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Abstract. Mitochondrial function and morphology are dynam-
ically regulated by fusion and fission. Heme oxygenase‑1 
(HO‑1), which may be upregulated by protein kinase C‑α 
(PKC‑α), improves mitochondrial dynamics by controlling 
the balance between fusion and fission in vivo and in vitro. 
However, whether the PKC‑α/HO‑1 signaling pathway is one 
of the underlying mechanisms in adjusting mitochondrial 
dynamics in lipopolysaccharide (LPS)‑activated macrophages 
has remained elusive. To explore this, NR8383 cells were 
pre‑treated with PKC‑α inhibitor Go6976 or PKC‑α activator 
phorbol‑12‑myristate‑13‑acetate for 30 min and then stimu-
lated with LPS for 24 h. Next, the expression of PKC‑α, HO‑1, 
mitofusin 1 (Mfn1) and mitofusin 2 (Mfn2), optic atrophy 
1 (OPA1), dynamin‑related protein 1 (Drp1) and fission 1 
(Fis1) was detected to evaluate the possible implication of the 
PKC‑α/HO‑1 signaling pathway in the LPS‑induced NR8383 
cells. The results indicated that activation of the PKC‑α/HO‑1 
signaling pathway increased superoxide dismutase activities 
and the respiratory control ratio (RCR), decreased the levels 
of malondialdehyde, reactive oxygen species (ROS), Drp1 
and Fis1, and simultaneously enhanced the levels of Mfn1, 

Mfn2 and OPA1. In contrast, the PKC‑α inhibitor decreased 
the expression of RCR, Mfn1, Mfn2 and OPA1, and increased 
the expression of MDA and ROS in NR8383 cells. The results 
suggest that activation of the PKC‑α/HO‑1 signaling pathway 
is necessary for the balance of mitochondrial dynamics and 
oxidative stress in macrophages, which provides clues for 
probing novel strategies against the detrimental effects of 
sepsis and other disease states.

Introduction

Mitochondria are dynamic organelles, which are continuously 
remodeled through the dynamic processes, including fusion, 
fission and mitophagy (1). Fusion and fission are opposing 
actions that are crucial for maintaining the number, size, 
shape and function of mitochondria  (2,3). Mitochondrial 
fusion is regulated by 3 GTPases, namely mitofusin 1 (Mfn1), 
mitofusin  2  (Mfn2) and optic atrophy 1 (OPA1), while 
dynamin‑related protein 1 (Drp1) and fission 1 (Fis1) have roles 
in mitochondrial fragmentation (4,5). Mitochondrial fusion 
contributes to the formation of mitochondrial networks and 
facilitates the exchange of proteins, lipids and nucleic acids 
among defective mitochondria (6,7). Conversely, mitochondrial 
fission divides the tubular mitochondrial network to ensure that 
a sufficient number of normally functional mitochondria is 
present (8). Therefore, balanced mitochondrial dynamics are not 
only crucial for maintaining proper mitochondrial morphology, 
but also regulate its functions inside the eukaryotic cells (9).

Heme oxygenase (HO)‑1, a low‑molecular weight heat 
shock protein, is thought to protect against pro‑oxidant heme 
release caused by numerous agents, including lipopolysac-
charides (LPS), cytokines and reactive oxygen species 
(ROS)  (10,11). In  vitro and in  vivo, the beneficial effects 
of HO‑1 through regulating apoptosis and inflammation, 
protection against oxidative injury as well as contribution to 
angiogenesis have been demonstrated (12‑14). As one of the 
cytoprotective enzymes, HO‑1 eliminates heme and produces 
carbon monoxide (CO), biliverdin and free iron. In this 
decade, intensive investigations have demonstrated that endog-
enous CO also conveys a protective effect through the 
modulation of antioxidative, anti‑apoptotic, anti‑proliferative 

Activation of protein kinase C‑α/heme oxygenase‑1 
signaling pathway improves mitochondrial dynamics 

in lipopolysaccharide‑activated NR8383 cells
XIANGYUN LI1*,  YUAN ZHANG1*,  JIANBO YU1*,  RUI MU1,  LILI WU1,  

JIA SHI1,  LIRONG GONG1  and  DAQUAN LIU2

1Department of Anesthesiology, Tianjin Nankai Hospital, Tianjin Medical University; 2Department of Pharmacology, 
Institute of Integrated Traditional Chinese and Western Medicine for Acute Abdominal Diseases, Tianjin 300100, P.R. China

Received August 24, 2017;  Accepted April 20, 2018

DOI:  10.3892/etm.2018.6290

Correspondence to: Professor Jianbo Yu, Department of 
Anesthesiology, Tianjin Nankai Hospital, Tianjin Medical 
University, 6 Chang Jiang Road, Tianjin 300100, P.R. China
E‑mail: yujianbo11@126.com

*Contributed equally

Abbreviations: ALI, acute lung injury; CO, carbon monoxide; Drp1, 
dynamin‑related protein 1; Fis1, fission 1; HO‑1, heme oxygenase‑1; 
LPS, lipopolysaccharide; MDA, malondialdehyde; Mfn1, mitofusin 1; 
OPA1, optic atrophy 1; PKC‑α, protein kinase C‑α; RCR, pespiratory 
control ratio; ROS, reactive oxygen species; SOD, superoxide 
dismutase

Key words: heme oxygenase‑1, mitochondrial dynamics, protein 
kinase C‑α



LI et al:  EFFECT OF THE PKC-α/HO-1 SIGNALING PATHWAY ON MITOCHONDRIAL DYNAMICS1530

and anti‑inflammatory processes (15‑17). Beyond these, CO 
increases mitochondrial ROS leakage by binding to cyto-
chrome oxidase, which promotes the expression of genes 
associated with mitochondrial biogenesis (10,18).

Of note, previous studies by our group have confirmed that 
the induction of HO‑1/CO by LPS protects organs from septic 
shock in rats (18‑20). Furthermore, in vivo and in vitro experi-
ments by our group have also demonstrated that the HO‑1/CO 
system contributes to the attenuation of LPS‑induced acute 
lung injury by increasing the expression of mitochondrial 
fusion proteins and decreasing the levels of mitochondrial 
fission proteins (20,21). Therefore, it has been known that 
mitochondrial dynamics may be regulated by the HO‑1/CO 
system during septic shock, but the precise mechanisms have 
remained to be systematically demonstrated.

The protein kinase C (PKC) family comprises a group of 
multi‑functional serine/threonine kinases that have a key role 
in signal transduction (22). The PKC family may be classi-
fied into three major groups (conventional, novel and atypical 
PKCs) according to their modes of activation and primary 
structures (23,24). PKC‑α belongs to the conventional clas-
sical PKCs (cPKCs; types α, βI, βII and γ), which depend on 
calcium and diacylglycerol/phorbol esters for activation (23). It 
has been demonstrated that PKC‑α is an important modulator 
in the upregulation of HO‑1 stimulated by LPS in human 
monocytic cells  (25). However, whether the PKC‑α/HO‑1 
signaling pathway is involved in the adjustment of mitochon-
drial dynamics in LPS‑activated macrophages has remained 
to be elucidated.

Therefore, in the present study, it was hypothesized that 
HO‑1 may protect cells from oxidative stress and improve 
mitochondrial dynamics in rat macrophages stimulated by 
LPS via the PKC‑α/HO‑1 signaling pathway. To the best of 
our knowledge, the results of the present study are the first 
to support the notion that the PKC‑α/HO‑1 signaling pathway 
regulates mitochondrial dynamics by altering the expression 
of fusion and fission proteins.

Materials and methods

Reagents. The murine NR8383 macrophage cell line was 
obtained from the American Type Culture Collection 
(Manassas, VA, USA). LPS (Escherichia coli serotype 
O111:B4), Go6976 and phorbol‑12‑myristate‑13‑acetate 
(PMA) were purchased from Sigma‑Aldrich (Merck KGaA, 
Darmstadt, Germany). Antibodies specific for PKC‑α (cat. 
no. ab32376), HO‑1 (cat. no. ab13248), β‑actin (cat. no. ab8227) 
were obtained from Abcam (Cambridge, UK). Antibodies 
specific for Mfn1 (cat. no. sc‑50330), Mfn2 (cat. no. sc‑50331), 
OPA1 (cat. no. sc‑367890), Drp1 (cat. no. sc‑32898), Fis1 (cat. 
no. sc‑376447) were obtained from Santa Cruz Biotechnology, 
Inc. (Dallas, TX, USA). The superoxide dismutase (SOD; cat. 
no. A001‑1) and malondialdehyde (MDA; cat. no. A003‑1) kits 
were supplied by Nanjing Jiancheng Bioengineering Institute 
(Nanjing, China).

Cell culture. Alveolar macrophages (AMs) were incubated in 
Ham's F‑12K medium containing 15% heat‑inactivated fetal 
bovine serum (both Invitrogen; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA), 100 U/ml penicillin and 100 pg/ml 

streptomycin at 37˚C in a humidified atmosphere containing 
5% CO2. Cells were seeded in 6‑well plates at a density of 
1x106 cells/ml. The medium was replaced every 2‑3 days. Cell 
viability was assessed by trypan blue exclusion.

Experimental grouping. The wells containing AMs were 
randomly divided into 7 groups (n=5 each): The control (group 
C), LPS (group L), LPS+Go6976 (group LG), LPS+PMA 
(group LP), LPS+DMSO (group LD), Go6976 (group G) 
and PMA (group P) groups. Group L was stimulated with 
10  µg/ml LPS (L2630; Sigma‑Aldrich; Merck KGaA) to 
establish the experimental endotoxemia model. The cells 
in group C received an equal amount of normal saline. To 
block the PKC‑α/HO‑1 signaling pathway, group LG was 
pre‑treated with 5 µM Go6976 (an inhibitor of PKC‑α) for 
30 min prior to stimulation with LPS. Conversely, PMA, a 
direct PKC activator, was used to active PKC‑α; 100 nM 
PMA was added for 30 min prior to the incubation of LPS 
in group LP. Group LD was pre‑treated with an equivalent 
amount of drug vehicle dimethylsulfoxide (DMSO) instead. 
Group G and group P were pre‑treated with Go6976 and 
PMA respectively. Go6976 and PMA were dissolved in 0.1% 
DMSO in normal saline.

Measurement  of  in t racel lu lar  ROS product ion. 
Intracellular ROS levels were detected by using the 
dichloro‑dihydro‑fluorescein diacetate (DCFH‑DA) probe 
(Beyotime Institute of Biotechnology, Nanjing, China). In 
brief, after treatment with LPS for 24 h, macrophages were 
incubated with 10 µM DCFH‑DA at 37˚C for 20 min and then 
washed twice in PBS (26). DCF fluorescence was monitored 
with excitation and emission wavelengths of 485 and 535 nm. 
The results were recorded as the differences in fluorescence 
relative to the initial one.

Assessment of SOD and MDA. The activities of SOD and 
contents of MDA were measured using commercial reagent 
kits (Nanjing Jiancheng Bioengineering Institute). All of the 
measurements and calculations were performed according to 
the manufacturer's protocols. The content of MDA and the 
activity of SOD were expressed as millimoles per milligram 
and U per milligram of protein respectively.

Mitochondrial respiratory control ratio. According to the 
methods described by Carlson et al (27), mitochondria were 
isolated and stored at 0˚C in a buffer containing 250 mM 
sucrose, 10 mM Tris‑hydrochloric acid (HCl), 0.5 mM EDTA, 
and 0.5  g/l fatty acid‑free bovine serum albumin (BSA; 
Invitrogen; Thermo Fisher Scientific, Inc.) (pH  7.2)  (21). 
The respiratory control ratio (RCR) was measured by a 
Clark‑type oxygen electrode (Hansatech, King's Lynn, United 
Kingdom) at 37˚C (28). The respiration medium contained 
110 mM sucrose, 60 mM K‑lactobionate, 0.5 mM EGTA, 
1 g/l BSA essentially fatty acid‑free, 3 mM MgCl2, 20 mM 
taurine, 10 mM KH2PO4, 20 mM 4‑(2‑hydroxyethyl)‑1‑piper-
azineethanesulfonic acid (pH 7.1) and 280 IU/ml catalase 
(Nanjing Jiancheng Bioengineering Institute) (28). A 60‑µl 
mitochondrial suspension was incubated in the chamber 
for 10 min at 25˚C. Subsequently, 0.1 or 0.2 mM K‑ADP 
(Nanjing Jiancheng Bioengineering Institute) was added 
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for the determination of the State 3 respiration (27). Next, 
2 µM carboxyatractyloside was added to induce a State 4 
respiration. Finally, the RCR was calculated as RCR=State 3 
respiration/State 4 respiration.

RNA extraction and reverse transcription‑quantitative poly‑
merase chain reaction (RT‑qPCR). Total RNA was extracted 
from the cells using TRIzol (Thermo Fisher Scientific, Inc.). 
Complementary DNA was synthesized using the Reverse 
Transcription Kit (Takara, Otsu, Japan) and Real‑time PCR 
was performed using a SYBR Premix Ex Taq Kit (cat. 
no. DRR041; Takara) according to the manufacturer's proto-
cols. The expression of PKC‑α, HO‑1, Mfn1, Mfn2, OPA1, 
Drp1 and Fis1 was assessed at the same time. The primers 
were as follows: β‑actin, forward: 5'‑TGT​GTC​CGT​CGT​GGA​
TCT​GA‑3' and reverse: 5'‑TTG​CTG​TTG​AAG​TCG​CAG​
GAG‑3' (149  bp); PKCα, forward: 5'‑TGG​CAA​GGT​CAT​
GCT​CTC​AG‑3' and reverse: 5'‑GGA​AGC​AGG​AAT​GGA​
GCT​GA‑3' (133 bp); HO‑1, forward: 5'‑GAA​TCG​AGC​AGA​
ACC​AGC​CT‑3' and reverse: 5'‑CTC​AGC​ATT​CTC​GGC​TTG​
GA‑3' (135 bp); Mfn1, forward: 5'‑ACT​GTA​GGA​GGA​AGC​
GGA​CT‑3' and reverse: 5'‑CAC​AAT​CTC​CGC​AAG​GCA​
TC‑3' (102 bp); Mfn2, forward: 5'‑ACT​TCT​CCT​CTG​TTC​
CAG​TTG​T‑3' and reverse: 5'‑GTG​CTT​GAG​AGG​GGA​AGC​
AT‑3' (181 bp); OPA1, forward: 5'‑ACC​TTG​CCA​GTT​TAG​
CTC​CC‑3' and reverse: 5'‑ACC​TAA​CAA​GAG​AAG​GGC​
CTC‑3' (131 bp); Drp1, forward: 5'‑GCC​TCA​GAT​CGT​CGT​
AGT​GG‑3' and reverse: 5'‑TGC​TTC​AAC​TCC​ATT​TTC​TTC​
TCC‑3' (187 bp); and Fis1, forward: 5'‑TAC​CCC​GAG​GCT​
GTC​CTA​AG‑3' and reverse: 5'‑CAG​GAC​ATT​AGG​CCC​AGA​
GC‑3' (147 bp). PCR was performed in a final volume of 20 µl. 
The PCR products were amplified using the following ther-
mocycling conditions: 95˚C for 30 sec, followed by 40 cycles 
of 95˚C for 5 sec and 60˚C for 34 sec. An ABI‑7500 Sequence 
Detection System (Applied Biosystems; Thermo Fisher 
Scientific, Inc.) was used for product detection. The ΔΔCq 
method was used for determining the mRNA levels. Finally, 
based on the equation F=2‑∆∆Cq, the quantity of mRNA was 
calculated (29).

Western blot analysis. The proteins of cell lysates were 
extracted using a total and nuclear protein isolation kit (Thermo 
Fischer Scientific, Inc.). Furthermore, the protein concentra-
tion was determined using a bicichoninic acid assay kit 
(Thermo Fischer Scientific, Inc.). Equal amounts of extracted 
protein (50 µg) were fractionated by 12% SDS‑PAGE and then 
transferred to a polyvinylidene difluoride membrane (EMD 
Millipore, Billerica, MA, USA). The membranes were blocked 
with blocking buffer (PBS with 5% skimmed milk and 0.05% 
Tween 20) and incubated overnight at 4˚C with primary anti-
bodies against PKC‑α (1:800 dilution), HO‑1 (1:800 dilution), 
Mfn1 (1:800 dilution), Mfn2 (1:800 dilution), OPA1 (1:500 
dilution), Drp1 (1:800 dilution) and Fis1 (1:500 dilution). Next, 
the blots were incubated at 37˚C for 1 h with the horseradish 
peroxidase‑conjugated goat anti‑rabbit immunoglobulin G 
(1:3,000 dilution; cat. no. CW0156S; Beijing ComWin Biotech 
Co., Ltd., Beijing, China) after three washes for 10 min each 
with Tris‑buffered saline containing 0.05% Tween‑20. The 
blots were visualized by enhanced chemiluminescence (30) 
and quantified by densitometry (Molecular Analyst image 

analysis software; version 3.0; both Bio‑Rad Laboratories, 
Inc., Hercules, CA, USA).

Stat ist ical analysis. Values are expressed as the 
mean ± standard deviation. Parametric data were analyzed 
by one‑way analysis of variance, followed by Dunnett's 
post‑hoc test to determine significant differences between 
groups. The analyses were performed using GraphPad 
Prism 5.0 (GraphPad Software, Inc., La Jolla, CA, USA). 
P<0.05 was considered to indicate a statistically significant 
difference.

Results

Effect of PKC‑α activity on HO‑1 in LPS‑activated NR8383 
cells. To evaluate the effect of PKC‑α activity on the expres-
sion of HO‑1, NR8383 cells were pre‑treated with 5  µM 
Go6976 and 100 nM PMA for 30 min prior to incubation with 
10 µg/ml LPS for 24 h. As presented in Fig. 1, compared with 
those in the control group, the gene and protein expression 
of PKC‑α and HO‑1 were increased by treatment with LPS. 
Furthermore, the protein and mRNA expression of PKC‑α 
and HO‑1 exhibited a reduction when cells were pre‑treated 
with Go6976 (Fig. 1). Conversely, the expression of PKC‑α and 
HO‑1 was increased when the LPS‑activated NR8383 macro-
phages were pre‑treated with PMA (Fig. 1). Of note, Go6976 
or PMA alone had no effect on the expression of PKC‑α and 
HO‑1 (Fig. 1).

Levels of ROS and MDA, as well as the RCR and the SOD 
activity in LPS‑induced NR8383 cells. To investigate the 
effect of PKC‑α/HO‑1 signaling on oxidative stress, the 
levels of ROS and MDA, the RCR and the activity of SOD 
were analyzed (Fig. 2). Compared with group C, groups L, 
LG, LP and LD exhibited an apparent increase in the ROS 
(Fig. 2B) and MDA (Fig. 2A) content and a decline of SOD 
activity (Fig. 2C) and the RCR (Fig. 2D) after administra-
tion of 10 µg/ml LPS to NR8383 cells. Pre‑treatment with 
100 nM PMA, a direct PKC‑α activator, increased the RCR 
(Fig. 2D), improved the SOD activity (Fig. 2C) and decreased 
the generation of MDA (Fig. 2A) and ROS (Fig. 2B) in the 
LP group compared with that in the L group. In comparison, 
pre‑treatment with 5 µM Go6976 in the LG group had the 
opposite effect, while the effect on the activity of SOD was 
not significant.

The activation of PKC‑α/HO‑1 signaling pathway improves 
mitochondrial dynamics in LPS‑activated NR8383 cells. 
To further address the effect of the PKC‑α/HO‑1 signaling 
pathway on mitochondrial dynamics, western blot and 
RT‑qPCR were used to measure the mRNA and protein 
contents of Mfn1, Mfn2, OPA1, Drp1 and Fis1 in all groups. 
Compared with those in the control group, LPS significantly 
induced the mRNA and protein expression of Drp1 and 
Fis1, while concurrently decreasing the expression of Mfn1, 
Mfn2 and OPA1 (Figs. 3 and 4). Therefore, the mitochon-
drial dynamic equilibrium was disturbed by endotoxin in 
macrophages of rats. To examine whether the activation of 
the PKC‑α/HO‑1 signaling pathway has any effect on mito-
chondrial dynamics in NR8383 cells, cells were pre‑treated 
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with 5 µM Go6976 or 100 nM PMA for 30 min, followed by 
incubation with 10 µg/ml LPS for 24 h. The results indicated 
that Go6976 blocked the mRNA and protein expression of 
Mfn1, Mfn2 and OPA1, while increasing Drp1 and Fis1 in the 
LG group compared with those in the L group (Figs. 3 and 4). 
However, pre‑treatment with PMA caused an elevation of the 
mRNA and protein levels of Mfn1, Mfn2 and OPA1, and a 
downregulation of Drp1 and Fis1 in the LP group vs. those in 
the L group (Figs. 3 and 4).

Discussion

In the present study, it was demonstrated that activation of the 
PKC‑α/HO‑1 signaling pathway in LPS‑activated NR8383 
cells markedly increased the expression of Mfn1, Mfn2 and 
OPA1, while decreasing the levels of Drp1 and Fis1, in parallel 
with an increased expression of HO‑1 and PKC‑α proteins. 
Furthermore, activation of the PKC‑α/HO‑1 signaling 
pathway significantly increased the SOD activity and the RCR, 

Figure 1. Role of PKC‑α in the LPS‑induced mRNA and protein expression of HO‑1 in NR8383 cells. Reverse transcription‑quantitative polymerase chain 
reaction analysis was used to assess the mRNA levels of (A) PKC‑α and (B) HO‑1, while western blot analysis was used to assess the protein levels of 
(C) PKC‑α and (D) HO‑1. A representative western blot image is presented in the lower panel. After LPS treatment, the mRNA and protein levels of PKC‑α 
and HO‑1 were increased, which was attenuated by Go6976 but enhanced in the presence of PMA. *P<0.05 vs. control, #P<0.05 vs. LPS group; analysis of 
variance followed by Dunnett's post‑hoc test (n=5). HO, heme oxygenase; LPS, lipopolysaccharide; PMA, phorbol‑12‑myristate‑13‑acetate; PKC, protein 
kinase C; DMSO, dimethylsulfoxide.
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and diminished the MDA and ROS content in LPS‑activated 
NR8383 cells. However, blockade of the PKC‑α/HO‑1 
signaling pathway by pre‑treatment with Go6976, a specific 
inhibitor of PKC‑α, had the opposite effect to that of the acti-
vator PMA on LPS‑activated macrophages.

The RCR is a crucial and versatile indicator of mito-
chondrial health due to its close association with oxidative 
phosphorylation (OXPHOS). State 3 respiration reflects the 
amount of oxygen utilized for ATP production, which is 
measured following the addition of ADP and phosphoric acid 
groups. State 4 respiration is obtained after ADP is completely 
phosphorylated to ATP during OXPHOS. Therefore, the 
mitochondrial RCR expresses the ratio between the oxygen 
consumption rate in State 3 vs. the oxygen consumption 
rate in State 4 (31). A high RCR (>2.5) may be regarded as 
an indicator of good‑quality mitochondrial respiration (31). 
Consistent with a previous study by our group (21), the present 
results indicated that NR8383 cells induced by LPS had a 
lower RCR compared with that of a vehicle‑treated control. 
However, the induction of the PKC‑α/HO‑1 signaling pathway 
by PMA effectively attenuated the LPS‑induced depression 

of mitochondrial function via restoring the RCR. By contrast, 
exposure to Go6976 significantly reduced the RCR, thereby 
aggravating the effect of LPS.

HO‑1 is an important antioxidant enzyme and exerts a 
crucial cytoprotective effect in various disease states and organ 
systems (32‑34). In addition, the protective effect of HO‑1 is 
closely associated with the normal function of mitochondria. 
A recent study has also indicated that HO‑1 partially medi-
ates cardiac protection by regulating mitochondrial quality 
control, comprising mitochondrial dynamics, biogenesis and 
mitophagy (33). Importantly, overexpression of HO‑1 abrogated 
increases in the expression of Fis1 and elevated the expression 
of Mfn1 and Mfn2 in mice with doxorubicin‑induced dilated 
cardiomyopathy  (33). In line with these results, preceding 
studies by our group indicated that the HO‑1/CO system 
exerted anti‑oxidant effects via increasing the expression of 
mitochondrial fusion proteins and decreasing the levels of 
mitochondrial fission proteins in an endotoxin‑induced acute 
lung injury (ALI) model and in LPS‑activated RAW 264.7 
cells (21). According to previous studies, the experimental 
model of LPS‑activated NR8383 cells was applied in the 

Figure 2. Induction of oxidative stress in NR8383 cells. (A) Levels of MDA, (B) ROS content, (C) SOD activity and (D) RCR levels in the NR8383 cell 
line following stimulation with LPS. *P<0.05 vs. control, #P<0.05 vs. LPS group; analysis of variance followed by Dunnett's post‑hoc test (n=5). MDA, 
malondialdehyde; ROS, reactive oxygen species; SOD, superoxide dismutase; RCR, respiratory control rate; PMA, phorbol‑12‑myristate‑13‑acetate; DMSO, 
dimethylsulfoxide; LPS, lipopolysaccharide.
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present study. HO‑1 expression was induced by stimulation of 
NR8383 cells with LPS. Furthermore, after pre‑treatment with 
Go6976, low HO‑1 expression coincided with low expression 

of Mfn1, Mfn2 and OPA1, as well as high levels of Drp1 and 
Fis1, which supports the protective effect of HO‑1 in improving 
mitochondrial dynamics.

Figure 3. Effects of PKC‑α/HO‑1 signaling pathway on mitochondrial fusion/fission proteins in response to LPS in NR8383 cells. To evaluate the implication 
of the PKC‑α/HO‑1 signaling pathway in the effects of LPS on mitochondrial dynamic markers, NR8383 cells were pre‑treated with 5 µM Go6976 and 100 nM 
PMA for 30 min prior to incubation with 10 µg/ml LPS for 24 h. The protein levels of the mitochondrial dynamic markers (A) Mfn1, (B) Mfn2, (C) OPA1, 
(D) Drp1 and (E) Fis1 were assessed by western blot analysis. *P<0.05 vs. control, #P<0.05 vs. LPS group; analysis of variance followed by Dunnett's post‑hoc 
test (n=5). PMA, phorbol‑12‑myristate‑13‑acetate; DMSO, dimethylsulfoxide; LPS, lipopolysaccharide; Drp1, dynamin‑related protein 1; Fis1, fission 1; Mfn, 
mitofusin; OPA1, optic atrophy 1.
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ALI associated with sepsis is the leading cause of mortality 
in intensive care units. During the course of ALI, alveolar 
macrophages generate and release a variety of mediators once 

activated by bacteria and/or viruses, which in turn promotes 
excessive recruitment of leukocytes  (35). Furthermore, 
accompanied with an uncontrolled inflammatory response, 

Fig 4. Effects of p PKC‑α/HO‑1 signaling pathway on the mRNA levels of mitochondrial fusion/fission markers in NR8383 cells induced with LPS. To 
evaluate the effect of PKC‑α/HO‑1 signaling pathway on mitochondrial dynamic markers, NR8383 cells were pretreated with 5 µM Go6976 and 100 nM 
phorbol‑12‑myristate‑13‑acetate for 30 min prior to the incubation of 10 µg/ml LPS for 24 h. The mRNA levels of the mitochondrial dynamic markers 
(A) Mfn1, (B) Mfn2, (C) OPA1, (D) Drp1 and (E) Fis1 were assessed by reverse transcription‑quantitative polymerase chain reaction analysis. *P<0.05 vs. 
control, #P<0.05 vs. LPS group; analysis of variance followed by Dunnett's post‑hoc test (n=5). LPS, lipopolysaccharide; Drp1, dynamin‑related protein 1; Fis1, 
fission 1; Mfn, mitofusin; OPA1, optic atrophy 1.
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numerous kinases and signaling pathways may be stimulated 
in LPS‑activated monocytes (36,37). The activation of PKC, 
particularly in the PKC‑α/HO‑1 signaling pathway, has been 
reported to be involved in the protection against oxidative 
stress, inflammation and apoptosis (38‑40). However, whether 
HO‑1 has any effect on mitochondrial dynamics through PKC‑α 
pathways has remained to be elucidated. In the present study, 
Go6976, a specific PKC‑α inhibitor, decreased the mRNA 
and protein expression of PKC‑α and HO‑1 in LPS‑induced 
NR8383 cells, along with the depression of Mfn1, Mfn2 
and OPA1, and the increase of Drp1 and Fis1. Furthermore, 
suppression of PKC‑α and HO‑1 led to increases in the levels 
of ROS and MDA, and a reduction of the RCR. Therefore, the 
present study hypothesized and experimentally verified that 
the PKC‑α/HO‑1 signaling pathway is a candidate mechanism 
via which cells may be protected from oxidative stress injury 
and mitochondrial function may be regulated by improving 
mitochondrial dynamics in LPS‑activated macrophages.

In summary, the present study indicated that the activation 
of PKC‑α by LPS stimulated the expression of HO‑1 protein, 
which in turn ameliorated mitochondrial injury by increasing the 
expression of Mfn2 and OPA1, and decreasing the levels of Drp1 
and Fis1 in NR8383 cells. Furthermore, PKC‑α/HO‑1 signaling 
pathway was identified to be implicated in the anti‑oxidant 
and cytoprotective effects against LPS‑induced activation in 
macrophages. Based on the present results, it may be concluded 
that the PKC‑α/HO‑1 signaling pathway constitutes at least one 
critical signal transduction pathway for modulating mitochon-
drial dynamics in LPS‑activated macrophages. Therefore, the 
present results provide an approach for further investigation into 
the function of HO‑1 in improving the quality of mitochondrial 
dynamics as well as the underlying mechanisms, which may be 
a potential and efficient strategy to protect cells against sepsis.
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