancer, including breast cancer
[19], colon cancer [20], and pancreatic cancer [21]. But, the
role of propofol in the metabolic switch in macrophages still
remained unclear. In this study, we expounded the role of
propofol in the metabolic switch between aerobic glyolysis
and OXPHOS and demonstrated the mechanism of propofol
in LPS-mediated metabolism.

Macrophages reprogram their metabolism and function
according to environmental conditions and stimuli. In the
normal resting macrophages, energy mainly from OXPHOS.
Glucose entering glycolysis is converted to pyruvate, which
enters the tricarboxylic acid (TCA) cycle where it becomes
oxidized to generate ATP. However, once macrophages are
activated (such as Toll-like receptor 4 (TLR4) agonist LPS),
OXPHOS is suppressed, and cells switch to glycolysis as an
alternative. The increase in glycolysis could be a mechanism
to rapidly generate ATP, less energetically efficient when
compared to the TCA cycle, but the mode of ATP genera-
tion, but it can be quickly induced and production more
intermediate metabolites, which is necessary for inflamma-
tory response. Stimulating macropaghes with LPS causes an
increased glycolytic rate and glucose consumption, which
are associated with enhanced expression of GLUT1 at both
mRNA levels and protein levels as well as elevated lactate
production [22, 23]. Furthermore, increased intracellular
ROS production is observed in activated macrophages. In
response to ROS, cells might upregulate glycolysis [24].
Similarly, we found that the expression of GLUT1, which
mediates glucose uptake, is increased as well as the ele-
vated ROS production. Interestingly, previous studies have
reported that propofol has a positive effect on anti-inflam-
mation via inhibiting ROS production [12, 14], which has a
high correlation with cellular metabolism and infection dis-
ease [8]. Therefore, propofol has been a potential anesthetic
for infection disease. However, the function of propofol on
immunometabolism is unclear. Hence, we investigated the
role of propofol on the metabolic switch.

Macrophages activation depends on cell metabolism
reprogramming. In this study, we investigated the bioener-
getic profiles of OXPHOS and aerobic glycolysis in LPS-
induced macrophages and compared them with different
concentrations of propofol pretreatment. Our results sug-
gested that LPS stimulation leads to metabolic reprogram-
ming via switching OXPHOS to aerobic glycolysis and pre-
treated with appropriate concentration of propofol (50 pM)
could reverse this phenotype by normalizing its metabolic
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Fig.4 ROS contributes to LPS-induced GLUT1 expression. BMDM
cells were pretreated with or without 10 mM NAC or 1 pM apocynin
for 1 h, and then exposed to LPS (1 pg/ml) for 4 h (a) or 24 h (b—k). a
Gene transcript level of GLUT1 was analyzed by qPCR. b—e Protein

manner, switch the metabolism from aerobic glycolysis to
OXPHOS. These results are similar to reports demonstrat-
ing a decrease in colorectal cancer cells [25] or umbilical
vein endothelial cells [15] glycolysis after pretreatment with
propofol. Conversely, some studies reported that propofol
had cytotoxicity, even induced glycolysis and cell death
in neuroblastoma SH-SY5Y cells [16] or Renal cell carci-
noma cell lines [26], but these studies used a high concen-
tration of propofol, which can lead the cell death. The study
has shown, in macrophage cell line RAW?264.7, the cells
would be injured when the concentration of propofol up to
300 pM [27]. Similarly, in this study, we also found that
a high dose of propofol (100 pM) tended to decrease the
cell survival in BMDM. Therefore, our study demonstrated
that an appropriate concentration of propofol can switch
the metabolism from aerobic glycolysis to OXPHOS in

level of GLUTI was analyzed by western blot. f-i The cell surface
expression of GLUT1 was analyzed by flow cytometry. j, k Glucose
uptake was measured by flow cytometry. Data shown represent three
independent experiments. *p <0.05, **p <0.01

activated macrophages. However, we should further consider
the underlying mechanism of how propofol inhibits aerobic
glycolysis and improve OXPHOS by LPS.

Previous studies have shown that glucose uptake
plays a critical role in metabolism and that is the initial
of glycolysis and oxidation phosphorylation [5, 6]. Cel-
lular glucose uptake is mediated by glucose transporters
(GLUTS), of which fourteen isoforms have been described
with different kinetic properties and modes of regulation
[28]. GLUTI, highly expressed in macrophages, regulates
glucose metabolism, which drives the expression of pro-
inflammatory mediators [22, 29]. Presently, we observed
that propofol could inhibit glucose uptake via decrease the
expression of GLUT1 at the mRNA, protein, and cell sur-
face levels, indicating that propofol could regulate the de
novo synthesis of GLUT1. Overexpression of GLUT1 in
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macrophages significantly increased glucose uptake, gly-
colysis, and the expression of proinflammatory cytokines
associated with systemic metabolic dysfunction (e.g.,
TNF-a, IL-1p, and IL-6) [29]. In addition, adipose tissue
macrophages displaying high surface GLUT1 contained
greater cytokines, suggesting that GLUT1 correlates with
in vivo inflammation [22]. GLUT1-overexpressing cells
also contained less CoA, which limits excess pyruvate
or fatty acids from entering the TCA cycle for oxidative
metabolism [22]. Stimulation of cellular glucose uptake is
frequently observed during conditions of oxidative stress.
In muscle cells, endogenous ROS induced an increase in
glucose uptake [30]. Similarly, in this study, we found that
LPS-induced ROS production can upregulate GLUT1,
which enhances glucose uptake. Propofol decreased
GLUT]1 expression by inhibiting ROS overproduction.
Also, previous studies have shown that ROS-mediated
HIF-1a stabilization enhanced GLUT1 expression and
glucose uptake in Lewis lung carcinoma, colon, and breast
cancer cells [9, 31, 32]. HIF-1a ubiquitinylation is inhib-
ited allowing it to drive the transcription of various target
genes, including GLUT1 [33]. Besides, we also found that
propofol inhibited NADPH oxidases (NOX)-derived ROS
production. One of the most well-known sources of intra-
cellular ROS is the NOX family of enzymes [8, 34]. In the
endothelial cell, NOX-dependent ROS production drives
HIFla-mediated GLUT1 expression. ROS-dependent
aerobic glycolysis will enhance pentose phosphate path-
way (PPP) activity, leading to elevated NADPH, which
in turn, further enhances NOX-derived ROS production
[34-36]. In addition, propofol can decrease the levels of
cellular Ca%*, because of its antioxidation [14], leading
to the activation of CAMK-ERK, which in turn inhibited
HIFla-mediated GLUT1 expression [25]. However, the
exact mechanism of the relationship between propofol,
ROS and GLUTI needs to be further explored.

In conclusion, our study has indicated that an appro-
priate concentration of propofol switches the metabolism
from aerobic glycolysis to OXPHOS. Furthermore, we also
have identified the mechanisms of propofol in mediating
LPS-induced metabolism through ROS-derived GLUT1-
mediated glucose uptake. These findings suggest the met-
abolic regulation of propofol in activated macrophages
proposes propofol as a promising candidate anesthetic for
inflammatory diseases.
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