
Autophagy protects peripheral blood mononuclear cells 
from high glucose-induced inflammation and apoptosis
Roya Jahangard 1, Shadi Sadat Seyyed Ebrahimi 1, Akram Vatannejad 2, Reza Meshkani 1*  

1  Department of Clinical Biochemistry, Faculty of Medicine, Tehran University of Medical Sciences, Tehran, Iran 
2 Department of Comparative Biosciences, Faculty of Veterinary Medicine, University of Tehran, Iran

A B S T R A C T

Previous works have linked high concentrations of glucose to cellular toxicity through 
autophagy modulation. However, the ways in which high glucose (HG) regulates 
inflammation and apoptosis in peripheral blood mononuclear cells (PBMCs) have not 
been well characterized. In the present study, the role of autophagy in inflammatory 
responses and apoptotic death of PBMCs exposed to HG was investigated. 33mM 
glucose (HG) increased the level of LC3-II at 12h, 24h, and 48h. NH4Cl, a lysosome 
inhibitor that can block autophagic flux, further promoted LC3-II accumulation in HG-
treated cells at 12h, 24h, and 48h. The protein level of p62 significantly decreased from 
12h to 48h in HG-treated cells, suggesting an induction of autophagic flux in HG-treated 
PBMCs. Inhibiting autophagy with chloroquine (CQ) significantly augmented HG-
induced PBMCs apoptotic death, as demonstrated by increased cleaved PARP and Cyt 
C levels and an increased percentage of apoptotic (YO-PRO-1 positive and PI negative) 
cells. Furthermore, CQ pretreatment exacerbated HG-induced TNF-α, IL-6, and IL-1β 
mRNA expression in PBMCs. In conclusion, this data revealed that the autophagy system 
could be activated in HG-treated PBMCs. The results also indicated that the induction of 
autophagy might play an adaptive and protective role in HG-induced inflammation and 
apoptotic death of PBMCs.
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             Introduction

L ow-grade inflammation plays an 
important role in the pathogenesis of 
type 2 diabetes (T2D) (1). It is defined 
as an elevation of circulating pro-
inflammatory cytokines and an increase 

in macrophage infiltration into adipose, liver, skeletal 

muscle, and pancreas tissues (2). Reports indicate that 
low-grade inflammation can induce insulin resistance 
and β cell dysfunction in patients with T2D (1). In 
addition to adipose tissue, which is considered the main 
site of pro-inflammatory cytokine production in the 
body, peripheral blood mononuclear cells (PBMCs) can 
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be another source of inflammatory cytokine production 
in patients with T2D (3). The level of secreted TNF-α, 
IL-1β, and IL-6 were found to be elevated in PBMCs 
of T2D patients (4). Nutrient overload, particularly 
increased circulating free fatty acids and glucose levels, 
has been suggested as the main cause of enhanced pro-
inflammatory signaling in PBMCs of diabetic patients. 
High glucose exposure to human monocytes and PBMCs 
results in increased production of pro-inflammatory 
cytokines in a toll-like receptor-4 (TLR-4)-dependent 
manner (5, 6).

Macroautophagy (here referred to as “autophagy”) 
is an evolutionarily conserved dynamic pathway 
that primarily functions in a degradative manner (7). 
Autophagy plays a housekeeping role in removing 
aged and misfolded proteins and organelles such 
as mitochondria and endoplasmic reticulum (8). In 
autophagy, targeted proteins and organelles are delivered 
into double-membrane autophagosomes for lysosomal 
degradation (9). Implications of autophagy have been 
discovered in numerous cellular processes such as 
quality control of both proteins and organelles, cellular 
differentiation, development, survival, and metabolism 
(10). A basal level of autophagy occurs constitutively, 
but this process can be further induced in response to 
various types of stress including starvation, hypoxia, 
and hormonal stimuli. Through this basic mechanism, 
autophagy has a critical role in cellular homeostasis; 
however, either insufficient or excessive autophagy can 
seriously compromise cell physiology (10). In this regard, 
the dysregulation of autophagy has been associated 
with a wide range of diseases including cardiovascular 
diseases, cancer, and diabetes (11). Importantly, it was 
suggested that an autophagy defect in liver, skeletal 
muscle, and pancreatic β cells can contribute to diabetes 
development (12).

Autophagy has been reported to regulate immune 
signaling pathways (13). It has been suggested to represent 
an ancient form of innate immune response to infection. 
Autophagy improves host defense systems through 
several mechanisms, including the direct elimination 
of invading pathogens, control of adaptive immunity, 
induction of innate immune memory, and modulation 
of inflammation (14). In this regard, the engagement of 
various families of pattern-recognition receptors (PRRs) 
has been reported to induce autophagy in mouse and 
human macrophages (15). In addition to PRRs, several 
pro-inflammatory cytokines, including TNF-α (tumor 
necrosis factor alpha) and IL-1β (interleukin 1β), induce 
autophagy (16). On the other hand, pharmacological 
or genetic inhibitions of autophagy resulted in higher 
IL-1β production upon pathogen-associated molecular 
patterns (PAMPs) stimulation in macrophages (17). 
Therefore, any dysregulation of autophagy may play 
an essential role in the pathogenesis of inflammatory 
diseases such as atherosclerosis, cancers, diabetes, and 
Crohn’s disease.

Glucose is the main source of energy in the form 
of ATP. In recent years, the importance of autophagy 
regulation by glucose has been highlighted. High glucose 
(HG), depending on the cell type, can activate or inhibit 
the autophagy pathway (18). High glucose, known as an 
inducer of pro-inflammatory responses, has also been 
implicated in the modulation of autophagy (19). In the 
present study, it was questioned whether autophagy 
is involved in high glucose-induced inflammatory 
responses in PBMCs of healthy subjects. Previous works 
in pancreatic β-cells and endothelial cells have linked 
high concentrations of glucose with cellular toxicity by 
autophagy modulation (20, 21). However, the ways in 
which this nutrient regulates apoptosis in PBMCs have 
not been well characterized. In this study, the aim was 
to investigate the role of autophagy in inflammatory 
responses and apoptotic death of PBMCs treated with 
HG. The stimulus was explored to mimic in vitro the 
metabolic alteration observed in T2D. It was found 
that HG induces autophagic flux in PBMCs. Inhibition 
of autophagy by treatment with chloroquine further 
promoted inflammatory responses and apoptotic death, 
indicating a protective role for autophagy in regulating 
inflammation and apoptosis in PBMCs exposed to HG.

Materials and methods

Materials

Fetal bovine serum (FBS) was purchased from 
Life Technologies (Gaithersburg, USA). Tissue culture 
flasks and disposable plasticware were purchased from 
Greiner Bio-One (Frickenhausen, Germany). Phenyl 
methyl sulfonyl fluoride (PMSF) and protease inhibitor 
cocktail were from Roche (Mannheim, Germany). 
Polyvinylidenedifluoride (PVDF) membrane was from 
Millipore (Schwalbach, Germany). ECL reagents were 
from Amersham Pharmacia Corp. (Piscataway, NJ, 
USA). Propidium Iodide and YO-PRO-1 were from 
Thermo Fisher Scientific (Waltham, MA, USA). All 
other reagents and chemicals were from Sigma Aldrich 
(Taufkirchen, Germany).

Subjects

This study was conducted on PBMC cells of 5 
healthy male adults. Inclusion criteria were fasting blood 
glucose less than 100 mg/dl, age between 20 and 30, 
no current or history of acute or chronic inflammatory 
diseases, lipid disorders, malignant diseases, diagnosed 
or suspected endocrine disorders, no treatment with 
anti-inflammatory drugs such as aspirin, antioxidant 
supplements and vitamins, no history of smoking and 
alcohol consumption, and no family history of diabetes. 
The Ethics Review Board of Tehran University of 
Medical Sciences approved the study. Written informed 
consent was obtained from all participants.
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Blood sampling

450 ml of venous blood (equivalent to one unit of 
blood) was taken from healthy volunteers at Tehran 
Blood Transfusion Organization. PBMCs were isolated 
from the buffy coat using Ficoll–Hypaque density-
gradient centrifugation. The PBMCs were washed twice 
with PBS and resuspended in RPMI 1640.

Treatment with glucose

The cells were cultivated in DMEM medium, 
supplemented with 10% fetal bovine serum (FBS), 50 
U/ml penicillin, and 50 µg/ml streptomycin. Cells were 
maintained at 37 °C (in an atmosphere of 5% CO2). 
PBMCs were treated with 5.5mM and 33mM as normal 
glucose (NG) and high glucose (HG), respectively, for 
12h, 24h, and 48h. To eliminate the effect of osmolality 
on the measurements, 27.5 mM mannitol was added to the 
culture medium of 5.5mM glucose. For quantitative real-
time polymerase chain reaction (qRT-PCR) experiments, 
3×106 cells, for western blot detections 7×106, and for 
flow cytometry 1×106 cells were used. To evaluate the 
autophagy flux, 25 nM ammonium chloride (NH4cl) was 
added to the media 2h before harvesting the cells. 

Real-time PCR

Total RNAs were extracted from treated PBMCs 
using GeneAll RibospinTM total RNA purification kit 
(GeneAll Biotechnology, South Korea). A total of 1 µg 
RNA was reverse transcribed to cDNA using RevertAid 
First Strand cDNA Synthesis Kit (Thermo Fisher 
Scientific). Gene expression analysis was evaluated 
using qRT-PCR. qRT-PCR was performed in triplicates 
using SYBR Green RealQ Plus 2x Master Mix Green 
(Ampliqon) on Corbett Rotor Gene 6000 Light Cycler 
(Qiagen, Hilden, Germany). The data were normalized 
against β-actin transcript level. The amplification 
protocol for 40 cycles was as follows: 15 min at 95 ºC 
for initial activation, 30s at 95 ºC for denaturation, and 
60s at 60 ºC for annealing/extension. The delta-delta CT 
method was used to calculate relative expression. The 
sequences of the primers used in this study are shown in 
the supplementary file.

Western blot analysis

Cell lysate was prepared by homogenization 
in modified RIPA buffer (50 mM Tris–HCl, pH 7.4, 
1% Triton X-100, and 0.2% sodium deoxycholate, 
0.2% SDS, 1 mM Na-EDTA, and 1 mM PMSF) 
supplemented with protease inhibitor cocktail. After 
determining protein concentrations, equal amounts of 
protein were subjected to SDS–PAGE, followed by 
transfer onto PVDF membrane. Blocking was carried 
out through 1h incubation at room temperature with 5% 
non-fat dry milk in TBS with 0.5% Tween-20. Blots 
were incubated overnight with antibodies against 
LC3-II, p62, cleaved PARP (all from Cell Signaling 
Technology Beverly, MA, USA), and β-actin (Abcam, 
Cambridge, MA, USA) at 4 °C. The bands after 
incubating with second HRP-conjugated antibodies 
were visualized using an enhanced chemiluminescent 
substrate (ECL).

Apoptosis quantified by flow cytometry

To assess apoptosis, 1×106 cells were plated onto 
culture plates and treated with HG for 12h. After 
treatment, the cells were collected and rinsed twice with 
cold PBS and then resuspended in 0.5 mg/ml propidium 
iodide and 10µM YO-PRO-1. The suspension was 
incubated for 30 min in the dark at room temperature. 
YO-PRO-1 or PI-positive cells were determined using 
a flow cytometer (Becton Dickinson FACs caliber, 
Canada). The fluorescence of YO-PRO-1 and PI was 
measured in the FL1 channel (488 nm) and FL3 channel 
(488 nm), respectively. The results were analyzed using 
FlowJo software (Treestar, USA). 

Statistical analysis

All statistical analyses were performed using IBM 
SPSS Statistics 22 (IBM, USA). Comparisons among 
all groups were performed with an unpaired student’s 
t-test or one-way analysis of variance (ANOVA) test. If 
statistical significance was found, the Tukey post hoc 
test was performed. Values of P < 0.05 were considered 
statistically significant. Results are expressed as mean ± 
SEM of five independent experiments.

Table 1: Sequences of primers used in this studyTable 1: Sequences of primers used in this study 
 

Primer Reverse Forward primer Name 
CCCGGATCATGCTTTCAGTG AGGACCAGCTAAGAGGGAGA TNF-α 
GAGGTGAGTGGCTGTCTGTG TTCGGTCCAGTTGCCTTCTC IL-6 
CAAATAAAGCCATGCCAATC GCAAGCAGGAGTATGACGAG β-Actin 
GGGAACTGGGCAGACTCAAA CCTGTCCTGCGTGTTGAAAGA IL-1β 
CTGCGTCTGGGCATAACGCA CCAGGATGGTGTCTCTCGCA Beclin 
CAGTGGTGTGTATGGTGGGT GCACAGTGAGCACAAATGAGT LAMP2 
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Results

The Effect of Glucose on the Expression of 
Inflammatory Cytokines 

The mRNA expression of TNF-α, IL-6, and IL-1β 
in PBMCs exposed to 5.5mM (NG) and 33mM (HG) 
glucose for 12h, 24h, and 48h was first studied. As shown 
in Fig. 1, 33mM glucose (HG) caused a time-dependent 
induction of TNF-α and IL-6 expression, whereas the 
increase in IL-1β mRNA expression peaked at 24h. HG 
treatment for 12h increased the expression of IL-6, IL-
1β, and TNF-α by 44%, 42%, and 34%, respectively. HG 
treatment for 24h caused an induction of the expression 
of IL-6, IL-1β, and TNF-α by 64%, 83%, and 62%, 
respectively. The increases in the expression of IL-6, IL-
1β, and TNF-α genes after 48h of HG treatment were 
86%, 65%, and 93%, respectively.

High glucose induces autophagic flux in PBMCs

To examine whether autophagy was affected by HG 
treatment in PBMCs, several markers of autophagy 
were investigated. The mRNA expression of Beclin-1 
and LAMP-2 (Fig. 2A-B) was significantly upregulated 

from 12h to 48h. In a further experiment, the conversion 
of LC3-I to LC3-II, a hallmark of autophagy activation, 
was assessed. Western blot analysis showed that the 
levels of LC3-II were time-dependently increased in HG-
treated cells compared to the cells treated with NG (Fig. 
3C). These findings suggest an increase in the number 
of autophagosomes in HG-treated cells. Accumulated 
LC3-II could be attributed to increased autophagosome 
formation or decreased lysosomal fusion and degradation. 
To verify whether autophagosome accumulation by HG 
resulted from impaired clearance due to defective fusion 
with lysosomes or from true autophagic flux, LC3-II 
accumulation was detected in the presence or absence of 
ammonium chloride (NH4Cl), a lysosome inhibitor that 
can block autophagic flux. Compared with cells treated 
only with HG, the cells treated with HG and NH4Cl for 
12, 24, and 48h had more accumulation of LC3-II (Fig. 
3D). The difference in the amount of LC3-II without 
blocking lysosomal degradation from the value with 
lysosomal degradation indicates that HG stimulates 
autophagic flux in PBMCs. This result, however, does 
not rule out the possibility of a subsequent impairment 
of lysosomal degradation. To rule out impairment of 
lysosomal degradation, p62, an indication of autophagic 
degradation in HG-treated cells, was detected. p62 is a 

 

Fig.1 

 

 

 

 

 

 

 

Figure 1: Effect of high glucose (HG) on the expression of IL-6, IL-1β and TNF-α in PBMCs of the healthy subjects. PBMCs were 
treated with 5.5mM (NG) and 33mM (HG) glucose for time points (12h, 24h, and 48h). The expression level of IL-6, IL-1β and TNF-α 
was examined by quantitative real-time PCR. The results are expressed as mean ± SEM of five independent experiments. *p < 0.05 vs. the 

control group.  NG: normal glucose; HG: high glucose



44

November/December 2022, Volume 7, Issue 6R Jahangard et al.

Acta Biochimica Iranica 1(1): 40-49

Acta Biochimica Iranica

key substrate of autophagy whose primary function is to 
be involved in turnover of ubiquitinated proteins (22). 
Treatment with HG significantly decreased p62 protein 
level at 12h, 24h, and 48 h (Fig. 3E), suggesting that HG 
increased autophagic flux in PBMCs. Taken together, 
the data suggest that exposure of PBMCs to HG leads to 
increased autophagic flux in PBMCs.

Inhibition of autophagy exacerbates HG-induced 
inflammation in PBMCs

To investigate the relationship between HG-induced 
inflammation and autophagy, chloroquine (CQ), an 
inhibitor of autophagic flux, was used. The cells were 
first pretreated with 50µM of CQ. As shown in Fig. 

Fig. 2 

 

 

 

  

Figure 2: Effect of high glucose (HG) on autophagic flux in PBMCs. A-B: Effects of HG on the expression of Beclin-1 and LAMP2 in 
PBMCs of the healthy subjects. PBMCs were treated with 5.5mM (NG) and 33mM (HG) glucose for time points (12h, 24h, and 48h). The 
expression level of Beclin-1, LAMP2 was examined by quantitative real-time PCR. C: Western blot analysis of LC3-II after treatment of 
PBMCs with HG for 12h, 24h and 48h. D: Western blot analysis of LC3-II after treatment of PBMCs with HG for 12h, 24h and 48h and 
then incubation with NH4cl in the last 2 hours before harvesting. E: p62 protein levels after treatment of PBMCs with HG for 12h, 24h 
and 48h.  The results are expressed as mean ± SEM of five independent experiments. *p < 0.05 vs. the control group.  NG: normal glucose; 

HG: high glucose
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4A-C, pretreatment with CQ further enhanced the 
accumulation of LC3-II in HG-treated cells for 12h, 24h, 
and 48h, suggesting inhibition of autophagic flux in CQ-
treated cells. Treatment of PBMCs with 50µM CQ for 
12h significantly increased the mRNA expression levels 
of TNF-α, IL-6, and IL-1β compared to the cells treated 
with HG alone, indicating the key role of autophagy in 
regulating HG-induced inflammation in PBMCs (Fig. 
4D). However, after 24h and 48h of HG treatment, a 
significant reduction in the expression of TNF-α, IL-6, 
and IL-1β was observed in CQ-treated compared to HG-
treated cells (Fig. 4E-F). Furthermore, the expression 
of pro-inflammatory markers was elevated by treatment 
with CQ alone. This implies that basal autophagy plays 
a key role in controlling inflammatory responses in 
PBMCs.

Augmentation of HG-induced cell death by blockage 
of autophagy

To investigate whether impaired autophagy 
exacerbated or prevented HG-induced cell death, 
the autophagic flux in HG-treated at the stage of 
lysosomal degradation was decreased and the effect 
of autophagy inhibition on HG-induced cell death was 
then investigated. PBMCs were first treated with CQ for 
12h. As shown in Fig. 4A, the level of cleaved PARP 
and Cyt C was augmented by co-treatment of HG and 
CQ compared with HG and CQ alone. This finding was 
confirmed by staining the cells simultaneously with YO-
PRO-1 and PI. YO-PRO-1 is a sensitive marker of early 
apoptotic events and PI is a marker of necrosis (23). 
The results of flow cytometry showed that treatment of 

Fig. 3 

 

 

 

 

  

Figure 3. Effect of autophagy inhibition on pro-inflammatory cytokines expression in HG-exposed PBMCs. A: Western blot analysis 
of LC3-II after treatment of PBMCs with 50µM chloroquine (CQ) for 12h, 24h and 48h. B-D: Effect of 50µM CQ on the expression of 
TNF-α, IL-6 and IL-1β for 12h in PBMCs of the healthy subjects. E-G: Effect of 50µM CQ on the expression of TNF-α, IL-6 and IL-1β 
for 24h in PBMCs of the healthy subjects. H-J: Effect of 50µM CQ on the expression of TNF-α, IL-6 and IL-1β for 48h in PBMCs of the 
healthy subjects. The results are expressed as mean ± SEM of five independent experiments. *p < 0.05 vs. the control group.  NG: normal 

glucose; HG: high glucose
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the cells with CQ and HG alone for 12h significantly 
increased the percentage of apoptotic (YO-PRO-1 
positive and PI negative) events compared to untreated 
cells (Fig. 4B-C). Moreover, co-treatment of PBMCs 
with CQ and HG for 12h significantly promoted the level 
of apoptotic cell death. However, a remarkable increase 
in the number of necrotic cells (YO-PRO-1 positive and 
PI positive) was found in simultaneous treatment with 
CQ and HG. 

Discussion

It has become well known that chronic low-grade 
inflammation contributes to the development of T2D. 
Increased exposure to HG has been demonstrated as 
one of the key activators of both altered metabolic and 
immune signaling in diabetes (1). Furthermore, HG 
causes metabolic abnormalities and cell death in different 
cell types, including β cells, hepatocytes, adipocytes, 
PBMCs, and cardiomyocytes (24). The mechanisms by 

which HG induces toxicity are not completely known. 
Autophagy has been suggested to play a role in HG-
induced apoptosis and inflammation (13). However, 
the function of autophagy in inflammatory responses 
and apoptotic death of PBMCs exposed to HG is not 
well understood. Importantly, it is not clear how HG, as 
observed in patients with T2D, modulates autophagy in 
PBMCs. The present study was designed to examine the 
importance of autophagy in regulating the inflammatory 
responses and apoptotic death of PBMCs treated with 
HG.

Elevated concentrations of glucose have been 
demonstrated to modulate the autophagy pathway in 
adipocytes, hepatocytes, and pancreatic β cells (22, 
25, 26). In this study, PBMCs were treated with HG to 
model the pathological stress of T2D. The autophagy 
pathway in PBMCs was first investigated by measuring 
the expression level of two important genes, Beclin-1 
and LAMP2. Beclin-1 and LAMP2 are involved in 
initial nucleation/formation and maturation of the 

Figure 4. Effect of autophagy inhibition on apoptotic death of HG-exposed PBMCs. A: Western blot analysis of apoptosis-related protein, 
cleaved PARP and Cyt C, after exposing the cells to 50µM of CQ for 12 h. B: After treatment with HG and 50µM CQ for 12h, induction 
of apoptosis was measured by YO-PRO1/PI double-staining assay followed by flow cytometry analysis. C: The level of apoptotic cells 
(early apoptosis) according to the flow cytometry results. D: The level of apoptotic cells (late apoptosis) according to the flow cytometry 
results. The results are expressed as mean ± SEM of five independent experiments. *p < 0.05 vs. the control group.  NG: normal glucose; 

HG: high glucose

Fig. 4 
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autophagosome, respectively (25). The data showed that 
the expressions of these genes were time-dependently 
increased after HG treatment. Furthermore, the protein 
level of LC3-II as a surrogate indicator of autophagosome 
abundance and formation was measured. Compared 
with control-treated cells, PBMCs exposed to HG for 
12h, 24h, and 48h had an increased protein level of 
LC3-II. Since LC3-II is continually turned over during 
autophagy, LC3-II level was evaluated in the presence 
of an autophagic inhibitor such as NH4cl. Treatment 
of the cells with NH4cl led to further accumulation of 
LC3-II protein in the cells exposed to HG. Eventually, 
protein levels of p62, a selective substrate for autophagy, 
were detected. In general, p62 protein accumulates when 
autophagy is impaired (27). Compared with control 
cells, PBMCs treated with HG from 12h to 48h had 
more accumulated p62 protein levels. Taken together, 
these results demonstrate that autophagic flux is induced 
in HG-treated PBMCs. Similar to these findings, it was 
reported that HG could induce the autophagy pathway in 
different cells such as pancreatic β cells and podocytes 
(28, 29).

Autophagy has been closely linked to the control 
of innate and adaptive immune responses, in part 
by regulating cytokine production (30). Recently, 
studies have clearly indicated that defects in 
autophagy contribute to the inflammatory response in 
T2D. For instance, autophagy inhibition by genetic 
ablation of the regulator Atg16L1 or ATG-7 enables 
lipopolysaccharides (LPS)-dependent inflammasome 
activation, suggesting that autophagy normally 
counters inflammasome activation by LPS (31, 32). 
Defective hypothalamic autophagy directs the central 
pathogenesis of obesity by induction of inflammation 
in mice fed a high-fat diet (33). Depletion of the 
autophagic proteins LC3-II and Beclin-1 also enhanced 
the activation of caspase-1 and secretion of IL-1β and 
IL-18 in macrophages (34). Induction of autophagy 
in diabetic and in C57BL/6 mice fed a high-fat diet 
revealed low-grade systemic inflammation (35). 
Excessive autophagic activation by palmitate resulted 
in an unexpected significant increase in IL-1β, IL-6, and 
TNF-α production in pancreatic β cells (32). In addition, 
inhibition of autophagy in human and mouse adipose 
tissue explants led to a significant increase in IL-1β and 
IL-8 mRNA expression and protein secretion (36). To 
investigate whether autophagy induction by HG was 
an important contributor to increased expression of 
pro-inflammatory genes, the expression levels of these 
genes were first detected in PBMCs exposed to HG. 
The expression level of IL-6, TNF-α, and IL-1β was 
induced in PBMCs after 12h, 24h, and 48h treatment 
with HG. In agreement with these results, it was 
reported that hyperglycemia increases the expression 
of inflammatory TNF-α and IL-6 cytokines in PBMCs 
(37). Pharmacological inhibition of autophagy by CQ 

for 12h further increased cytokine expression levels 
in HG-treated cells, indicating that autophagy has a 
protective role against HG-induced pro-inflammatory 
responses of PBMCs. Compared to 12h treatment, lower 
expression of inflammatory cytokines was observed in 
PBMCs co-treated with HG and CQ for 24 and 48h. 
These observations could be due to higher apoptotic 
death of PBMCs in longer time exposures. Consistent 
with what has been mentioned above, previous studies 
have supported the hypothesis that autophagy has a 
protective role in pro-inflammatory responses (31, 32). 
For instance, it was reported that autophagy inhibition 
by 3-Methyladenine (MA-3) or shRNA against Beclin1 
or Atg5 causes an increase in TNF-α production in 
keratinocytes (38). Taken together, the findings that 
autophagy inhibition by CQ could augment pro-
inflammatory responses in HG-exposed PBMCs suggest 
autophagic dysregulation as a new mechanism linking 
HG exposure to inflammation in PBMCs.

Accumulating evidence has suggested a paradoxical 
role of autophagy in controlling cell death and survival 
under various stimulus conditions (39). On one side, 
autophagy has been proposed to have a crucial role in the 
maintenance of normal cellular function and survival, and 
its dysregulation might contribute to the pathogenesis 
of diseases such as T2D (35, 40). On the other hand, 
recent studies indicate that autophagy itself may be a 
mechanism of caspase- and apoptosis-independent cell 
death (41). After observing that autophagy is induced in 
HG-treated PBMCs, the question of whether autophagy 
could play a role in HG-induced cell death was 
addressed. Several markers of apoptosis were evaluated 
and it was found that HG could increase apoptosis of 
PBMCs. This was demonstrated by increased cleaved 
PARP and Cyt C level and YO-PRO1/PI positive cells 
in flow cytometry. To demonstrate the role of autophagy 
in HG-mediated apoptotic cell death, the autophagy 
inhibitor CQ was utilized to disrupt lysosomal function 
and prevent completion of autophagy. Pretreatment with 
CQ further promoted apoptosis in HG-treated PBMCs, 
indicating a protective role for autophagy against HG-
induced apoptosis in PBMCs.

In conclusion, this study revealed that the autophagy 
system could be activated in HG-treated PBMCs. The 
results also indicated that induction of autophagy might 
play an adaptive and protective role in HG-induced 
inflammation and apoptotic death of PBMCs. Therefore, 
the autophagy mechanism in PBMCs may be a novel 
mechanism that connects high glucose to low-grade 
inflammation in patients with T2D.

Acknowledgement

This work was financially supported by a grant (grant 
93-03-30-27144 and 96-01-30-33989) from the Deputy 
of Research, Tehran University of Medical Sciences.



48

November/December 2022, Volume 7, Issue 6R Jahangard et al.

Acta Biochimica Iranica 1(1): 40-49

Acta Biochimica Iranica

References

1. Khodabandehloo H, Gorgani-Firuzjaee S, Panahi G, Meshkani 
R. Molecular and cellular mechanisms linking inflammation 
to insulin resistance and β-cell dysfunction. Transl Res. 
2016;167(1):228-256.

2. Meshkani R, Vakili S. Tissue resident macrophages: Key 
players in the pathogenesis of type 2 diabetes and its 
complications. Clin Chim Acta. 2016;462:77-89.

3. Mazloom H, Alizadeh S, Pasalar P, Esfahani EN, Meshkani 
R. Downregulated microRNA-155 expression in peripheral 
blood mononuclear cells of type 2 diabetic patients is not 
correlated with increased inflammatory cytokine production. 
Cytokine. 2015;76(2):403-408.

4. Goldfine AB, Fonseca V, Jablonski KA, Pyle L, Staten MA, 
Shoelson SE. The effects of salsalate on glycemic control in 
patients with type 2 diabetes: a randomized trial. Ann Intern 
Med. 2010;152(6):346-357.

5. Hancu N, Netea M, Baciu I. High glucose concentrations 
increase the tumor necrosis factor-alpha production capacity 
by human peripheral blood mononuclear cells. Rom J Physiol 
Physiol Sci. 1997;35(3-4):325-330.

6. Dasu MR, Jialal I. Free fatty acids in the presence of high 
glucose amplify monocyte inflammation via Toll-like receptors. 
Am J Physiol Endocrinol Metab. 2011;300(1):E145-E154.

7. Wen X, Klionsky DJ. An overview of macroautophagy in 
yeast. J Mol Biol. 2016;428(9):1681-1699.

8. Ward C, Martinez-Lopez N, Otten EG, Carroll B, Maetzel 
D, Singh R, et al. Autophagy, lipophagy and lysosomal lipid 
storage disorders. Biochim Biophys Acta Mol Cell Biol 
Lipids. 2016;1861(4):269-284.

9. Yang Z, Klionsky DJ. An overview of the molecular 
mechanism of autophagy. In: Autophagy in infection and 
immunity. Springer; 2009:1-32.

10. Demine S, Michel S, Vannuvel K, Wanet A, Renard P, Arnould 
T. Macroautophagy and cell responses related to mitochondrial 
dysfunction, lipid metabolism and unconventional secretion 
of proteins. Cells. 2012;1(2):168-203.

11. Mir SU, George NM, Zahoor L, Harms R, Guinn Z, Sarvetnick 
N. Inhibition of autophagic turnover in β-cells by fatty acids 
and glucose leads to apoptotic cell death. J Biol Chem. 
2015;290(10):6071-6085.

12. Barlow AD, Thomas DC. Autophagy in Diabetes: β-Cell 
Dysfunction, Insulin Resistance, and Complications. DNA 
Cell Biol. 2015;34(4):252-260.

13. Levine B, Mizushima N, Virgin HW. Autophagy in immunity 
and inflammation. Nature. 2011;469(7330):323-335.

14. Netea-Maier RT, Plantinga TS, van de Veerdonk FL, Smit 
JW, Netea MG. Modulation of inflammation by autophagy: 
consequences for human disease. Autophagy. 2016;12(2):245-
260.

15. Delgado MA, Elmaoued RA, Davis AS, Kyei G, Deretic 
V. Toll‐like receptors control autophagy. EMBO J. 
2008;27(7):1110-1121.

16. Hartman ML, Kornfeld H. Interactions between naive and 
infected macrophages reduce Mycobacterium tuberculosis 
viability. PLoS One. 2011;6(11):e27972.

17. Shi CS, Shenderov K, Huang NN, Kabat J, Abu-Asab M, 
Fitzgerald KA, et al. Activation of autophagy by inflammatory 
signals limits IL-1 [beta] production by targeting 
ubiquitinated inflammasomes for destruction. Nat Immunol. 
2012;13(3):255-263.

18. Mizushima N, Komatsu M. Autophagy: renovation of cells 
and tissues. Cell. 2011;147(4):728-741.

19. Yang L, Li P, Fu S, Calay ES, Hotamisligil GS. Defective 
hepatic autophagy in obesity promotes ER stress and causes 
insulin resistance. Cell Metab. 2010;11(6):467-478.

20. Jung M, Lee J, Seo HY, Lim JS, Kim EK. Cathepsin inhibition-
induced lysosomal dysfunction enhances pancreatic beta-cell 
apoptosis in high glucose. PLoS One. 2015;10(1):e0116972.

21. Gou R, Chen J, Sheng S, Wang R, Fang Y, Yang Z, et al. KIM-
1 Mediates High Glucose-Induced Autophagy and Apoptosis 
in Renal Tubular Epithelial Cells. Cell Physiol Biochem. 
2016;38(6):2479-2488.

22. Las G, Serada SB, Wikstrom JD, Twig G, Shirihai OS. Fatty 
acids suppress autophagic turnover in β-cells. J Biol Chem. 
2011;286(49):42534-42544.

23. Fujisawa S, Romin Y, Barlas A, Petrovic LM, Turkekul M, 
Fan N, et al. Evaluation of YO-PRO-1 as an early marker of 
apoptosis following radiofrequency ablation of colon cancer 
liver metastases. Cytotechnology. 2014;66(2):259-273.

24. Ertunc ME, Hotamisligil GS. Lipid signaling and lipotoxicity 
in metaflammation: indications for metabolic disease 
pathogenesis and treatment. J Lipid Res. 2016;57(12):2099-
2114.

25. Yin J, Wang Y, Gu L, Fan N, Ma Y, Peng Y. Palmitate induces 
endoplasmic reticulum stress and autophagy in mature 
adipocytes: Implications for apoptosis and inflammation. Int 
J Mol Med. 2015;35(4):932-940.

26. Cai N, Zhao X, Jing Y, Sun K, Jiao S, Chen X, et al. Autophagy 
protects against palmitate-induced apoptosis in hepatocytes. 
Cell Biosci. 2014;4(1):1.

27. Komatsu M, Waguri S, Koike M, Sou YS, Ueno T, Hara 
T, et al. Homeostatic levels of p62 control cytoplasmic 
inclusion body formation in autophagy-deficient mice. Cell. 
2007;131(6):1149-1163.

28. Ma T, Zhu J, Chen X, Zha D, Singhal PC, Ding G. High 
glucose induces autophagy in podocytes. Exp Cell Res. 
2013;319(6):779-789.

29. Han D, Yang B, Olson LK, Greenstein A, Baek SH, Claycombe 
KJ, et al. Activation of autophagy through modulation of 
5′-AMP-activated protein kinase protects pancreatic β-cells 
from high glucose. Biochem J. 2010;425(3):541-551.

30. Kuballa P, Nolte WM, Castoreno AB, Xavier RJ. Autophagy 
and the immune system. Annu Rev Immunol. 2012;30:611-
646.

31. Saitoh T, Fujita N, Jang MH, Uematsu S, Yang BG, Satoh T, et 
al. Loss of the autophagy protein Atg16L1 enhances endotoxin-
induced IL-1&bgr; production. Nature. 2008;456(7219):264-
268.

32. Li S, Du L, Zhang L, Hu Y, Xia W, Wu J, et al. Cathepsin 
B contributes to autophagy-related 7 (Atg7)-induced nod-like 
receptor 3 (NLRP3)-dependent proinflammatory response 
and aggravates lipotoxicity in rat insulinoma cell line. J Biol 
Chem. 2013;288(42):30094-30104.

33. Meng Q, Cai D. Defective hypothalamic autophagy directs the 
central pathogenesis of obesity via the IκB kinase β (IKKβ)/
NF-κB pathway. J Biol Chem. 2011;286(37):32324-32332.

34. Nakahira K, Haspel JA, Rathinam VA, Lee SJ, Dolinay T, 
Lam HC, et al. Autophagy proteins regulate innate immune 
responses by inhibiting the release of mitochondrial DNA 
mediated by the NALP3 inflammasome. Nat Immunol. 
2011;12(3):222-230.

35. Ebato C, Uchida T, Arakawa M, Komatsu M, Ueno T, Komiya 



49

High glucose induces autophagy in PBMCs

Acta Biochimica Iranica 1(1): 40-49

Acta Biochimica Iranica

K, et al. Autophagy is important in islet homeostasis and 
compensatory increase of beta cell mass in response to high-
fat diet. Cell Metab. 2008;8(4):325-332.

36. Jansen H, Van Essen P, Koenen T, Joosten L, Netea M, Tack 
C, et al. Autophagy activity is up-regulated in adipose tissue 
of obese individuals and modulates proinflammatory cytokine 
expression. Endocrinology. 2012;153(12):5866-5874.

37. Esser N, L’homme L, De Roover A, Kohnen L, Scheen AJ, 
Moutschen M, et al. Obesity phenotype is related to NLRP3 
inflammasome activity and immunological profile of visceral 
adipose tissue. Diabetologia. 2013;56(11):2487-2497.

38. Lee HM, Shin DM, Yuk JM, Shi G, Choi DK, Lee SH, et al. 

Autophagy negatively regulates keratinocyte inflammatory 
responses via scaffolding protein p62/SQSTM1. J Immunol. 
2011;186(2):1248-1258.

39. Choi SE, Lee SM, Lee YJ, Li LJ, Lee SJ, Lee JH, et al. 
Protective role of autophagy in palmitate-induced INS-1 
β-cell death. Endocrinology. 2009;150(1):126-134.

40. Martino L, Masini M, Novelli M, Beffy P, Bugliani M, 
Marselli L, et al. Palmitate activates autophagy in INS-1E 
β-cells and in isolated rat and human pancreatic islets. PLoS 
One. 2012;7(5):e36188.

41. Kroemer G, Levine B. Autophagic cell death: the story of a 
misnomer. Nat Rev Mol Cell Biol. 2008;9(12):1004-1010.


	Autophagy protects peripheral blood mononuclear cells from high glucose-induced inflammation and apo
	A B S T R A C T 
	Keywords
	Abbreviations
	Introduction
	Materials and methods 
	Materials
	Subjects
	Blood sampling 
	Treatment with glucose 
	Real-time PCR 
	Western blot analysis 
	Apoptosis quantified by flow cytometry 
	Statistical analysis 

	Results
	The Effect of Glucose on the Expression of Inflammatory Cytokines  
	High glucose induces autophagic flux in PBMCs 
	Inhibition of autophagy exacerbates HG-induced inflammation in PBMCs 
	Augmentation of HG-induced cell death by blockage of autophagy 

	Discussion
	Acknowledgement
	References


