
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00210-021-02137-8

ORIGINAL ARTICLE

Impact of a long‑term high‑glucose environment on pro‑inflammatory 
responses in macrophages stimulated with lipopolysaccharide

Tokiko Suzuki1,2 · Shigeyuki Yamashita1,3 · Kohshi Hattori4 · Naoyuki Matsuda5 · Yuichi Hattori1,6

Received: 28 July 2021 / Accepted: 4 August 2021 
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Cumulative evidence has established that macrophages orchestrate inflammatory responses that crucially contribute to 
the pathogenesis of insulin-resistant obesity and type 2 diabetes. In the present study, we examined the impact of hyper-
glycemia on macrophage pro-inflammatory responses under an inflammatory stimulus. To conduct this study, RAW264.7 
macrophages were cultured under normal- (5.5 mM) or high-glucose (22 or 40 mM) conditions for 7 days and stimulated 
with lipopolysaccharide (LPS). Long-term exposure to high glucose significantly enhanced the increase in the production of 
pro-inflammatory cytokines, including tumor necrosis-α, interleukin (IL)-1β, and IL-6, when macrophages were stimulated 
with LPS. The LPS-induced increases in inducible nitric oxide (NO) synthase (iNOS) expression and NO production were 
also significantly enhanced by long-term exposure of macrophages to high glucose. Treatment with N-acetyl-l-cysteine, a 
widely used thiol-containing antioxidant, blunted the enhancement of the LPS-induced upregulation of pro-inflammatory 
cytokine production, iNOS expression, and NO production in macrophages. When intracellular reactive oxygen species 
(ROS) were visualized using the fluorescence dye 5-(and-6)-chloromethyl-2′,7′-dichlorofluorescein diacetate, acetyl ester, 
a significant increase in ROS generation was found after stimulation of macrophages with LPS, and this increased ROS 
generation was exacerbated under long-term high-glucose conditions. LPS-induced translocation of phosphorylated nuclear 
factor-κB (NF-κB), a transcription factor regulating many pro-inflammatory genes, into the nucleus was promoted under 
long-term high-glucose conditions. Altogether, the present results indicate that a long-term high-glucose environment can 
enhance activation of NF-κB in LPS-stimulated macrophages possibly due to excessive ROS production, thereby leading to 
increased macrophage pro-inflammatory responses.
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Introduction

Macrophages are immune cells that are found virtually in 
every tissue of the body and play a pivotal role in host defense 
and homeostasis (Mosser and Edwards 2008; Ohashi et al. 
2015; Thapa and Lee 2019). Macrophages display phenotypic 
plasticity and diversity under the influence of the surrounding 
microenvironment of macrophages (Shapouri-Moghaddam 
et al. 2018), meaning that, depending on external stimuli, they 
can transform into a pro-inflammatory phenotype, known as 
M1 macrophages, or an anti-inflammatory phenotype associ-
ated with tissue repair, known as M2 macrophages (Murray 
et al. 2014). Lipopolysaccharide (LPS), an outer membrane 
component of Gram-negative bacteria, is widely recognized 
as a potent macrophage activator that generates abundant 
inflammatory effects through Toll-like receptor-4 (TLR4). 
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Thus, pro-inflammatory macrophages are potently activated by 
LPS, leading to the production of a vast number of inflamma-
tory mediators, including oxygen and nitrogen intermediators, 
prostaglandins, and cytokines (MarcCavaillon 2018).

Recent evidence has revealed that hyperglycemic con-
ditions appear to activate monocytes, precursors of tissue 
macrophages, which further contributes to an increase in an 
M1 macrophage phenotype expression, even if neither tissue 
damage nor infection is present (Barry et al. 2016; Torres-
Castro et al. 2016), suggesting that excess high glucose may 
be associated with an M1/M2 imbalance. Furthermore, it has 
been shown that mRNA levels of tumor necrosis-α (TNF-α), 
interleukin (IL)-1β, IL-6, and IL-12 in murine peritoneal 
macrophages are increased when being exposed to high glu-
cose (Pan et al. 2012). A significant increase in TNF-α in 
response to elevated glucose levels has also been observed 
in the mouse macrophage cell line RAW264.7 (Cheng et al. 
2015). In streptozotocin-induced diabetic mice, hypergly-
cemia has been demonstrated to induce broad infiltration 
of macrophages, leading to a systemic pro-inflammatory 
state that, upon inflammatory challenge, can trigger a 
hyperinflammatory reaction and increase pro-inflamma-
tory cytokines/chemokines (Niu et al. 2016). In line with 
this, high glucose–induced exacerbation of the production 
of pro-inflammatory cytokines, such as TNF-α and IL-6, 
after stimulation with LPS has been reported by an in vitro 
study on human THP-1 macrophages (Grosick et al. 2018). 
However, what is a key mechanism by which macrophages 
exhibit hyperproduction of pro-inflammatory cytokines in a 
hyperglycemic environment is poorly understood.

In this study, we initially ascertained whether pro-inflam-
matory responses to LPS can be actually enhanced by sus-
tained high-glucose conditions in the environment of the 
macrophage cell culture. Hyperglycemia leads to excessive 
production of reactive oxygen species (ROS) in cells, includ-
ing macrophages, a condition which referred to as oxidative 
stress (Choi et al. 2008; Rendra et al. 2019; Yaribexgi et al. 
2019). Oxidative stress and inflammation have been docu-
mented to be linked with most of the diseases in recent times 
(Dandekar et al. 2015; Siti et al. 2015; Zuo et al. 2019). The 
goal of this study was thus to assess the role of oxidative 
stress in the deregulation of LPS-induced pro-inflammatory 
responses of RAW264.7 macrophage cells in a long-term 
hyperglycemic environment by using N-acetyl-l-cysteine 
(NAC), a widely used thiol-containing antioxidant.

Materials and methods

Cell culture

RAW264.7 cells, a mouse macrophage cell line, were 
cultured according to our previous studies (Wang et al. 

2015; Sakamoto et  al. 2018). Cells were harvested at 
70–80% confluence and seeded into variable size of 
plates. Then, they were exposed to the experimental 
condition for 7 days. Specifically, cells were grouped as 
follows: (1) normal-glucose medium (5.5 mM), (2) high-
glucose medium (22 mM), and (3) extremely high-glu-
cose medium (40 mM). Mannitol was used to rule out 
the effect of osmotic pressure (Abdelzaher et al. 2016). 
Cells were challenged with 0.1–1000 ng/ml LPS (Escheri-
chia coli 055:B5; List Biological Laboratories, Campbell, 
CA, USA). When cells were treated with NAC (Nacalai 
Tesque, Kyoto, Japan), it was added 30 min before LPS 
stimulation.

RNA extraction and quantitative real‑time 
polymerase chain reaction

Total RNA was isolated from cells with Sepasol®-RNA I 
Super G (Nacalai Tesque). ReverTra Ace qPCR RT Master 
Mix (Toyobo, Osaka, Japan) was used for the reverse tran-
scription reaction, and real-time polymerase chain reaction 
(PCR) analyses were performed using SYBR Premix Ex 
Taq (Tli RNase H Plus), ROX plus, (Takara Bio, Ohtsu, 
Japan), or PowerUp™ SYBR® Green Master Mix (Thermo 
Fisher Scientific, Rockford, IL, USA), as described in the 
manufacturers’ instructions. Values were normalized to the 
housekeeping gene glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) according to the manufacturer’s proto-
col (Mx3000P real-time PCR system; Agilent Technolo-
gies Inc., Santa Clara, CA, USA). Additional details are 
stated by our laboratory (Abdelzaher et al. 2016; Suzuki 
et al. 2018; Tomita et al. 2020). The PCR primers were 
designed as follows: forward 5′-GTT​CTA​TGG​CCC​AGA​
CCC​TCAC-3′ and reverse 5′-GGC​ACC​ACT​AGT​TGG​
TTG​TCT​TTG​-3′ for TNF-α, forward 5′-TCC​AGG​ATG​
AGG​ACA​TGA​GCAC-3′ and reverse 5′-GAA​CGT​CAC​
ACA​CCA​GCA​GGTTA-3′ for IL-1β, forward 5′-CCA​
CTT​CAC​AAG​TCG​GAG​GCTTA-3′ and reverse 5′-GCA​
AGT​GCA​TCA​TCG​TTG​TTC​ATA​C-3′ for IL-6, forward 
5′-ATT​ACC​CGC​CCG​AGA​AAG​G-3′ and reverse 5′-TCG​
CAG​CAA​AGA​TCC​ACA​CAG-3′ for nucleotide-binding 
domain and leucine-rich repeat protein 3 (NLRP3), for-
ward 5′-CTA​GTT​TGC​TGG​GGA​AAG​AAC-3′ and reverse 
5′-CTA​AGC​ACA​GTC​ATT​GTG​AGCTC-3′ for apoptosis-
associated specked-like protein (ASC), forward 5′-GCT​
TCA​ATC​AGC​TCC​ATC​AGC-3′ and reverse 5′-CAG​TCA​
GTC​CTG​GAA​ATG​TGCC-3′ for caspase-1, and forward 
5′-TGT​GTC​CGT​CGT​GGA​TCT​GA-3′ and reverse 5′-TTG​
CTG​TTG​AAG​TCG​CAG​GAG-3′ for GAPDH. The PCR 
program consisted of 50 °C for 2 min and 95 °C for 2 min, 
followed by 40 cycles of 95 °C for 15 s and 60 °C for 60 s 
for annealing of primers and elongation.
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Enzyme immunoassay for IL‑6

Levels of IL-6 in culture media were measured by the 
use of commercially available enzyme-linked immuno-
sorbent assay (ELISA) kit (R&D Systems, Minneapolis, 
MN, USA) according to the manufacturer’s instructions. 
The plate was read on a FilterMax F5 microplate reader 
(Molecular Devices, Sunnyvale, CA, USA). Assays were 
performed in duplicate.

Western blot analysis

Cells were grown in a 6-well dish, harvested, and lysed in 
50 μl of RIPA buffer (25 mM Tris–HCl, 150 mM NaCl, 
1% NP-40, 1% sodium deoxycholate, 0.1% SDS, pH 7.4) 
for the whole cell and extraction buffer (20 mM HEPES 
[pH 7.9], 0.1 mM EDTA [pH 8.0], 0.2% NP-40, 420 mM 
NaCl, 1 mM dithiothreitol) for the nuclear fraction con-
taining protease inhibitor cocktail on ice. The lysates were 
centrifuged at 18,000 × g for 10 min at 4 °C, and the result-
ing supernatants were collected. The protein concentration 
in the remaining supernatant was measured using BCA 
Protein Assay Kit (Nacalai Tesque). Blotting procedure, 
chemiluminescent detection, and densitometric analysis 
were performed as described in our previous reports (Wang 
et al. 2015; Abdelzaher et al. 2016; Suzuki et al. 2018). 
Samples (50–100 μg of protein) were run on 10% SDS-
PAGE and electrotransferred to polyvinylidene difluoride 
filter membrane. The membrane was blocked for 60 min 
at room temperature in Odyssey blocking buffer (LI-COR 
Biosciences, Lincoln, NE, USA) followed by incubation 
with primary antibody at 4 °C. Primary antibody detection 
was performed with IRDye®-labeled secondary antibod-
ies. Fluorescent of IRDye was analyzed by Odyssey CLx 
Infrared Imaging System (LI-COR Biosciences). The fol-
lowing antibodies, which are commercially available, were 
used: anti-mouse inducible nitric oxide synthase (iNOS) 
polyclonal antibody (1:1000; Cell Signaling, Danvers, 
MA, USA), anti-human IκBα (44D4) monoclonal antibody 
(1:1000; Cell Signaling), anti-phospho-nuclear factor- 
κB (NF-κB) p65 (Ser536) (93H1) monoclonal antibody 
(1:1000; Cell Signaling), anti-human nuclear factor eryth-
roid 2–related factor 2 (Nrf2) (A-10) monoclonal antibody 
(1:200; Santa Cruz Biotechnology, Santa Cruz, CA, USA), 
anti-human heme oxygenase-1 (HO-1) (F-4) monoclonal 
antibody (1:200; Santa Cruz Biotechnology), anti-human 
GAPDH chicken polyclonal antibody (1:1500; EMD Milli-
pore, Billerica, MA, USA) or mouse monoclonal antibody 
(1:1000; Wako Pure Chemical Industries, Osaka, Japan), 
and anti-laminB1 rabbit polyclonal antibody (1:1000; Pro-
teintech, Rosemont, IL, USA).

Measurement of NOx production

To assess nitric oxide (NO) production by RAW264.7 
cells, the NOx (nitrite and nitrate) content of the medium 
was measured with NO2/NO3 Assay Kit-FX (Fluorometric) 
(Dojindo, Kumamoto, Japan), according to the manufac-
turer’s instructions. For final medium change, we used phe-
nol red-free DMEM (Nacalai Tesque) without fetal bovine 
serum.

Measurement of ROS production

Intracellular ROS was detected as previously described 
(Kawakami et  al. 2018). RAW264.7 cells were loaded 
with the fluorescent probe 5-(and-6)-chloromethyl-2′,7′-
dichlorofluorescein diacetate, acetyl ester (CM-H2DCFDA; 
Thermo Fisher Scientific) to a final concentration of 10 μM 
for 30 min at 37 °C. Cells were harvested by TrypLE and 
then analyzed on a FACS Accuri (BD Biosciences, Franklin 
Lakes, NJ, USA).

Statistical analysis

Values are presented as means ± standard error. Student’s 
t test was used to evaluate the differences between two 
groups. One-way analysis of variance (ANOVA) followed 
by Tukey’s test was used to compare the means of more 
than two independent groups. Data were analyzed by the 
use of GraphPad Prism® version 6.0 software (San Diego, 
CA, USA). P < 0.05 was considered statistically significant.

Results

Effect of long‑term high‑glucose exposure 
on LPS‑induced pro‑inflammatory responses 
in macrophages

Previous studies have shown that short-term high-glucose 
exposure (3–48  h) enhances LPS-induced RAW264.7 
macrophage activation (Chen et al. 2006; Hua et al. 2012; 
Hwang et al. 2017; Cantuária et al. 2018). In this study, 
we investigated the impact of high-glucose exposure over a 
longer period of time (7 days) on pro-inflammatory cytokine 
expression in RAW264.7 cells stimulated with LPS. When 
LPS (30 ng/ml) was applied to RAW264.7 cells for 12 h, 
the mRNA levels of TNF-α, IL-1β, and IL-6 were greatly 
upregulated (Fig. 1a). Exposure of RAW264.7 cells to high 
glucose (22 or 40 mM) for 7 days showed an increase in 
the mRNA expression levels of TNF-α, IL-1β, and IL-6 
regardless of whether LPS was challenged. However, the 
enhancing effect of long-term high-glucose exposure on the 
gene levels of pro-inflammatory cytokines was more evident 
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when macrophages were stimulated with LPS. Treatment 
with NAC, a widely used thiol-containing antioxidant, at a 
concentration of 10 mM blunted the increase in pro-inflam-
matory cytokine responses in RAW264.7 cells stimulated 
with LPS under the high-glucose conditions. When the 
amounts of IL-6 in culture media were measured by ELISA, 
long-term high-glucose exposure resulted in a significant 
enhancement of the elevation in IL-6 protein levels secreted 
by RAW264.7 cells after 100 ng/ml LPS challenge, and 
this enhancing effect was negated by treatment with NAC 
(Fig. 1b).

In inflammation, NO is produced by iNOS which is 
induced by bacterial products, such as LPS, and cytokines, 

and NO acts as a regulatory and pro-inflammatory media-
tor (Cinelli et al. 2020). Challenge with 100 ng/ml LPS 
resulted in a significant upregulation of iNOS protein in 
RAW264.7 cells (Fig. 2a). The increase in iNOS protein 
expression in LPS-stimulated RAW264.7 cells was signifi-
cantly augmented by high glucose (22 or 40 mM) for 7 days. 
Treatment with NAC blunted the augmented response of 
the LPS-induced iNOS upregulation when RAW264.7 cells 
were exposed to high glucose. In line with the finding that 
the increase in iNOS expression after LPS stimulation was 
enhanced in a high-glucose environment, an increase in 
NOx after challenge with LPS was significantly enhanced 
under high-glucose conditions (Fig. 2b). This enhancement 

Fig. 1   Effect of long-term high glucose on expression of pro-inflam-
matory cytokines in LPS-stimulated RAW264.7 cells. Cells were 
cultured with normal glucose (NG), 22 mM glucose (HG), or 40 mM 
glucose (EHG) for 7  days. Then, cells were challenged with LPS. 
NAC (10 mM) was given 30 min before LPS. a–c The mRNA lev-
els of TNFα, IL-1β, and IL-6 were quantified by real-time PCR after 

stimulation with 30 ng/ml LPS for 3 h. The values were expressed as 
a fold increase above NG control normalized to GAPDH (n = 3–5). 
d Cell culture media were collected at 12  h after 100  ng/ml LPS 
challenge, and then IL-6 was measured by ELISA (n = 4). *P < 0.05, 
**P < 0.01, and ***P < 0.001. $P < 0.05 vs HG + LPS. &P < 0.05 vs 
EHG + LPS
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of LPS-induced NOx production was less pronounced in the 
presence of NAC.

The NLRP3 inflammasome is a critical intracellular sen-
sor of the innate immune system that plays a vital role in 
regulating inflammation (Haneklaus et al. 2013). It is com-
posed of the sensor molecule NLRP3 protein, the adaptor 
protein ASC, and the effector pro-caspase-1 (Jin and Flavell 
2010). When RAW264.7 cells were challenged with 30 ng/
ml LPS, a marked upregulation of NLRP3 transcript expres-
sion was observed (Fig. 3a). Exposure to high glucose (22 
or 40 mM) for 7 days did not substantially affect the LPS-
induced mRNA expression of NLRP3 in RAW264.7 cells. 

The expression level of ASC mRNA was also upregulated by 
LPS stimulation (Fig. 3b). ASC mRNA expression showed 
an increasing trend when cells were exposed to high glu-
cose in both the presence and absence of LPS, although 
no significant difference in its expression levels was found 
between the normal- and high-glucose exposure groups. 
Caspase-1 mRNA expression levels remained unchanged 
with LPS challenge and high-glucose exposure (Fig. 3c). 
Taken together, these results indicate that the impact of a 
high-glucose environment on the NLRP3/ASC/caspase-1 
axis appears to be minimal.

Effect of long‑term high‑glucose exposure 
on LPS‑induced ROS generation in macrophages

When intracellular ROS in RAW264.7 cells were measured 
using the fluorescence dye CM-H2DCFDA, exposure to 
high glucose (22 or 40 mM) for 7 days showed no change in 
intracellular fluorescence without LPS stimulation (Fig. 4). 
Application of LPS for 18 h led to a significant increase in 
intracellular fluorescence at doses ≥ 10 ng/ml. The increases 
in intracellular fluorescence after stimulation with 10 and 
100 ng/ml LPS were significantly enhanced under high-
glucose conditions.

Effect of long‑term high‑glucose exposure on NF‑ κB 
activation and the Nrf2/HO‑1 axis in macrophages 
stimulated with LPS

The transcription factor NF- κB is well recognized as a 
pivotal player in regulating genes involved in immune and 
inflammatory responses (Li and Verma 2002; Mitchell and 
Carmody 2018). Since the activity of NF- κB is primar-
ily regulated by interaction with inhibitory I κBα protein, 
degradation of I κBα in RAW264.7 cells after stimulation 
with 1 μg/ml LPS was monitored by Western blot (Fig. 5a). 
LPS challenge led to greatly accelerated degradation of I 
κBα. A peak decrease in I κBα was observed at 15–30 min 
after challenge with LPS. In a high-glucose environment, 
the degradation levels of I κBα were more transient than 
under normal glucose and returned to the baseline value at 
30 min. The liberated NF- κB dimer then translocates into 
the nucleus where it recognizes and binds to specific DNA 
sequences termed κB sites, thereby leading to the transcrip-
tion of target genes (Karin and Ben-Neriah 2000; Sharif 
et al. 2007). In addition, in the NF- κB signaling cascade, 
serine phosphorylation of NF- κB p65 is required for nuclear 
translocation and transcriptional activation (Kwon et al. 
2016). When phosphorylated NF- κB p65 in the nuclear 
fractions was detected by Western blot, LPS resulted in 
translocation of phosphorylated NF-κB p65 into the nucleus 
at 30 min under normal glucose (Fig. 5b). On the other hand, 
nuclear translocation of phosphorylated NF- κB p65 under 

Fig. 2   Effect of long-term high glucose on iNOS responses in LPS-
stimulated RAW264.7 cells. Cells were cultured with normal glucose 
(NG), 22  mM glucose (HG), or 40  mM glucose (EHG) for 7  days. 
Then, cells were challenged with LPS. NAC (10  mM) was given 
30  min before LPS. a Expression of iNOS protein after stimulation 
with 100 ng/ml LPS for 18 h (n = 3). GAPDH served as loading con-
trol. Typical Western blots are shown in the top trace. GAPDH served 
as loading control. b NOx levels in the culture medium at 18 h after 
100 ng/ml LPS (n = 3–4). *P < 0.05 and **P < 0.01
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high-glucose conditions appeared earlier: it was evidently 
identified at 15 min after LPS stimulation under 22 and 
40 mM high glucose.

Nrf2 is a potent transcriptional activator that upregulates 
expression of cytoprotective genes, such as HO-1, to pro-
tect the cells against oxidative stress. Thus, the Nrf2/HO-1 
axis is one of the antioxidant systems which play a critical 
role in the maintenance of the redox state for the defense 
of intracellular oxidative stress (Loboda et al. 2016). When 
RAW264.7 cells were stimulated with 1 μg/ml LPS for 18 h 
under normal glucose, the Nrf2 level in the nucleus was 
greatly decreased (Fig. 5c). In a high-glucose environment, 

the decrease in nuclear Nrf2 levels after LPS stimulation 
became less marked. HO-1 levels under normal glucose were 
also reduced in cells stimulated with LPS (Fig. 5d). The 
LPS-induced reduction in HO-1 levels was inappreciable 
under high-glucose conditions. These findings suggest that 
increased ROS generation in RAW264.7 cells under high 
glucose is not attributed to an impairment of the Nrf2/HO-1 
axis.

Discussion

In this study, we showed that exposure to high glucose for 
7 days significantly enhanced the increase in pro-inflam-
matory cytokine production when RAW264.7 macrophages 
were stimulated with LPS. We also found that the LPS-
induced increases in iNOS expression and NOx production 
were significantly enhanced by exposure of RAW264.7 
macrophages to high glucose for 7 days. Thus, the present 
study represents that long-term high-glucose exposure can 
intensify pro-inflammatory responses in macrophages stim-
ulated with LPS. Our results are consistent with previous 
studies showing the increase in LPS-induced RAW264.7 
macrophage activation when exposed to high glucose (Chen 
et al. 2006; Hua et al. 2012; Hwang et al. 2017; Cantuária 
et al. 2018), but those studies were conducted under short-
term high-glucose conditions (3–48  h). Given that our 
longer-term incubation with high glucose may place mac-
rophages in an environment that resembles hyperglycemic 
conditions in diabetic animals and patients, we believe that 
our system would be a good in vitro model to study the 
behavior of macrophages in diabetes.

Fig. 3   Effect of long-term high glucose on the NLRP3/ASC/cas-
pase-1 axis in LPS-stimulated RAW264.7 cells. Cells were cultured 
with normal glucose (NG), 22 mM glucose (HG), or 40 mM glucose 
(EHG) for 7 days. Then, cells were challenged with LPS. The mRNA 

levels of NLRP3 (a), ASC (b), and caspase-1 (c) were quantified by 
real-time PCR after stimulation with 30 ng/ml LPS for 3 h. The val-
ues were expressed as a fold increase above NG control normalized to 
GAPDH (n = 3–4)

Fig. 4   ROS generation in RAW264.7 cells cultured with normal 
glucose (NG), 22 mM glucose (HG), or 40 mM glucose (EHG) for 
7 days and stimulated with LPS at different doses for 18 h. The oxi-
dative fluorescence dye CM-H2DCFDA was used for measuring ROS 
generation (n = 3–8). *P < 0.05
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We observed a significant increase in intracellular ROS 
generation after stimulation of RAW264.7 macrophages 
with LPS at doses of ≥ 10 ng/ml when intracellular ROS 
were visualized using the fluorescence dye CM-H2DCFDA. 
LPS-stimulated macrophages that were cultured under 
high-glucose conditions exhibited greater amounts of ROS 
as compared with normal-glucose conditions. Treatment 
with NAC, a powerful antioxidant, blunted the enhance-
ment of the LPS-induced upregulation of pro-inflammatory 
cytokine production, iNOS expression, and NOx generation 
in RAW264.7 macrophages. Our results thus suggest that 
the high glucose–induced increase in ROS generation may 
contribute to the enhancing effect of long-term high-glucose 
exposure on the pro-inflammatory responses in LPS-stimu-
lated macrophages.

The Nrf2/HO-1 signaling axis is a multiple organ protec-
tion chain that protects against oxidative stress injury. Nrf2 
is a transcription factor that upregulates expression of genes 
encoding detoxifying and antioxidant enzymes, including 
HO-1, to protect against cellular oxidative stress (Loboda 
et al. 2016). In the present study, LPS stimulation resulted 
in reductions in nucleus translocation of Nrf2 and expres-
sion of HO-1 protein in RAW264.7 cells, indicating that 
LPS downregulates the Nrf2/HO-1 pathway in macrophages. 

With due consideration of the above, these results imply that 
LPS stimulates the production of ROS and leads to an imbal-
ance between oxidants and endogenous antioxidants, such 
as the Nrf2/HO-1 pathway, thereby resulting in the buildup 
of oxidative stress similar to that seen in previous studies 
(Thimmulappa et al. 2006; Naeem et al. 2021). The LPS-
induced downregulation of the Nrf2/HO-1 axis was found 
to be dismissed by long-term exposure to high glucose. This 
may be merely attributable to the result that oxidative stress 
caused by excessive ROS production activated the endog-
enous antioxidant defense system in macrophages. Alter-
natively, we may consider the changes in the Nrf2/HO-1 
axis not to contribute to the mechanism(s) underlying the 
enhancement by long-term high-glucose exposure of LPS-
induced increase in ROS production in macrophages.

NF- κB acts as a critical transcriptional activator of iNOS 
(Xie et al. 1994), and many of pro-inflammatory cytokine 
genes are regulated by κB sites in the DNA and have putative 
binding sites for NF- κB at their promoter sites to activate 
gene expression (Libermann and Baltimore 1990; Trede 
et al. 1995). After LPS binds to TLR4, which is primar-
ily associated with the accessory protein MD-2 and the co-
receptor CD-14 to recognize LPS, activation of downstream 
kinases results in phosphorylation, ubiquitination, and 

Fig. 5   Effect of long-term high 
glucose on NF-κB activation 
and the Nrf2/HO-1 axis in 
LPS-stimulated RAW264.7 
cells. Cells were cultured with 
normal glucose (NG), 22 mM 
glucose (HG), or 40 mM glu-
cose (EHG) for 7 days. Then, 
cells were challenged with 
LPS for 18 h. a IκBα degrada-
tion after challenge with 1 μg/
ml LPS. Western blot analysis 
was performed using anti-IκBα 
monoclonal antibody. GAPDH 
served as loading control. b 
NF-κB nuclear translocation 
after challenge with 1 μg/ml 
LPS. Nuclear proteins were 
extracted, and then phosphoryl-
ated NF-κB p65 was detected by 
Western blot. Lamin B served 
as a nuclear marker. c Expres-
sion of Nrf2 in nuclear fractions 
from cells after stimulation with 
1 μg/ml LPS. Lamin B was used 
as nuclear loading controls. 
d Expression of HO-1 after 
1 μg/ml LPS stimulation. As a 
loading control, GAPDH was 
employed. Shown are represent-
ative data from two independent 
experiments in which the same 
results were obtained
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ultimately proteolytic degradation of I κBα, leading to liber-
ation of NF- κB from degraded I κBα and then translocation 
of NF- κB to the nucleus where it can cause activation of 
many pro-inflammatory genes (Karin and Ben-Neriah 2000; 
Sharif et al. 2007). In this study, long-term high-glucose 
exposure neither accelerated nor sustained I κBα degrada-
tion in LPS-stimulated macrophages. However, we found 
that LPS-induced nuclear translocation of phosphorylated 
NF- κB was promoted under long-term high-glucose condi-
tions. In this regard, it may be noted that translocation of 
phosphorylated NF- κB to the nucleus is occasionally inde-
pendent of I κBα regulation (Sasaki et al. 2005). Previous 
studies have proposed that ROS is involved in activation of 
NF- κB in a wide variety of cell types, although ROS can 
also have the potential to repress NF-κB activity (Nakajima and 
Kitamura 2013; Lingappan 2018). Collectively, we interpret 

our present results to indicate that a long-term high-glucose 
environment leads to an enhancement of NF- κB activation 
in LPS-stimulated macrophages possibly due to excessive 
ROS production, thereby more highly upregulating pro-
inflammatory gene expression (Fig. 6).

The NLRP3 inflammasome is an intracellular sensor con-
sisting of the sensor molecule NLRP3 protein, the adaptor 
protein ASC, and the effector pro-caspase-1 and has now 
emerged as a critical regulator in the inflammatory process. 
NLRP3 initiates the formation of the inflammasome by inter-
acting with ASC, which recruits and activates pro-caspase-1 
and then converts the cytokine precursor pro-IL-1β into 
mature and biologically active IL-1β (Jin and Flavell 2010; 
Haneklaus et al. 2013). In this study, changes in transcript 
levels of NLRP3, ASC, and caspase-1 were found to vary 
in macrophages stimulated with LPS. Moreover, long-term 

Fig. 6   Schematic diagram of the long-term high-glucose environ-
ment–induced enhancement of pro-inflammatory gene expression in 
macrophages stimulated with LPS. Upon stimulation of TLR4 with 
LPS, IκBα is phosphorylated by IκB kinase (IKK), ubiquitinated 
proteolytically, and degraded, freeing NF-κB to the nucleus where it 

binds to DNA at its cognate regulatory sites and regulates pro-inflam-
matory gene activity. Long-term high-glucose exposure enhances 
nuclear translocation of phosphorylated NF-κB due to excess ROS 
generation. See text for details
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exposure to high glucose failed to substantially upregulate 
gene expression of these components in LPS-stimulated 
macrophages. These findings indicate that the NLRP3/ASC/
caspase-1 axis is not totally involved in the enhancement of 
the LPS-induced upregulation of IL-1β expression in mac-
rophages under long-term high-glucose conditions.

The limitation of this study is that RAW264.7 mac-
rophages in our in vitro approach may not accurately reflect 
their in vivo counterparts in diabetic states. Indeed, isolated 
and cultivated primary cells could be criticized for being dif-
ferent from the corresponding cell type in an organism. How-
ever, it should be noted that in vitro assays allow the research 
of isolated molecular steps that contribute to macrophage 
activation. The present study did not examine a possible role 
of targeting hyperglycemia-induced macrophage activation 
as the mechanism of drug action. In this regard, metformin, 
a widely used antidiabetic drug, has been shown to reduce 
LPS-stimulated pro-inflammatory cytokines in macrophages 
(Kim et al. 2014), and the anti-inflammatory benefits of met-
formin from targeting macrophages may contribute, at least 
in part, to its prevention of diabetic cardiovascular complica-
tions beyond glucose lowering (Hattori et al. 2015). Thus, 
whether metformin can curb the enhancement by long-term 
high-glucose exposure of LPS-induced pro-inflammatory 
responses in macrophages may well deserve further study. 
Given the possible role of ROS in the long-term high glu-
cose–increased pro-inflammatory responses in macrophages 
stimulated with LPS, anti-inflammatory agents with antioxi-
dant properties may also be worth of careful study.

In conclusion, our in vitro cell-based study demonstrated 
that long-term high glucose exacerbated the pro-inflamma-
tory responses of macrophages when challenged with LPS. 
The impact of a long period of high-glucose exposure on 
LPS-stimulated macrophage pro-inflammatory responses 
appears to stem from increased activation of NF- κB due to 
excess ROS generation. It is now becoming clear that low-
grade inflammation is associated with the development of 
obesity-related insulin resistance and type 2 diabetes (Saltiel 
and Olefsky 2017). Activation of macrophages is considered 
to contribute to a significant amplification of the inflam-
matory states via release of a variety of pro-inflammatory 
cytokines, leading to the impairment of insulin signaling 
(Greenberg and McDaniel 2002; Fujisaka et al. 2009). Peo-
ple with diabetes are highly susceptible to bacterial infec-
tions (Peleg et al. 2007). We indicated that hyperglycemia 
sensitizes macrophages to LPS stimulation, which may play 
a potential role in the defects in the insulin-signaling cas-
cade in diabetic patients with infection events. Additional 
work is needed to further establish the molecular mecha-
nisms through which hyperglycemia is able to promote the 
production of pro-inflammatory cytokines and chemicals in 
macrophages, and the development of strategies aiming to 
limit macrophage activation in a hyperglycemic environment 

may have a potential value for controlling diabetic compli-
cations in conjunction with hyperglycemia-associated mac-
rophage activation.
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