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Background: Electroacupuncture (EA) mitigates endotoxin-induced acute lung injury (ALI) during bacte-
rial sepsis, but the mechanisms are unclear. This study aimed to investigate the potential mechanisms of
EA improving endotoxin-induced ALI.
Methods: Endotoxin-induced ALI was established by lipopolysaccharide (LPS) administration.
Electroacupuncture was started 5 days before LPS administration and non-acupoint EA (punctured at
non-acupoints with shallow insertion and no electrical stimulation) was used as the control treatment.
In addition, hemin was applied to active HO-1 and ZnPP to suppress HO-1. Briefly, 70 rabbits were
divided into seven treatment groups: untreated control (C), LPS, LPS + EA, LPS + non-acupoint EA,
LPS + EA + hemin, LPS + EA + ZnPP, and LPS + EA + ZnPP + hemin. Lung samples were collected at 6 h after
LPS administration for analysis of tissue injury (edema, inflammation, hemorrhage, necrosis), oxidative
stress, mitochondrial membrane potential (MMP), respiratory control ratio (RCR), ATP production, and
changes in expression of mitochondrial fusion and fission markers.
Results: Electroacupuncture alleviated LPS-induced lung injury and mitochondria dysfunction as indi-
cated by decreasing wet/dry tissue weight ratio, lung injury score, ROS production, and suppressing
expression of mitochondrial fission proteins. Furthermore, EA also increased ATP content, mitochondrial
membrane potential, respiratory control ratio, and expressions of mitochondrial fusion proteins (LPS + EA
group vs. LPS group). These effects of EA were further enhanced by pretreatment with hemin
(LPS + EA + hemin group) but suppressed by Znpp-IX (LPS + EA + ZnPP and LPS + EA + ZnPP + hemin groups).
Conclusions: Electroacupuncture protects against endotoxin-induced ALI by upregulating heme
oxygenase-1 expression, thereby preserving the balance between mitochondrial fusion and fission.
� 2019 Published by Elsevier B.V. on behalf of King Saud University. This is anopenaccess article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Endotoxin-induced acute lung injury (ALI) is a common compli-
cation of bacterial sepsis that markedly increases mortality
(Schlosser et al., 2018). Indeed, despite therapeutic advances aimed
at ameliorating endotoxin-induced ALI, mortality is still high,
reaching 35.1% to 46.1% (Rubenfeld et al., 2005). Thus, safer and
more effective therapeutic measures are urgently required
(Shafeeq and Lat, 2012). A number of studies have shown that
acupuncture is effective against multiple diseases including
stress-associated urinary incontinence, postoperative intra-
abdominal adhesions, asthma, and pulmonary diseases (Liu et al.,
2017; Du et al., 2015; Nurwati et al., 2019; Suzuki et al., 2018;
Pan et al., 2010). Our previous clinical trial demonstrated that EA
can improve oxygenation index and decrease APACHE-II score of
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patients with sepsis-induced lung injury, but the mechanism is still
unknown (Li et al., 2017). Many studies on the therapeutic mech-
anisms of acupuncture in sepsis have focused on mitigation of
oxidative stress (Han et al., 2017; Chen et al., 2016a), which is con-
sistent with our previous studies that EA could suppress the reac-
tive oxygen species (ROS) accumulation in endotoxin-induced ALI
(Yu et al., 2013; Zhang et al., 2014).

Mitochondria are the primary targets of oxidative damage.
Mitochondrial function under oxidative stress is maintained by
the balance of fusion and fission cycles (Youle and van der Bliek,
2012). Proper regulation of mitochondrial fusion/fission balance
is vital for protection from oxidative damage during endotoxin-
induced ALI (Zhang et al., 2019a; Dong et al., 2018). However,
the exact molecular mechanisms controlling mitochondrial
dynamics in endotoxin-induced lung injury are still poorly under-
stood. Our previous studies found that EA attenuated endotoxin-
induced ALI by upregulating heme oxygenase 1 (HO-1) (Yu et al.,
2013; Zhang et al., 2014) and some reports indicated that HO-1
is one of modulators of the mitochondrial fusion/fission balance
(Yu et al., 2016). However, the effect of EA on mitochondrial
fusion/fission balance hasnt been clearly discussed. This study
aimed to clarify the influence of EA on mitochondrial fusion/fission
balance and the role of HO-1 in lung protection from oxidative
injury during endotoxin-induced ALI. The central hypothesis is
described schematically in Fig. 1.
2. Material and methods

2.1. Materials

Antibodies against HO-1 (D51619) and Drp1 (D61517) were
purchased from Booute Biotechnology (Wuhan, China). Antibodies
against Mfn1 (AE082042), Mfn2 (AF01270996B) and OPA1
(AD090106) were purchased from Bioss Biotechnology (Beijing,
China). The 2,7-dichlorofluorescein diacetate (DCFH-DA) and ATP
enzyme test kits were acquired from Nanjing Jiancheng Bioengi-
neering Institute (Nanjing, China). All other chemicals including
Fig. 1. The outline of e
LPS (L1245), Znpp-IX (MKBV8659V), and hemin (BCBM3691V),
were obtained from Sigma (St. Louis, MO, USA).

2.2. Animals and grouping

Two-month-old male New Zealand white rabbits (1.52.0 kg)
were purchased from the Institute of Radiation Medicine of the
Chinese Academy of Medical Sciences. Rabbits were maintained
individually under a 12 h light/dark cycle, 30% to 70% humidity,
and 2325̄ C with ad libitum access to standard rabbit chow and dis-
tilled water. Animals were acclimated for three days prior to
experiments.

Rabbits were divided into seven treatment groups with ten ani-
mals per group: control (C), LPS (LPS injection as a model of
endotoxin-induced ALI), LPS + EA (EA pretreatment plus
endotoxin-induced ALI), LPS + non-acupoint EA (non-acupoint EA
pretreatment and endotoxin-induced ALI), LPS + EA + hemin,
LPS + EA + ZnPP, and LPS + EA + ZnPP + hemin.

2.3. Endotoxin-induced ALI model

The rabbits were weighed and injected with 2% pentobarbital
sodium (60 mg/kg) for anesthesia. Lipopolysaccharide (5 mg/kg,
Sigma, USA) reconstituted in 1 mL sterile sodium chloride, 0.9%,
was then injected to model endotoxin-induced ALI. Some rabbits
were pretreated intravenously with 100 mg/kg hemin (dissolved
in 0.1 mmol/L sodium hydroxide) or 10 mol/kg Znpp-IX (dissolved
in 1 mL sodium bicarbonate) 1 h before LPS injection (Yu et al.,
2013; Privitera et al., 2007). All rabbits were euthanized by exsan-
guination from the jugular vein under anesthesia at 6 h after LPS
stimulation. Lung tissues were collected for further studies.

2.4. Electroacupuncture procedures

Electroacupuncture was initiated 5 days before LPS treatment
(ALI modeling) in the indicated groups (LPS + EA, LPS + EA + hemin,
LPS + EA + ZnPP, and LPS + EA + ZnPP + hemin). Two pairs of stain-
less steel acupuncture needles were inserted bilaterally into the
xperiment design.



Table 1
PCR primer sequences.

Gene Sequence Size (bp)

HO-1 Forward CCTGGAGGAGGAGATTG 147
Reverse GGCGTGTAGGGGATGGT

Mfn1 Forward TTCTGAATAATCGTTGG 131
Reverse CTGTGCTTCTAATGGAT

Mfn2 Forward AAGTGGCTTTTTTTGGC 175
Reverse CTCCTCTTCTCCTCGGA

OPA1 Forward GGAAATTGATGAGTATA 187
Reverse TAACAAGAGAAGTAGGT

Drp1 Forward TACTGTGGAGTGTGTTCA 202
Reverse CACCTCTCTTTTGTTTTT

-actin Forward CAGGGCTGCCTTCTCTTGTG 186
Reverse TCTCGCTCCTGGAAGATGGT

Note: All sequences are in the 5 to 3 orientation.
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rabbit equivalent of the ST36 acupoint and the BL13 acupoint
according to the previous research (Yu et al., 2013). Elec-
troacupuncture stimulation was delivered by Hans acupoint nerve
stimulator (LH-202H, Neuroscience Research Institute, Beijing,
China) by disperse-dense wave at 2/100 Hz for 30 min every day
for five consecutive days before LPS injection (Ferreira et al.,
2009). The final EA administration was delivered on the day of
LPS treatment (Wang et al., 2009). Non-acupoint EA at non-
acupoints with shallow insertion and no electrical stimulation
was used as the control treatment for EA (Chen et al., 2016b;
Chen et al., 2017). An experienced acupuncturist identified the acu-
points and non-acupoints.

2.5. Lung histopathology

Lung tissue was dissected and stored in 70% ethanol. Sections
were stained with hematoxylin and eosin (H&E) dye. Lung
histopathology was assessed from at least 3 rabbits per treatment
group by a pathologist who was blinded to treatment history. Dig-
ital photos of lung tissues were imaged using a Leica microscope
(DM IRB, Leica Microsystems, Wetzlar, Germany) and analyzed
by Image-Pro Plus software (Media Cybernetics, Rockville, MD,
USA) (Hull et al., 2016). The severity degree of lung injury was
assessed according to the occurrence of edema, inflammation and
hemorrhage of alveolar and interstitial, atelectasis and necrosis.
Each pathology was classified as range from grade 0 to 4, according
to the division principle as no injury defined as 0, 25% injury (the
lesion area/the entire area in lung tissue) as 1, 50% injury as 2,
75% injury as 3, 100% injury as 4. The total lung lesion score was
calculated as the sum of these scores (Zhang et al., 2019b).

2.6. Lung wet/dry weight ratio

The left lung was carefully dissected and immediately weighted
as W(wet). Then, the lung was dried at 70̄ C and weighted again as
W(dry). The relative water content (W/D value) = W(wet)/W(dry).

2.7. ROS production

Reactive oxygen species accumulation, an index of oxidative
stress, was measured fluorometrically using the fluorescent probe
DCFH-DA. DCFH-DA is cleaved by intracellular esterase to yield
nonfluorescent DCFH, which is oxidized by peroxides to highly flu-
orescent DCF. Briefly, cells were plated in 96-well plates and cul-
tured to almost 80% confluence. Cell suspensions were loaded
with 106 mol/L DCFH-DA for 30 min at 37̄ C and DCF fluorescence
monitored by a Chameleon microplate reader (Hidex, Turku, Fin-
land) at 480/530 nm (Ex/Em). The results are reported as change
in fluorescence relative to baseline (F/F) (Yu et al., 2016).

2.8. ATP content

ATP content was determined by a commercial ATP enzyme test
kit and normalized to protein using a quantitative protein assay.

2.9. Mitochondrial membrane potential

Freshly excised lung tissues were washed, minced and homog-
enized in buffer (102 mol/L HEPES, 1 mol/L mannitol,
3.5 æ 101 mol/L sucrose, 5 æ 103 mol/L EGTA, pH = 7.5) supple-
mented with bovine serum albumin at 4¯C. The homogenate was
centrifuged at 600g for 5 min at 4̄ C. The supernatants were trans-
ferred and centrifuged at 11,000g for 10 min at 4̄ C. Pellets contain-
ing mitochondria were suspended in a storage buffer (102 mol/L
HEPES, 1.25 mol/L sucrose, 5 æ 103 mol/L ATP, 4 æ 104 mol/L
ADP, 2.5 æ 102 mol/L sodium succinate, 102 mol/L K2HPO4,
5 æ 103 mol/L DTT, pH = 7.5). Mitochondrial membrane potential
was assessed immediately from freshly isolated mitochondria
using JC-1 as previously described (Qin et al., 2012).
2.10. Respiratory control ratio (RCR)

Lung tissue in the lesioned area was homogenized and the
mitochondria were isolated by centrifuging homogenate twice at
12,000g for 10 min at 4¯C. 1 mg mitochondria were resuspended
by 1.5 mL of reaction medium (7 æ 102 mol/L sucrose,
1 æ 103 mol/L EDTA, 2.25 æ 101 mol/L mannitol, 102 mol/L potas-
sium phosphate, 0.1% BCA, pH = 7.4, 25̄ C) to acquire 2.4 æ 101 mol/
L mitochondrial solution. Then, 4 æ 103 mol/L substrate disodium
succinate was blended with the same volume of mitochondrial
solution and incubated for 2 min. The respiratory oxygen quotient
IV (R4) was measured using Clarks oxygen electrode method. Then,
the respiratory oxygen quotient III (R3) was measured after 20 L,
5 æ 102 mol/L adenosine diphosphate being added. The mitochon-
drial RCR = R3/R4 (Long et al., 2019).
2.11. Real-time PCR

Tissue RNA was extracted from rabbit lung tissues by a high-
purity RNA kit (Roche, Germany) and quantified by absorbance at
260 nm using a spectrophotometer as described (Zhang et al.,
2014). Then, 5 L total RNA was reversed transcribed to produce
complementary DNA and the cDNA was reverse transcribed by
PCR using SYBR Green Master Mix on an ABI Prism 7000 sequence
detector system (Applied Biosystems, Foster City, USA). Pre-
degeneration of the PCR mix was performed at 95̄ C for 10 min, fol-
lowed by 40 thermal cycles of denaturing for 30 s at 95̄ C, anneal-
ing for 5 s at 95̄ C, and extension for 34 s at 60̄ C. All primers are
listed in Table 1. -actin was used as an internal control to normal-
ize all PCR products. Target gene expression was quantified using
the comparative threshold cycle CT method.

2.12. Western blot analysis

For total proteins extraction, tissue samples were homogenized
in lysis buffer and then centrifuged at 10,000g for 15 min at 4̄ C. 50
çg protein sample was subjected to 12% SDS-PAGE and then trans-
ferred to PVDF membranes. The membranes were carefully washed
by 1æ Tris-buffered saline and then incubated with primary anti-
bodies against HO-1 (1:1000, Booute Biotechnology), Mfn1
(1:1000, Bioss Biotechnology), Mfn2 (1:1500, Bioss Biotechnology),
OPA1 (1:1000; Bioss Biotechnology), and Drp1 (1:1000; Booute
Biotechnology) overnight at 4¯C. -actin (1:800, Bioss Biotechnol-
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ogy) was used as the gel loading control. Blots were clearly washed
by TBS-0.05% Tween 20 and incubated by secondary antibody at
37¯C for 2 h (1:3000; CWBIO, Beijing, China). The protein bands
were visualized as previously described and quantified by densito-
metry (Zhang et al., 2014). The protein intensities of HO-1, Mfn1,
Mfn2, OPA1, and Drp1 were normalized to -actin intensity using
the optical density ratio.
2.13. Electron microscopy

For electron microscopy, tissue was fixed in 0.1 mol/L sodium
cacodylate buffer (pH = 7.3) containing 3% glutaraldehyde and 2%
paraformaldehyde. Morphometric analyses were performed using
NIH ImageJ (version 1.43) (Bueno et al., 2015).
Fig. 2. Electroacupuncture and HO-1 upregulation mitigated LPS-induced ALI. (A) Repres
LPS + non-acupoint EA group, LPS + EA group, LPS + EA + hemin group, LPS + EA + ZnPP gr
Electroacupuncture and HO-1 upregulation suppressed quantitative metrics of lung injur
vs. Control group; bp < 0.05 vs. LPS group; cp < 0.05 vs. LPS + non-acupoint EA group;
LPS + EA + ZnPP group.
2.14. Statistical analysis

Continuous variables are represented as mean̆ standard devia-
tion (SD). Differences among group means were evaluated by one-
way analysis of variance (ANOVA) and post hoc least significant
difference (LSD) tests for pair-wise comparisons. A p < 0.05 (two-
tailed) was considered statistically significant. The Statistical Anal-
ysis System (v 9.2, SAS Institute, Inc., Cary, NC, USA) was applied to
perform the statistical analysis.
2.15. Ethics approval

All experiments were approved by the Animal Ethical and
Welfare Committee of Institute of Radiation Medicine of Chinese
entative images of H&E-stained lung tissue slices from the control group, LPS group,
oup and LPS + EA + ZnPP + hemin group. 400 æ magnification, scale bar = 10 çm. (B)
y. Lung injury scores and W/D ratios were expressed as mean̆ SD (n = 10). ap < 0.05
dp < 0.05 vs. LPS + EA group; ep < 0.05 vs. LPS + EA + hemin group; f p < 0.05 vs.
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Academy of Medical Sciences (No. DWLI-20160626) and per-
formed according to the National Institutes of Health Guidelines
for the Care and Use of Laboratory Animals.
3. Results

3.1. Effects of EA and HO-1 expression on LPS-induced lung
histopathology, lung injury score, and W/D ratio

The procedures of this study were as follows: EA was delivered
for 30 min every day for five consecutive days (days 15) before LPS
treatment. LPS (5 mg/kg) was injected as an experimental model of
endotoxin-induced ALI. Some rabbits were pretreated intra-
venously with 100 mg/kg hemin or 10 mol/kg Znpp-IX 1 h before
LPS injection. Rabbits were euthanized and tissue samples were
collected 6 h after LPS injection.

Photomicrographs of excised lung tissue indicated that LPS
induced thickening of the alveolar wall, infiltration of inflamma-
tory cells into alveolar spaces, hemorrhage, and formation of hya-
line membrane (Fig. 2A). All of these pathological signs of ALI were
reduced by 5 days of EA pretreatment. Additional pretreatment
with the HO-1 inducer hemin augmented the effects of EA, while
pretreatment with the HO-1 inhibitor ZnPP-IX weakened the pro-
tective effects of EA and EA + hemin against LPS-induced ALI. In
contrast to EA, non-acupoint stimulation had no effect on ALI
(Fig. 2B). In summary, W/D ratio and lung injury score were
increased significantly in all LPS-treated groups compared to
Fig. 3. Electroacupuncture and HO-1 upregulation protect against LPS-induced mito
membrane potential (C), and respiratory control ratio (D). Values are expressed as mea
LPS + non-acupoint EA group; dp < 0.05 vs. LPS + EA group; ep < 0.05 vs. LPS + EA + hem
untreated controls (p < 0.05), but were reduced in the LPS + EA
group compared to the LPS group and the LPS + non-acupoint EA
group (both p < 0.05). Lung lesion score and W/D value were fur-
ther reduced in the LPS + EA + hemin group but elevated in
LPS + EA + ZnPP group compared to the LPS + EA group (both
p < 0.05). Lung lesion score and W/D value were also higher in
the LPS + EA + ZnPP and LPS + EA + ZnPP + hemin groups compared
to the LPS + EA + hemin group (all p < 0.05). Finally, lung lesion
score and W/D value were significantly lower in the
LPS + EA + ZnPP + hemin group compared to the LPS + EA + ZnPP
group (p < 0.05). These findings strongly suggest that EA reduces
LPS-evoked ALI via HO-1 upregulation.
3.2. Effects of EA and HO-1 expression on LPS-induced mitochondrial
dysfunction and oxidative stress

Compared to group C, ATP content, MMP, and RCR were signif-
icantly reduced while ROS production was significantly elevated in
all LPS treatment groups (p < 0.05) (Fig. 3). However, ATP content,
MMP, and RCR were higher and ROS production was lower in the
LPS + EA group compared to the LPS group and LPS + non-
acupoint EA group (p < 0.05), which indicated that EA improved
the LPS-induced ALI at least in this four factors. Otherwise, hemin
could further ameliorated ATP content, MMP, RCR and ROS produc-
tion, compared LPS + EA + hemin with LPS + EA, and ZnPP didnt
decrease the ROS production in LPS + EA + ZnPP group, compared
with LPS + EA group. Consistent with ALI analyses, these findings
chondrial dysfunction. (AD) ATP content (A), ROS production (B), mitochondrial
n̆ SD (n = 10). ap < 0.05 vs. Control group; bp < 0.05 vs. LPS group; cp < 0.05 vs.
in group; f p < 0.05 vs. LPS + EA + ZnPP group.



Fig. 4. Electroacupuncture and HO-1 upregulation reverse LPS-induced changes in mitochondrial ultrastructure. Electron microscopy images of mitochondria in lung tissues
from the C group, LPS + EA group, LPS group, LPS + non-acupoint EA group, LPS + EA + hemin group, LPS + EA + ZnPP group and LPS + EA + ZnPP + hemin group. Red arrows
show the mitochondria. 15,000æ magnification.
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strongly suggest that EA improves the LPS-induced ATP reduction,
MMP and RCR decrease and ROS increase and mitigates the patho-
logical processes underlying LPS-induced lung injury by augment-
ing HO-1 expression.

3.3. Effects of EA and HO-1 expression on mitochondrial ultrastructure

As shown in Fig. 4, LPS increased mitochondrial edema and
crest fracture that were suppressed by EA and further suppressed
by hemin, while Znpp-IX injection partially inhibited the protec-
tive effects of EA.

3.4. Mfn1/2, OPA1, and Drp1 mRNA and protein expression levels

Mfn1/2, as mitochondrial markers, facilitate the mitochondrial
location and homotypic fusion (Huang et al., 2017). OPA1, belong-
ing to mitochondria shaping protein family, is also one of mito-
chondrial markers. As shown in Figs. 5 and 6, LPS injection
greatly diminished the expressions of Mfn1, Mfn2, and OPA1 and
enhanced the expression of the mitochondrial fission marker
Drp1 at both mRNA and protein levels (p < 0.05). Conversely, EA
upregulated HO-1, Mfn1, Mfn2, and OPA1 mRNAs and proteins,
and downregulated Drp1 mRNA and protein (p < 0.05). These
changes were significantly enhanced by hemin (p < 0.05) and
reversed by Znpp-IX (p < 0.05).
4. Discussion

In this study, we established the paramount importance of HO-
1 upregulation in the protective effects of electroacupuncture
against LPS-induced acute lung injury. Electroacupuncture suc-
cessfully mitigated LPS-induced lung injury by preserving mito-
chondrial function as evidenced by elevating ATP production,
maintaining mitochondrial membrane potential, increasing respi-
ratory control ratio and sustaining mitochondrial fusion/fission
balance. These protective effects were associated with HO-1 upreg-
ulation, and additional HO-1 induction further augmented the pro-
tective efficacy of EA; conversely, HO-1 inhibition blocked the



Fig. 5. Effects of EA and HO-1 modulators on LPS-induced changes in mitochondrial fusion markers, fission markers, and HO-1 at the mRNA level. Mfn1, Mfn2, OPA1, Drp1,
and HO-1 mRNA expression levels in lung tissues were analyzed by RT-PCR. Values are expressed as mean̆ SD (n = 10). ap < 0.05 vs. Control group; bp < 0.05 vs. LPS group;
cp < 0.05 vs. LPS + non-acupoint EA group; dp < 0.05 vs. LPS + EA group; ep < 0.05 vs. LPS + EA + hemin group; f p < 0.05 vs. LPS + EA + ZnPP group.
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protective effects of EA on LPS-induced lung injury. HO-1 is an
inducible stress response protein with demonstrated protective
functions in multiple disease states (Araujo et al., 2012; Wegiel
et al., 2014), while other studies have reported that EA pretreat-
ment can provide neuroprotection by inhibiting mitochondrial fis-
sion (Zhang et al., 2018).

Mitochondrial impairment is a major pathogenic mechanism
for organ injury during sepsis (Duvigneau et al., 2008). Excessive
ROS generation directly and indirectly disrupts mitochondrial res-
piratory function (Wen et al., 2014), resulting in mitochondrial
membrane depolarization and reduced cellular ATP production
(Tatagiba et al., 2017). In this study, we established a sepsis model
by LPS treatment. While LPS-induced sepsis models do not recapit-
ulate all clinical features, they can reveal underlying mechanisms,
such as oxidative stress and mitochondrial impairment, and poten-
tial treatment strategies. In the current study, LPS induced ALI,
fusion/fission imbalance, ROS release, lower ATP production, mito-
chondrial membrane depolarization, and reduced respiratory con-
trol ratio, in accord with our previous studies. Both reduced
respiratory control ratio and mitochondrial membrane depolariza-
tion in LPS-treated lungs were reversed by EA pretreatment, indi-
cating improved mitochondrial functional status (Solsona-
Vilarrasa et al., 2019). Mitochondrial function is also dependent
on the balance between fusion and fission, and disruption of this
balance is implicated in sepsis-associated organ injury (Gonzalez
et al., 2014). Previous studies have demonstrated that LPS triggers
oxidative stress-mediated fusion/fission imbalance in lung tissue
(Dong et al., 2018), and EA enhanced the expression of fusion
markers but reduced the expression of a fission marker, effects
augmented by HO-1 induction and reversed by HO-1 inhibition.



Fig. 6. Effects of EA and HO-1 modulators on LPS-induced changes in mitochondrial fusion markers, fission markers, and HO-1 at the protein level. Protein expression levels of
Mfn2, Mfn1, OPA1, Drp1 and HO-1 and Values are expressed as mean̆ SD (n = 10). ap < 0.05 vs. Control group; bp < 0.05 vs. LPS group; cp < 0.05 vs. LPS + non-acupoint EA
group; dp < 0.05 vs. LPS + EA group; ep < 0.05 vs. LPS + EA + hemin group; f p < 0.05 vs. LPS + EA + ZnPP group.
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Heme oxygenase-1 is expressed in mitochondria and protects
against sepsis-associated organ injury (Slebos et al., 2007). In this
study, pretreatment of LPS-treated rabbits with the HO-1 inducer
hemin or the HO-1 inhibitor ZnPP-IX was used to ascertain the
links among acupuncture, mitochondrial dynamics, and HO-1
expression level. Hemin enhanced the protective effects of EA,
upregulated mitochondrial fusion protein expression levels, and
downregulated mitochondrial fission protein expression. On the
contrary, administration of ZnPP-IX markedly reversed the effects
of EA and HO-1 induction, downregulated mitochondrial fusion
protein expression, and upregulated mitochondrial fission protein
expression. From these results, it appears that regulation of mito-
chondrial fission and fusion by HO-1 mediates the protective
effects of EA against endotoxin-induced ALI.

Numerous studies have shown that stimulation of acupoints is
more effective than stimulation of nearby non-acupoint areas
(Zhou et al., 2014; Lee et al., 2018). In the current study, EA at acu-
points decreased ROS production, increased ATP content, mito-
chondrial membrane potential, and respiratory control ratio, and
sustained the mitochondrial fission/fusion balance through upreg-
ulation of HO-1, while non-acupoint EA only slightly affected mito-
chondrial dynamics and mitochondrial function.

This study has certain limitations. First, the molecular mecha-
nisms by which HO-1 modulates mitochondrial fusion/fission bal-
ance were not examined. Second, although our study demonstrated
the selective efficacy of acupoints versus non-acupoints, we did not
examinedwhether EAat ST36orBL13acupoints producesmorepow-
erful protection. Third,we did not examinewhether EAor EA +hemin
actually improves survival in this sepsis model.

5. Conclusion

In conclusion, this study demonstrates that EA protects against
endotoxin-induced ALI by upregulating HO-1. Electroacupuncture
successfully mitigated LPS-induced lung injury by preserving
mitochondrial function as evidenced by increased ATP content,
mitochondrial membrane potential, and respiratory control ratio
as well as sustained mitochondrial fusion/fission balance. These
findings identify EA and HO-1 modulation as potential strategies
against sepsis-induced lung damage.
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