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upregulation of NF-κB and NLRP3 gene expres-
sion. SM treatment to hyperglycemic macrophages 
activated the  TLR-2/Myd88  pathway but decreased 
the expression of scavenger receptors RAGE, CD36, 
and  Olr-1  while  CD44  and  CXCL16  expression 
increased. On exposure to LPS, a strong upregula-
tion in NO, ROS, and inflammatory cytokines was 
observed. Together, these results suggest that pri-
mary markers of cellular senescence are aberrantly 
expressed under chronic hyperglycemic conditions 
in macrophages with no significant SASP activation. 
Nonetheless, hyperglycemia strongly deregulates 
macrophage functions leading to impaired immu-
nosurveillance of senescent cells and aggravation of 
inflamm-aging. This work provides novel insights 
into how  hyperglycemia-induced dysfunctions can 
impact the potency of macrophages to manage senes-
cent cell burden in aging tissues.
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Introduction

Macrophages are among the first cells to recog-
nize external infectious agents as well as damaged 
cells and are thus crucial for initiating and resolving 
inflammatory immune responses. Several age-related 
changes in macrophage phenotype and effector func-
tions have been documented under the umbrella 

Abstract The influence of chronic diseases on 
various facets of macrophage cellular senescence is 
poorly understood. This study evaluated the impact 
of chronic hyperglycemia on the induction of cellu-
lar senescence and subsequent immunosurveillance 
functions in RAW264.7 macrophages. Macrophages 
were cultured under normal glucose (NG; 5  mM), 
high glucose (HG; 20  mM), and very high glucose 
(VHG; 40  mM) conditions and assessed for mark-
ers of cellular senescence. Hyperglycemia induced 
strong upregulation of SA-β-gal activity, and loss 
of PCNA and Lamin B1 gene expression while mark-
ers of cell cycle arrest generally decreased. Non-
significant changes in SASP-related proteins  were 
observed while ROS levels slightly decreased and 
mitochondrial membrane potential increased. Pro-
tein concentration on the exosome membrane surface 
and their stability appeared to increase under hyper-
glycemic conditions. However, when macrophages 
were exposed to the secretory media (SM) of senes-
cent preadipocytes, a dramatic  increase in the levels 
of all inflammatory proteins was recorded especially 
in the VHG group that was also accompanied by 

B. Diwan · R. Yadav · R. Sharma (*) 
Nutrigerontology Laboratory, Faculty of Applied Sciences 
& Biotechnology, Shoolini University, Solan 173229, India
e-mail: rohit25sharma@gmail.com

R. Goyal 
School of Pharmaceutical Sciences, Shoolini University, 
Solan 173229, India

http://crossmark.crossref.org/dialog/?doi=10.1007/s10522-024-10092-z&domain=pdf


628 Biogerontology (2024) 25:627–647

1 3
Vol:. (1234567890)

term of ‘immunosenescence’ (Clark et  al. 2020; De 
Maeyer & Chambers 2021; Lloberas et al. 2019). In 
addition, macrophage-specific immunological and 
metabolic dysfunctions are strongly implicated in the 
increased predisposition of the elderly to age-related 
inflammatory pathologies and impaired physiological 
processes such as wound healing (Duong et al. 2021; 
van Beek et  al. 2019). Evidence is now emerging 
that macrophages are critical players involved in the 
recognition and clearance of senescent cells during 
aging (Kale et  al. 2020; Li et  al. 2020). It is widely 
accepted that an increase in senescent cell burden 
may directly contribute to tissue dysfunctions with 
advancing age which could at least be partially attrib-
uted to their decreased clearance by immune cells 
such as macrophages and NK cells (Ovadya et  al. 
2018; Pignolo et al. 2020; Prata et al. 2018). Moreo-
ver, it is being increasingly rationalized that cellular 
senescence could also be an active regulator of mac-
rophage effector functions which might influence 
their ability to counter accumulating senescent cells 
especially since tissue-resident macrophages are in 
direct contact with aging non-immune cells (Sharma 
2021). However, cellular senescence in macrophages 
is rather poorly characterized and studies have shown 
conflicting reports regarding the presence and signifi-
cance of markers of cellular senescence in aging mac-
rophages (Hall et al. 2017, 2016; Sharma et al. 2022a, 
b). Further, there is sporadic and limited knowledge 
as to how different tissue-resident macrophages are 
influenced by cellular senescence both in aging and 
disease.

Diabetes-associated hyperglycemia is a chronic 
condition with multiple deleterious effects such as 
the increased risk of chronic kidney disease, retin-
opathy, neuropathy, and oxi-inflammatory stress in 
general (Giri et  al. 2018). Recent studies have also 
demonstrated that hyperglycemia can induce prema-
ture cellular senescence both in vitro and in vivo, and 
therefore augment accelerated aging (Bertelli et  al. 
2022; Jiang et  al. 2022; Marino et  al. 2022). Mac-
rophage/monocyte cell lines such as RAW264.7 and 
THP-1 have been previously used as cellular models 
of stress-induced cellular senescence (Mytych et  al. 
2017; Wang et  al. 2020; Xu et  al. 2020). Although 
hyperglycemia has been documented to induce 
immune dysfunctions, however, whether such con-
ditions can also influence various aspects of mac-
rophage cellular senescence is little understood. 

Therefore, in the present work, we first determined 
whether long-term exposure to hyperglycemic condi-
tions induces cellular senescence, SASP, and cellular 
dysfunctions in the murine RAW264.7 macrophage 
cell line. We then investigated whether such hypergly-
cemia-induced changes in macrophages also affected 
their ability to respond to the senescence-associated 
secretory phenotype (SASP) of senescent preadi-
pocyte cells as well as lipopolysaccharide (LPS) 
in vitro. Our results demonstrate that hyperglycemia 
induced differential expression of cellular senescence 
markers in macrophages although strong deregula-
tions in downstream effector functions were apparent.

Materials and methods

Cell lines and treatment protocols

RAW264.7 murine macrophage cells were obtained 
from the National Centre For Cell Science (NCCS), 
Pune, India. Cells were cultured in Dulbecco’s Modi-
fied Eagle’s Medium (DMEM; HiMedia, India) at 
respective glucose concentrations and supplemented 
with 10% fetal bovine serum (FBS) and 100  μg/mL 
of penicillin–streptomycin (15,140,122; Invitrogen, 
USA) at 37  ºC in a 5%  CO2 incubator. A long-term 
cell culture model of hyperglycemia was established 
as described previously (Suzuki et al. 2021). Briefly, 
cells were cultured for seven consecutive days in three 
separate groups based on glucose levels in the media. 
Normoglycemia (NG) group representing 5 mM glu-
cose, hyperglycemia (HG) group representing 25 mM 
glucose or very high glucose (VHG) group represent-
ing 40 mM glucose were prepared by supplementing 
with d-glucose (TC130; HiMedia, India) to desired 
concentrations (Suzuki et  al. 2021). Further, cells 
were initially acclimatized to normoglycemic condi-
tions by passaging twice before the beginning of the 
actual experimental groups. For experiments involv-
ing the secretome of senescent preadipocytes, murine 
3T3-L1 cell line (obtained from NCCS, Pune, India) 
was cultured and maintained in DMEM media sup-
plemented with 10% FBS and 100 μg/mL of penicil-
lin–streptomycin (15,140,122; Invitrogen, USA) at 
37ºC in a 5%  CO2 incubator. Cellular senescence was 
induced in preadipocytes using acute and repeated 
hydrogen peroxide  (H2O2) exposure as we have 
reported previously (Kumar et al. 2019). Briefly, cells 
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were stimulated with  H2O2 at a sublethal concen-
tration of 150  µM for 3  h and for three consecutive 
days. After another three days of incubation, the cul-
ture supernatant of the senescent preadipocytes was 
collected, filtered, aliquoted, and stored at−80ºC till 
further use (Kumar et al. 2019, 2020). This superna-
tant was referred to as the senescent media (SM), and 
whenever required in the present study, it was directly 
used to stimulate RAW264.7 cells for 24 h at 37 ºC in 
a 5%  CO2 incubator (Kumar et  al. 2020). In experi-
ments involving lipopolysaccharide (LPS), respective 
experimental cell groups representing different glu-
cose concentrations, were stimulated with 1  μg/mL 
LPS (Merck; L2630) for 24 h as we have noted previ-
ously (Diwan et al. 2023) followed by various cellu-
lar, biochemical, and molecular analyses.

Intracellular ROS production

Levels of reactive oxygen species (ROS) in RAW 
264.7 cells were detected using 2′,7′-dichlorofluo-
rescin diacetate (DCFH-DA) (Merck, D6883) redox 
probe as previously described (Kim & Xue 2020). 
Briefly, after respective treatments, cells were washed 
with PBS and incubated with DCFH-DA solution 
(10 μM) for 30 min at 37 °C in a  CO2 incubator. Cells 
were again washed twice with PBS and subject to 
cell lysis using RIPA buffer. The cell lysate was then 
centrifuged at 16,000 × g for 15 min at 4 °C and the 
supernatant was collected. The supernatant (100 μL) 
was then transferred to a black 96-well plate and the 
fluorescence intensity was immediately measured 
using a Varioskan Lux microplate reader at an exci-
tation wavelength of 485 nm and an emission wave-
length of 530  nm. ROS levels in each sample are 
expressed relative to fluorescence intensities.

NO production assay

Nitric oxide (NO) levels were quantified in the cul-
ture supernatants using the Griess reagent assay 
kit (Cat.#G2930) (Promega, Madison, WI, U.S.A) 
according to the manufacturer’s protocol. Briefly, 50 
µL of the sample was added to a 96-well plate, fol-
lowed by the addition of 50 μL of sulfanilamide 
solution (1% sulfanilamide in 5% phosphoric acid) 
and subsequent incubation for 10  min at RT, pro-
tected from light. Afterward, 50 μL of NED solution 
(0.1% N-1-napthylethylenediamine dihydrochloride 

in water) was added to each well, and the mixture 
was incubated for another 10  min at RT, protected 
from light. Finally, the absorbance was measured at 
540  nm using the Varioskan Lux microplate reader. 
The nitrite concentration in the samples was quanti-
fied relative to the standard sodium nitrite.

Mitochondrial membrane potential assessment

The effect of hyperglycemia on macrophage mito-
chondrial membrane polarization was assessed by 
using a commercially available kit (Abcam Inc., 
ab113852) as per the manufacturer’s instructions. In 
this method, TMRE (tetramethylrhodamine, ethyl 
ester) is used to label active mitochondria. TMRE is 
a cell-permeant, positively charged dye that readily 
accumulates in active mitochondria due to their rela-
tive negative charge. Depolarized or inactive mito-
chondria have decreased membrane potential and fail 
to sequester TMRE. FCCP (carbonyl cyanide 4-(tri-
fluoromethoxy) phenylhydrazone) which is an iono-
phore was also used in this assay as a positive control 
that depolarizes the mitochondrial membrane thereby 
reducing TMRE sequestration and therefore positive 
signal. Briefly, cells were incubated with TMRE and 
FCCP (in the appropriate control group) for 30  min 
followed by washing with PBS and analyzed with a 
microplate reader at Ex/Em 549/575 nm. Results are 
also expressed as relative to FCCP that indicate the 
magnitude of depolarization induced by hyperglyce-
mia vis-à-vis standard FCCP-induced depolarization.

Senescence-associated β-galactosidase activity

The activity of β-galactosidase was assessed using 
β-galactosidase assay kit (Cell Signaling Technolo-
gies, USA, #9860) as per the manufacturer’s pro-
tocol. Briefly, at the end of the experiment, cells 
were washed with PBS to remove culture media and 
then fixed with a fixative solution. Cells were again 
washed and treated with a staining solution followed 
by overnight incubation in the dark at 37 ºC in the 
absence of  CO2. The next day, cells were observed 
and imaged for the appearance of blue color as a 
marker of senescence-associated β-galactosidase 
activity. Several images were taken, and cells were 
manually counted for the enumeration of percent 
SA-β-gal positive cells.
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Estimation of cytokines

Cytokines viz., IL-6, TNF-α, IL-1-β, and IL-10 were 
estimated in cell culture supernatants using com-
mercially available sandwich ELISA kits (ELISA 
MAX™ Deluxe set, BioLegend, San Diego, U.S.A) 
while MCP-1 was estimated using another sandwich 
ELISA kit (Thermo Fisher Scientific). Briefly, after 
respective treatments, the cell culture supernatants 
were collected, centrifuged, aliquoted, and stored at 
-80 ºC until further assessment. Sandwich ELISA was 
performed according to the manufacturer’s protocol 
and the plate was read on Varioskan Lux microplate 
reader. Results are expressed as picograms/mL for 
each tested cytokine.

Quantitative real-time gene expression analysis

Total cellular RNA was isolated using the TRI-rea-
gent (Sigma-Aldrich, USA, Cat. #T9424). Briefly, 
after respective treatments, cells were homogenized 
in TRI-reagent, and total RNA was isolated as per 
the manufacturer’s protocol (Diwan & Sharma 
2022). The quality and quantity of the isolated RNA 
were determined, and the RNA was aliquoted and 
stored at -80  °C until further analysis. qRT-PCR 

was performed using CFX96 Touch Real-Time PCR 
Detection System (BioRad Inc.). In brief, 50  ng 
of RNA template was used per reaction using the 
Thermo Scientific Verso SYBR Green 1-Step qRT-
PCR Low ROX Kit (Cat. #AB-4106/C) as per the 
manufacturer’s protocol. GAPDH (glyceraldehyde-
3-phosphate dehydrogenase) expression was utilized 
as a housekeeping control to quantify relative mRNA 
expression using the ΔΔCt method as previously 
described (Diwan & Sharma 2022). The list of prim-
ers used is provided in Table 1.

Exosomes isolation and characterization

Exosomes were isolated from cell culture media 
using the total exosome isolation reagent kit (Thermo 
Fisher Scientific, USA; Cat. No. 4478359) as per the 
manufacturer’s instructions. Briefly, after respective 
treatments, cells were washed twice and cultured in 
serum-free DMEM media for 24 h in a  CO2 incuba-
tor at 37 ºC following which the culture supernatant 
was collected and centrifuged at 2000 × g for 30 min. 
The pellet was discarded, and the supernatant was 
mixed with the exosome isolation reagent (1:0.5). 
The mixture was subsequently incubated overnight 
at 4  ºC followed by centrifugation at 10,000 × g for 

Table 1  List of primer sequences used for qRT-PCR

S.no Gene Forward primer Reverse primer

1 p53 TTC TGT AGC TTC AGT TCA TTGG ATG GCA GTC ATC CAG TCT TC
2 p21 TGC ATC CGT TTC ACC CAA CC CTC ATT TTT CCA AAG TGC TAT TCA GG
3 p16 CCC AAC GCC CCG AACT GCA GAA GAG CTG CTA CGT GAA 
4 PCNA TAA AGA AGA GGA GGC GGT AA TAA GTG TCC CAT GTC AGC AA
5 Rb TGC ATG GCT TTC AGA TTC AC ACA GGG CAA GGG AGG TAG AT
6 Lamin B1 AAC ACA GCA ATC GAG CTG AA CAT TGA TCT CCT CTT CAT AC
7 TLR-2 CTC CTG AAG CTG TTG CGT TAC GCT CCC TTA CAG GCT GAG TTC 
8 TLR-4 GGA CTC TGA TCA TGG CAC TG CTG ATC CAT GCA TTG GTA GGT 
9 MyD88 ACT CGC AGT TTG TTG GAT G CAC CTG TAA AGG CTT CTC G
10 RAGE CCA ATG GTT CCC TCC TCC TT TAA GTG CCA GCT AAG GGT CC
11 CD36 GAT GAC GTG GCA AAG AAC AG TCC TCG GGG TCC TGA GTT AT
12 CD44 TGA AAC ATG CAG GTA TGG GT GCT GAG GCA TTG AAG CAA TA
13 CD206 CTA ACT GGG GTG CTG ACG AG GGC AGT TGA GGA GGT TCA GT
14 OLR-1 TCC TCC TCT CCT CTC AAC CTTC GAG ATG CTG AGG CTG GTT GG
15 CXCL16 TGA CCT CGT CCC AAC AAG CT CGC AAG AGA CAA GGG TCC AA
16 NLRP3 AGA AGA GAC CAC GGC AGA AG CCT TGG ACC AGG TTC AGT GT
17 NF-κBp65 AGC TGA TGT GCA TCG GCA AGTG GTA GCT GCA TGG AGA CTC GAA CAG 
18 GAPDH TCA CTC AAG ATT GTC AGC AATGC TCA TGA GCC CTT CCA CAA TG
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1 h. The supernatant was then discarded and pelleted 
exosomes were suspended in PBS solution and stored 
at −80 ºC till further analyses. Total exosomal surface 
membrane protein levels were determined using the 
Bradford method as described previously (Dash et al. 
2021). Exosome size and mean zeta potential were 
determined using Litesizer 500 (Anton Paar GmbH, 
Austria) particle analyzer.

SDS-PAGE and Western blotting

Total cellular proteins were isolated, quantified, 
and subject to SDS-PAGE as described previously 
(Sharma, Kumar, et  al., 2022). Briefly, isolated pro-
teins (40  μg) were subjected to SDS-PAGE using 
gel at 10% concentration followed by transfer to 
polyvinylidene difluoride membrane (GE Healthcare 
Life Sciences, Europe) using a semidry trans-blotter 
(Bio-Rad, USA). Non-fat dried milk (5%) was used 
for subsequent blocking of the membranes at room 
temperature and after washing, the membranes were 
probed with the anti-p16Ink4a (PA5-20,379; Thermo 
Fisher Scientific, USA) and anti-β-actin (MA1-140; 
Thermo Fisher Scientific, USA) antibodies over-
night at 4  °C with gentle shaking. HRP-conjugated 
secondary antibody (Cat no. 170–6515/16; Bio-Rad, 
USA) was used for further incubation of membranes 
at room temperature for 1  h. After washing, protein 
bands were detected using Clarity Western ECL Sub-
strate (Bio-Rad, USA), and relative protein expres-
sion of  p16Ink4a was quantified against β-actin using 
the Gel- Analyzer software (version 19.1).

Statistical analyses

Data are expressed as mean ± S.D (n = 3). Significant 
differences among the groups were determined using 
one-way ANOVA followed by Tukey’s post-hoc test. 
Differences between means were considered statisti-
cally significant at p ≤ 0.05.

Results

Differential effects of hyperglycemia on markers of 
cellular senescence

We first assessed the cytocompatibility of pro-
longed hyperglycemia exposure in RAW264.7 mac-
rophages using trypan blue exclusion assay and 
observed no cytotoxic effects of high glucose since 
more than 90% of cells were viable regardless of 
the treatment (Fig.  1A). Next, various cellular and 
molecular markers of cellular senescence were 
measured in macrophages after exposure to hyper-
glycemic conditions for seven consecutive days. 
Increased SA-β-gal activity is considered a canoni-
cal marker of cellular senescence. In our study, we 
observed SA-β-gal expression in all tested groups 
but a very strong and ubiquitous increase in SA-β-
gal activity was apparent in macrophages cultured 
under both the hyperglycemic conditions (i.e., HG 
and VHG) as compared to the NG group (Fig. 1B-
E). On the other hand, p53 and p21 gene expres-
sion significantly decreased by nearly 50% in HG 
and VHG groups as compared to the control while 
a non-significant albeit decreasing trend was also 
evident in p16Ink4a and Rb expression (Fig.  2A-
D). However, protein expression of  p16Ink4a dem-
onstrated a clear decrease on account of both HG 
and VHG treatments (Fig.  2G). VHG-treated cells 
reported a strong decline in the expression of Lamin 
B1 while PCNA expression declined significantly in 
both HG and VHG groups as compared to the NG 
control (Fig. 2 E–F).

Lack of a robust SASP activation in hyperglycemic 
macrophages

To further characterize whether prolonged hyper-
glycemia induces the development of cellular 
senescence-dependent SASP in macrophages, lev-
els of various cytokines and expression of different 
inflammatory transcription factors were determined. 
Although MCP-1 levels recorded a mild yet signifi-
cant increase in the HG-treated group, non-signifi-
cant changes in the levels of IL-1β, IL-6, and IL-10 
were also recorded as compared to the remaining 
groups (Fig.  3A-E). Further, no significant change 
in any of the tested cytokines was observed between 
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NG and VHG groups. In addition, gene expression 
of inflammatory transcription factor NLRP3 was 
significantly higher (over 3 folds) in the HG-treated 
group only while the expression of NF-κB did not 
change significantly in either of the tested groups 
(Fig. 3F-G).

Impaired redox activity in macrophages treated with 
hyperglycemic conditions

The effect of long-term hyperglycemic conditions on 
intracellular oxi-inflammatory stress in macrophages 
was determined. Measurement of intracellular ROS 
levels revealed a slight yet significant decrease in both 
HG and VHG groups as compared to NG (Fig. 4A). 
However, no significant changes could be observed 
in macrophage NO production among any of the 
tested groups (Fig. 4B). On the other hand, both HG 
and VHG-treated cells observed a strong increase 
in mitochondrial membrane potential as revealed by 

increased fluorescence of sequestered TMRE dye 
relative to the NG group (Fig.  4C). Further, when 
analyzed relative to FCCP-induced depolarization, 
VHG treated group appeared to be the most resistant 
to depolarization of mitochondrial transmembrane 
potential (Fig. 4D).

Hyperglycemia affects macrophage exosome surface 
membrane proteins

Bradford’s reagent is used to quantify the levels of 
surface membrane proteins in exosomes since this 
reagent specifically binds to proteins present on the 
exosome membrane. Cells cultured in HG and VHG 
conditions induced near dose-dependent over 3 folds 
significant increase in the concentration of surface 
exosome membrane proteins (Fig.  5A). However, 
no significant effect of hyperglycemia on exosome 
diameter could be observed although the exosome 
mean zeta potential appeared to be significantly 

Fig. 1  Effect of long-term hyperglycemic conditions on SA-β-
gal activity. (A) Cell viability analysis (B-D) Representative 
images of SA-β-gal activity. (E) % SA-β-gal positive cells. Val-

ues are mean ± S.D (n = 3). *Represents significant difference 
among different groups; **p ≤ 0.01, ****p ≤ 0.0001
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Fig. 2  Influence of hyperglycemia on primary markers of cel-
lular senescence. Relative quantitative gene expression analy-
sis of (A) p53 (B) p21WAF1 (C) p16Ink4a (D) Rb (E) PCNA (F) 

Lamin B1. (G) Relative  p16Ink4a protein expression. *Repre-
sents significant difference among different groups; * p ≤ 0.05, 
**p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001
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more negative and thus more stable in macrophages 
exposed to 40 mM glucose levels (VHG) (Fig. 5B-C).

Exposure to SM augments pro-inflammatory 
response in hyperglycemic macrophages

On stimulation with SM of senescent preadipocytes, 
a dramatic change in the cytokine expression profile 
was evident in hyperglycemia-exposed macrophages 
as compared to their native expression (non-SM 
treated). In general, all measured cytokines recorded 
near the dose-dependent effect of hyperglycemia 
wherein a more exaggerated proinflammatory envi-
ronment was evident in the VHG group as compared 
to the HG group (Fig.  6A-E). Further, all measured 
cytokines demonstrated a strong and significant dif-
ference between VHG and NG groups especially 
related to IL-6, IL-1β, and TNF-α levels (Fig. 6A-E). 
In addition, MCP-1, TNF-α, and IL-6 levels recorded 
a multifold increase in macrophages exposed to SM 
as compared to non-SM treated macrophages suggest-
ing robust cytokine stimulation. However, the levels 
of intracellular ROS and NO production followed 
a similar trend as observed in non-SM-treated cells 
(Fig.  6F-G). Further mRNA analysis of pro-inflam-
matory transcription factor NF-κB also revealed 
a strong ( ̴ 50 folds) and significant upregulation in 
VHG treated macrophages (Fig.  6H). NLRP3, the 
downstream target of NF-κB, also recorded a dramatic 
increase in both HG and VHG treated groups as com-
pared to the control NG group (Fig. 6I).

SM treatment impairs cell surface receptor response 
in VHG-treated macrophages

The effect of SM exposure on receptors involved in 
macrophage-mediated cell recognition and stimula-
tion was assessed. A strong and significant multifold 
increase in TLR-2 and MyD88 gene expression was 
evident in VHG-treated macrophages as compared 
to either NG or HG-treated macrophages while no 
such effect on TLR-4 expression could be observed 

(Fig. 7A-C). On the other hand, the expression of var-
ious macrophage scavenger receptors was differen-
tially influenced by exposure to SM. The receptor for 
advanced glycation end products (RAGE), oxidized 
low-density lipoprotein receptor 1 (Olr1), and CD36 
demonstrated a strong decrease in both HG and VHG 
groups as compared to NG-treated cells (Fig. 7D-F). 
On the other hand, expressions of CD44, CXCL16, 
and CD206 receptors showed a significant increase 
in hyperglycemic cells exposed to SM as compared to 
NG cells (Fig. 7G-I).

Hyperglycemia exacerbates macrophage response to 
LPS stimulation

To further assess how hyperglycemia impairs effec-
tor functions in macrophages, respective cells were 
exposed to LPS for 24 h and then analyzed for vari-
ous markers of stimulation. Intracellular ROS and NO 
production strongly and significantly increased in HG 
and VHG groups as compared to NG-treated cells 
(Fig. 8A-B). Similarly, proinflammatory and activator 
cytokines MCP-1 and TNF-α recorded a significant 
increase in the VHG group although no significant 
changes in IL-1β and IL-6 levels could be observed 
in any of the tested groups (Fig. 8C-F). On the other 
hand, levels of IL-10 registered a strong increase in 
both HG and VHG groups further indicating the 
deregulation of the inflammatory response (Fig. 8G). 
Moreover, except for MCP-1, a multifold increase in 
all tested parameters was evident in LPS-stimulated 
cells as compared to SM or non-SM-treated cells.

Discussion

Macrophages are evolved to sense external and 
internal cellular damage and unlike other cells, are 
highly plastic and dynamic in response to various 
stressors. Chronic diseases such as diabetes impair 
macrophage effector functions and deregulate the 
immune response. In addition, hyperglycemic condi-
tions (20–200 mM glucose) have been demonstrated 
to induce premature cellular senescence in differ-
ent types of non-immune cells such as endothelial 
cells and stem cells (Jiang et  al. 2022; Wan et  al. 
2022; Yin et  al. 2021). Our observations in the pre-
sent study suggest that hyperglycemic conditions in 
macrophages may only have caused mild senescence 

Fig. 3  Impact of long-term hyperglycemia on protein levels 
of cytokines. (A) MCP-1 (B) TNF-α (C) IL-6 (D) IL-1β (E) 
IL-10. Relative quantitative gene expression analysis of (F) 
NF-κB (G) NLRP3. Values are mean ± S.D (n = 3). *Repre-
sents significant difference among different groups; * p ≤ 0.05, 
**p ≤ 0.01

◂
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at best since mixed results in terms of various mark-
ers of cellular senescence were noted. Notably, only 
SA-β-gal activity and PCNA expression showed char-
acteristic changes akin to cellular senescence under 
both HG and VHG conditions while the expression of 
cyclins and their downstream effectors did not exhibit 
consistent results but appeared to be downregulated. It 
needs to be emphasized here that the nature and rele-
vance of cellular senescence markers in macrophages 
is poorly understood and debatable. Moreover, there 
is no information as to how disease conditions such as 
chronic hyperglycemia might impact cellular senes-
cence in macrophages. Previous studies have identi-
fied that senescent macrophages are typically charac-
terized by increased expression of p16Ink4a, SA-β-gal 
activity, and the development of SASP (Kim et  al. 
2015; Liu et  al. 2019; Sebastián et  al. 2009; Talma 

et al. 2021; Yousefzadeh et al. 2021). However, there 
is also increasing evidence that SA-β-gal activity and 
p16Inka4a expression in macrophages could just be a 
type of p53-independent physiological stress response 
mechanism to various immune stimuli rather than the 
irreversible process of cellular senescence (Hall et al. 
2017). Further, activated and maturing macrophages 
are also known to exhibit increased SA-β-gal expres-
sion although the accumulation of SA-β-gal + mac-
rophages in injured and aged tissues has also been 
noticed (de Mera-Rodríguez et al. 2021; Frescas et al. 
2017; Oishi & Manabe 2016). A recent study identi-
fied two subpopulations of high p16Inka4a expressing 
tissue-resident macrophages in both young and aged 
murine brains thereby strongly suggesting age-inde-
pendent relevance and the presence of p16Inka4a posi-
tive macrophages (Talma et al. 2021). A high level of 

Fig. 4  Effect of long-term 
hyperglycemia on mac-
rophage redox homeostasis. 
(A) Intracellular ROS levels 
(B) NO production (C) 
Mitochondrial membrane 
potential (D) Mitochondrial 
membrane potential rela-
tive to FCCP. Values are 
mean ± S.D (n = 3). *Repre-
sents significant difference 
among different groups; 
* p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001
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p16Ink4a expression was also observed in specific pro-
cesses unrelated to senescence such as in monocyte 
differentiation (Cudejko et al. 2011). In addition, con-
flicting reports concerning the role of p16Ink4a acti-
vation and inflammatory aggravation relevant to the 
SASP of senescent macrophages have also been noted 
(Cudejko et  al. 2011; Murakami et  al. 2012). Taken 
together, it is apparent that the canonical markers 
of senescence, including but not limited to p16Inka4a 
and SA-β-gal activity, might play a more exhaustive 
and unexpected role in macrophages that may not 
be directly related to macrophage senescence. Our 
observations in this study corroborate this notion and 
further assert that primary senescence markers in 
macrophages could also be differentially influenced 

in diseased conditions although the exact underly-
ing mechanisms are not clear. In terms of hypergly-
cemia and macrophages, a recent study observed that 
short-term (24 h) exposure to high glucose (30 mM) 
induced SA-β-gal activity and activation of p16Ink4a 
and p21 senescence pathways in RAW264.7 mac-
rophages (Zhang et  al. 2019). Our results are in 
partial agreement with this work, but it needs to be 
emphasized that given the known ambiguous func-
tional relevance of primary senescence markers in 
macrophages, characterization of senescence in these 
cells after long-term exposure, such as tested in the 
present study, and with more exhaustive analysis 
could be a more meaningful approach for understand-
ing any impending senescence in macrophages.

Fig. 5  Influence of high 
glucose conditions on 
macrophage exosomes. 
(A) Surface exosomal 
membrane proteins levels 
(B) Exosome diameter (C) 
Mean zeta potential. Values 
are mean ± S.D (n = 3). 
*Represents significant 
difference among different 
groups at p ≤ 0.05
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Studies describing the effects of hyperglycemia 
on macrophage ROS levels have been inconsist-
ent. While there is evidence that high glucose may 
increase macrophage ROS production, there are 
also studies that report no such effect. Corroborat-
ing our findings on ROS levels, previous studies 
have observed that exposure to high glucose did not 
induce an overt increase in resting macrophage ROS 
levels but only exaggerated their ROS response when 
stimulated with external threats such as LPS (Suzuki 
et  al. 2021; Zhang et  al. 2021). Similarly, another 
study noted that long term sensitization of bone mar-
row derived macrophages (BMDM) with high glu-
cose condition impaired phagocytic response due to 
decreased production of ROS associated with oxi-
dative burst (Pavlou et al. 2018). It also needs to be 
emphasized here that unlike PAMPs such as LPS, 
glucose is a relatively mild stressor, and since mac-
rophages are more robustly equipped to handle oxi-
dative stress as compared to other cells (Virág et al. 
2019); it may not be unusual to note the lack of any 
hyperglycemia-intracellular oxidative stress in mac-
rophages especially under resting conditions. More-
over, since mitochondria is the chief site of cellular 
ROS production, we noticed a significant increase 
in mitochondrial membrane polarization in HG and 
VHG-treated macrophages. This also corroborates 
previous observations wherein, unlike other cells, 
macrophages could maintain and even increase their 
mitochondrial membrane potential in response to 
prevalent stress (Jones & Divakaruni 2020; Mills 
et  al. 2016). In addition, sustained exposure to high 
glucose did not affect macrophage mitochondrial res-
piration (Pavlou et al. 2018) thereby again validating 
our observations that high glucose may have little to 
no adverse effect on mitochondrial functions in rest-
ing macrophages including on ROS production A 
strong correlation between increased intracellular 
ROS levels and decreased mitochondrial membrane 
potential is also known and oxidative stress has been 
demonstrated to induce rapid depolarization of mito-
chondria membrane (Park et  al. 2011). Considering 

this and based on our observations on ROS and mito-
chondrial membrane potential in the present work, 
it appears that hyperglycemia induced a more stable 
mitochondrial membrane potential that may have also 
contributed to the apparent decrease in intracellular 
ROS levels.

If chronic stress persists, cellular senescence 
often results in the development of SASP which is 
characterized by increased secretion of various pro-
inflammatory cytokines and growth factors. In this 
regard, similar to our observations on ROS levels, 
we noted no significant inflammatory aggravation in 
macrophages even on sustained exposure to hyper-
glycemic conditions. This signifies that hyperglyce-
mia-induced senescence in macrophages might lack 
any ostensible pro-inflammatory network or SASP 
and its quantifiable effects thereof. Corroborating 
these results, a recent study observed that 24 h expo-
sure to high glucose (25  mM) did not augment any 
changes in TNF-α and IL-6 protein expression in 
resting BMDM while a strong upregulation of these 
cytokines was only apparent when stimulated with 
LPS (Sousa et al. 2023). Similarly, it was noted that 
long term hyperglycemia exposure did not influ-
ence a pro-inflammatory phenotype in naïve BMDM 
in vitro (Pavlou et al. 2018). Further, hyperglycemia 
appeared to only induce a pro-inflammatory cytokine 
response in macrophages under acute treatment con-
ditions that, however, declined with chronic glucose 
exposure thereby suggesting time-dependent differ-
ential effects of hyperglycemia (Moganti et al. 2017). 
However, these observations are contrary to previous 
studies albeit in non-immune cells wherein hyper-
glycemic conditions could induce premature cellular 
senescence as well as the SASP (Bertelli et al. 2022; 
Marino et al. 2022). Combined with our observations 
of primary markers of senescence, this further sig-
nifies the uniqueness of macrophages related to the 
development and characterization of stress-induced 
cellular senescence. On the other hand, the concen-
tration of surface membrane proteins in exosomes 
appeared to dose-dependently increase under hyper-
glycemia in tested macrophages. This could either 
suggest increased numbers of exosomes themselves or 
a cumulative increase in exosome surface membrane 
protein expression. Moreover, quantification of mem-
brane proteins is also considered an indirect meas-
ure of exosome concentration in biological samples 
(Théry et al. 2006). Previously, an increase in levels 

Fig. 6  Analyses of activation status of hyperglycemia treated 
macrophages on account of SM exposure. Levels of (A) IL-6 
(B) TNF-α (C) IL-1β (D) MCP-1 (E) IL-10 (F) ROS (G) NO. 
Relative gene expression of (H) NF-κB and (I) NLRP3. Val-
ues are mean ± S.D (n = 3). *Represents significant difference 
among different groups; * p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, 
****p ≤ 0.0001
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of exosomes and other extracellular vesicles in vari-
ous senescent cells has been noted (Oh et  al. 2022) 
while a recent study in senescent RAW264.7 mac-
rophages also observed increased levels of exosomes 
(Hattori et  al. 2021). In addition, we also noted that 
the exosomes of the VHG group were slightly more 
physically stable (mean zeta potential) as compared to 
HG and NG groups which might suggest robust and 
effective activation of exosome synthesis in VHG-
treated macrophages.

To understand the effects of hyperglycemia on 
macrophage effector functions vis-à-vis senescence, 
macrophages were exposed to the SM of senescent 
preadipocytes. We hypothesized that exposure to SM 
of other senescent cells might exacerbate the activa-
tion of hyperglycemia-treated macrophage thereby 
indicating whether these cells are functionally com-
promised while sensing the microenvironment of 
other senescent cells. This should allow for a better 
understanding of how hyperglycemia-induced senes-
cence in macrophages is implicated in their compro-
mised immunosurveillance. In this regard, contrary to 
the ambiguous observations related to cellular senes-
cence markers in this study; exposure to SM induced 
ostensible signs of near dose-dependent and robust 
inflammatory aggravation in HG and VHG-treated 
macrophages as determined by levels of various pro-
inflammatory cytokines as well activation of inflam-
matory transcription factors and their target gene 
(NF-κB/NLRP3). Since SASP consists of pro-inflam-
matory molecules and acts to recruit and activate the 
immune cells to the location of senescent cells, our 
results indicate that chronic hyperglycemic condi-
tions might exaggerate the macrophage inflamma-
tory activity in response to SASP and thus potentially 
contribute to inflamm-aging. This is also evidenced 
by the observations that the apparent increase in all 
measured pro-inflammatory cytokines after SM treat-
ment was multifold higher than HG and VHG alone 
(non-SM) treated macrophages. It is important to 
consider here that adipose tissue is among the first to 
develop increased senescent cell burden with age and 

also exhibits increased age-dependent inflammatory 
aggravation which is attributed to altered immune 
activities (Sharma, Kumar, et al., 2022; Zhang et al. 
2023). It is therefore reasonable to speculate that 
diabetes in advanced age might sensitize pro-inflam-
matory aggravation in macrophages during their 
response to the SASP of senescent fat cells which 
could thus directly contribute to inflamm-aging in 
the adipose tissue. These observations are in agree-
ment with a recent study that identified increased 
SA-β-gal + senescent macrophages in obese human 
adipose tissue that could induce pro-inflammatory 
response and insulin resistance under hyperglycemic 
conditions (Matacchione et al. 2022). Further, chronic 
exposure to the SASP of senescent cells has been 
documented to induce pro-inflammatory and tumori-
genic activation in various non-immune cells (Ortiz-
Montero et  al. 2017; Parvizi et  al. 2021). Surpris-
ingly though, NO or intracellular ROS levels did not 
change in SM-exposed macrophages and appeared 
similar to hyperglycemic exposure (non-SM treated 
cells). This may indicate that SM stimulation itself is 
not sufficient to induce intracellular oxidative stress in 
macrophages but rather sensitizes to increased activa-
tion of pro-inflammatory secretory cytokines through 
ROS-independent mechanisms as also noted previ-
ously (Bylund et al. 2007).

Immunosurveillance by macrophages is key to 
their assessment and activation in response to tis-
sue damage, endo-or exogenous threats, as well as 
senescent cells. Considering this, we next deter-
mined how cell surface markers such as scavenger 
receptors involved in the recognition of senescent 
cells are modulated in hyperglycemia-treated mac-
rophages in response to SM exposure. TLR-2 is a 
recognition molecule not only for pathogens but 
also for ligands such as lipoproteins and heat shock 
proteins released by stressed tissues. Our study sug-
gests that VHG stimulation induces a strong TLR-
2 activation on exposure to SM which along with 
Myd88 activation can augment pro-inflammatory 
response as also noted in the present study. Fur-
ther, a link between TLR-2, SASP, and cellular 
senescence was recently identified that indicates a 
central role of TLR-2 activation in augmenting the 
SASP (Hari et al. 2019). In addition, the downreg-
ulation of multiple genes involved in macrophage-
mediated recognition and apoptosis of target cells 
was observed. Activation of RAGE is considered 

Fig. 7  Influence of hyperglycemia on expression of scaven-
ger receptors in macrophages on account of SM exposure. 
Relative gene expression of (A) TLR-2 (B) MyD88 (C) TLR-
4 (D) RAGE (E) OLR-1 (F) CD36 (G) CD44 (H) CD206 (I) 
CXCL16. Values are mean ± S.D (n = 3). *Represents signifi-
cant difference among different groups; * p ≤ 0.05, **p ≤ 0.01, 
***p ≤ 0.001, ****p ≤ 0.0001
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helpful for promoting the recognition and clearance 
of apoptotic cells by macrophages (Friggeri et  al. 
2011) and thus downregulation of RAGE expression 
under hyperglycemic conditions on account of SM 
treatment in this work indicates possible compro-
mised effector functions and clearance of senescent 
cells. Similarly, another gene, i.e., CD36 involved in 
macrophage-mediated identification and phagocy-
tosis of stressed cells was strongly downregulated 
which further suggested diminished effector func-
tions of hyperglycemic macrophages in the response 
to SM. In agreement with these observations, a pre-
vious study noted that macrophage-mediated clear-
ance of senescent cells can be enhanced by stimu-
lating the expression of CD36 and RAGE (Li et al. 
2020). Similarly, Olr1 is a major scavenger recep-
tor for ox-LDL and apoptotic cells (Yu et al. 2015) 
and its downregulation in macrophages can result 
in inefficient recognition and clearance of senes-
cent cells. On the other hand, an increase in CD44 
expression was observed in macrophages which can 
directly increase macrophage homing and infiltra-
tion response thereby exacerbating their accumula-
tion in response to SM. This is also supported by 
a strong increase in chemotactic cytokine MCP-1 
levels in the present study in hyperglycemic mac-
rophages exposed to the SM. Furthermore, CD44 
recognizes hyaluronic acid as its major ligand 
which is also a part of the extracellular matrix as 
well as SASP. Overall, it is reasonable to assert that 
since macrophages already demonstrated an aggra-
vated proinflammatory cytokine profile on account 
of SM exposure, their increased homing and accu-
mulation (due to MCP-1/CD44) but diminished 
identification effector functions (as evidenced by 
decreased CD36, RAGE, and Olr1 expression) 
might actually result in more inflammatory aggrava-
tion and less effective resolution of senescent cells. 
It is also pertinent to consider here that the apparent 
changes in the cytokine profile or scavenger recep-
tors in this study are a result of an indirect activa-
tion in response to SM exposure alone, and thus an 

even more aggravated state can be envisaged when 
macrophages come in direct contact with senescent 
cells in addition to the SM.

Stimulation of hyperglycemic macrophages with 
LPS resulted in a striking increase in intracellular 
ROS and NO production which was otherwise sub-
dued during exposure to both hyperglycemia and SM. 
It is thus indicative of differential activation response 
pathways (such as NOX1) in macrophages governed 
by the type of stressor/stimulator (Moghadam et  al. 
2021). Our results are in agreement with previous 
studies demonstrating that hyperglycemic conditions 
alter LPS-mediated inflammatory pathways and other 
macrophage effector functions (Kim et al. 2022; Pav-
lou et al. 2018; Sousa et al. 2023). Although a mild 
effect of hyperglycemia on LPS-mediated cytokine 
response could be observed, LPS stimulation greatly 
exaggerated the production of cytokines including 
that of anti-inflammatory IL-10 but except for MCP-1 
as compared to SM treatment. Thus, as far as extra-
cellular aggravation of inflammation is concerned, 
hyperglycemic macrophages up to some extent 
appeared to respond alike when stimulated with either 
SM or LPS.

Conclusions

The present study suggests that chronic hypergly-
cemia in macrophages induces aberrant expression 
of primary markers of senescence and lacks SASP 
activation which together signifies the probable lack 
of an overt cellular senescence program under these 
conditions. This is not surprising given the fact that 
no ostensible signs of redox or mitochondrial stress 
could be observed in HG/VHG treated cells. There-
fore, while interpreting cellular senescence in mac-
rophages, caution should be exercised since it appears 
that not only the type of physiological stress, but also 
its duration can significantly impact the expression of 
cellular senescence markers. However, strikingly and 
most notably, this is not correspondingly translated 
into macrophage immunosurveillance response to the 
SASP of other senescent cells. Therefore, it indicates 
that regardless of the ambiguity observed in charac-
terizing hyperglycemia-induced macrophage senes-
cence per se, the effect of these cells on their ability 
to counter accumulating senescent cells is not only 
compromised but results in a strong pro-inflammatory 

Fig. 8  Analyses of activation status of hyperglycemia treated 
macrophages on account of LPS exposure. (A) Intracellu-
lar ROS levels (B) NO production (C) MCP-1 (D) TNF-α 
(E) IL-1β (F) IL-6 (G) IL-10. Values are mean ± S.D (n = 3). 
*Represents significant difference among different groups; * 
p ≤ 0.05, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001
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environment that may be detrimental to the surround-
ing healthy cells. This provides novel insights into 
the disease-dependent loss of macrophage effector 
functions that may accelerate the accumulation of tis-
sue senescent cells while also concurrently augment-
ing the pro-inflammatory environment. Our results 
also strengthen the notion that cellular senescence 
markers in macrophages are dynamic and may have 
more meaningful and diverse roles depending on the 
physiological status of macrophages such as preva-
lent stress. We also recommend that studies testing 
macrophages for cellular senescence should consider 
the functional aspects of macrophages such as those 
related to immunosurveillance of tissue senescent 
cells for a more meaningful interpretation and con-
clusion. Further validation of macrophage cellular 
senescence in vivo under inflammatory disease condi-
tions (such as diabetes) is desirable to truly compre-
hend the senescence-associated dysfunctions in mac-
rophages and its effects thereof.
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