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ABSTRACT: Cardiovascular disease (CVD) has been considered as a major risk factor of death in
recent decades. In CVDs, the NLRP3 inflammasome is important for inflammatory response and
vascular damage. Therefore, safe and effective treatments to decrease NLRP3 inflammasome
activation are required. Increased levels of free fatty acid (FFA) have been associated with the
progression of CVD. Humanin, a kind of mitochondrial-derived peptide, has shown its beneficial
effects in different types of cells. However, the roles of humanin in the NLRP3 inflammasome
induced by FFA are still unknown. Here, we investigated the molecular mechanisms whereby
humanin was found to exert protective effects in human aortic endothelial cells (HAECs) against
FFA-caused endothelial injury. Here, treatment with humanin inhibited FFA-induced lactate
dehydrogenase release, thereby demonstrating a protective capacity against cell death. Humanin also
suppressed oxidative stress by downregulating the expression of reactive oxygen species and NOX2.
Notably, humanin reduced NLRP3 and p10 and rescued FFA-induced dysfunction of adenosine
monophosphate-activated protein kinase. Consequently, humanin inhibited the expression of IL-1β
and IL-18. These results conclude that humanin might be a promising therapeutic agent for CVD.

1. INTRODUCTION

Cardiovascular disease (CVD) has become a leading cause of
death in recent decades and poses an increasing economic
burden worldwide. CVD contributes to the obstruction of
blood flow and impedes the delivery of nutrients to the heart,
which negatively influences the systems of the entire body.
Advanced research has indicated that the inflammatory process
plays a key role in various aspects of CVD, such as ischemia/
reperfusion injury,1 thrombosis,2 and infection.3,4 For example,
atherosclerosis (AS) is widespread in the circulatory system
with a chronic inflammatory response.5−7 Inflammation is
involved in all stages of AS, which eventually results in plaque
rupture. These pathological events lead to myocardial
infarction and heart failure.8 The NLRP3 inflammasome
consists of NLRP3, ASC, and the inactive zymogen pro-
caspase-1,9 leading to the maturation of IL-1β and IL-18.10,11

This leads to a robust initiation of the inflammatory process.
The NLRP3 inflammasome closely participates in the
progression of AS.12,13

Endothelial cells are important for regulating cardiovascular
function and homeostasis.14 High free fatty acid (FFA) levels
in plasma have been recognized as an essential indicator of
CVD, which can induce the activation of the NLRP3
inflammasome.15,16 Endothelial dysfunction induced by FFA
is an important event in atherothrombosis. In this study, in
order to mimic the inflammatory microenvironment present in
CVD, we subjected human aortic endothelial cells (HAECs) to
a high concentration of FFA. Oxidative stress has been
demonstrated to contribute to the induction of endothelial

dysfunction.17 Previous studies have shown that reducing
NOX2 suppresses oxidative stress-induced vascular degener-
ation and decreases the activation of the NLRP3 inflamma-
some.18 TxNIP can induce activation of the NLRP3
inflammasome, thereby triggering the secretion of IL-1β and
IL-18, which are necessary for the progression of inflamma-
tion.19 Adenosine monophosphate-activated protein kinase
(AMPK) is a key regulator of intracellular energy balance, fat
metabolism, and adenosine triphosphate conservation and
synthesis. Contemporary studies have provided new evidence
that the activation of AMPK signaling leads to inhibition of the
NLRP3 inflammasome.20

Humanin is the first discovered mitochondrial-derived
peptide. Humanin has displayed its protective effects in
various pathologies. For example, studies have shown that
humanin protects against stroke in mice by inhibiting ERK
activation21 and ameliorates the development of AS.22

Humanin has also been shown to decrease apoptosis in β-
cells and to improve glucose tolerance and the onset of
diabetes in nonobese diabetic mice.23 However, the function of
humanin on the NLRP3 inflammasome remains unknown.

Received: April 17, 2020
Accepted: July 13, 2020
Published: August 26, 2020

Articlehttp://pubs.acs.org/journal/acsodf

© 2020 American Chemical Society
22039

https://dx.doi.org/10.1021/acsomega.0c01778
ACS Omega 2020, 5, 22039−22045

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenfeng+Li"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dandan+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenjin+Yuan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Chenggao+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Qing+Huang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jun+Luo"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.0c01778&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/5/35?ref=pdf
https://pubs.acs.org/toc/acsodf/5/35?ref=pdf
https://pubs.acs.org/toc/acsodf/5/35?ref=pdf
https://pubs.acs.org/toc/acsodf/5/35?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01778?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


2. RESULTS
2.1. Humanin Prevented High FFA-Induced Cytotox-

icity in HAECs. The morphology of HAECs is shown in
Figure 1A. As shown in Figure 1B, FFA treatment increased

lactate dehydrogenase (LDH) release to 29.6% from 6.5% at
the baseline. However, in the presence of 25 μM humanin,
FFA treatment only induced 17.8% release of LDH. Moreover,
50 μM humanin further decreased the release of LDH to
13.2%. These data demonstrate that humanin exerts a strong
beneficial effect against FFA-induced cytotoxicity in endothe-
lial cells.
2.2. Humanin Prevented FFA-Induced Oxidative

Stress in HAECs. In order to demonstrate whether humanin
can protect HAECs from FFA-caused oxidative stress, we
examined the levels of NOX2, reactive oxygen species (ROS),
and protein carbonyl. The results in Figure 2A show that the
gene level of NOX2 was upregulated significantly from the
baseline to 3.7-fold upon exposure to FFA. However, 25 and
50 μM humanin reduced NOX2 expression to 2.6- and 1.9-
fold, respectively. The protein of NOX2 was strongly inhibited
from an FFA-induced increase of 3.2-fold to 2.4- and 1.5-fold
by 25 and 50 μM humanin, respectively. As shown in Figure
3A, humanin had a similar inhibitory effect on FFA-induced
increased production of ROS. The results in Figure 3B
demonstrate that FFA induced a 2.8-fold increase in the
intracellular level of protein carbonyl, which was reduced to
2.0- and 1.6-fold by the two respective doses of humanin.
Together, these results demonstrate that humanin exerts a
strong inhibitory effect on FFA-induced oxidative stress by
suppressing NOX2-mediated ROS production and protein
carbonyl in HAECs.
2.3. Humanin Reduced FFA-Induced Upregulation of

TxNIP. The effect of humanin on the expression of TxNIP is of
considerable importance. The mRNA level of TxNIP was
increased significantly to 3.5-fold with FFA treatment, while 25
and 50 μM humanin reduced it to 2.4- and 1.8-fold,
respectively (Figure 4A). Moreover, the same doses of

humanin inhibited the protein of TxNIP to 2.2- and 1.7-fold
compared to 3.2-fold upon exposure to FFA alone (Figure 4B).

2.4. Humanin Inhibited FFA-Induced Activation of
the NLRP3 Inflammasome in HAECs. FFA treatment
significantly elevated NLRP3 and p10 to 3.2- and 4.6-fold,
respectively, which were reduced to 2.3- and 2.7-fold by 25 μM
humanin and 1.7- and 1.9-fold by 50 μM humanin,
respectively. Thus, humanin exerts an inhibitory action on
the NLRP3 inflammasome (Figure 5).

2.5. Humanin Inhibited FFA-Induced Expression of
IL-1β and IL-18. The secretion of IL-1β and IL-18 was
significantly upregulated from 161.4 and 125.6 to 782.1 and
653.9 pg/mL by FFA, respectively. Meanwhile, 25 μM
humanin decreased them to 549.3 and 445.7 pg/mL and 50
μM humanin further reduced the secretion of them to 367.2
and 318.7 pg/mL. Thus, humanin exerts an anti-inflammatory
effect by decreasing the expression and secretion of
proinflammatory cytokines (Figure 6).

2.6. Humanin Prevented FFA-Induced Inactivation of
the AMPK/ACC Signaling Pathway in HAECs. As shown in
Figure 7A,B, FFA stimulation reduced the level of phosphory-
lated AMPKα and ACC to 24 and 39%, respectively, of the
baseline. However, 25 μM humanin increased the levels of
phosphorylated AMPKα and ACC to 86 and 68%, respectively,
while 50 μM humanin further increased them to 1.25- and
1.12-fold, respectively.

2.7. Blockage of AMPK Abolished the Beneficial
Effects of Humanin against NLRP3 Inflammasome
Activation. To clarify the relationship between AMPK and

Figure 1. Humanin prevented high FFA-induced cytotoxicity in
HAECs. Cells were treated with high FFA (1 mM) with or without
humanin (25, 50 μM) for 48 h. (A) Morphology of HAECs; (B)
release of LDH (****, P < 0.0001 vs vehicle control; ##, p < 0.01 vs
FFA treatment group; $$$$, P < 0.0001 vs FFA + 25 μM humanin
group, n = 4).

Figure 2. Humanin reduced high FFA-induced upregulation of NOX2
in HAECs. (A) Gene levels of NOX2; (B) protein of NOX2 (****, P
< 0.0001 vs vehicle control; ##, p < 0.01 vs FFA treatment group; $$$
$, P < 0.0001 vs FFA + 25 μM humanin group, n = 4−5).
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NLRP3 inflammasome activation, compound C was employed
to block the activation of AMPK. NLRP3 was increased
significantly upon FFA treatment, while humanin reduced
NLRP3, IL-18, and IL-1β. However, the expression of NLRP3
and IL-18 significantly increased in the presence of compound
C, which is a specific inhibitor of AMPK (Figure 8). These
results show that the effects of humanin against the NLRP3
inflammasome are mediated by AMPK.

3. DISCUSSION
CVDs including hyperlipidemia, AS, and hypertension are
potentially life-threatening diseases with increased risk in the
elderly population. Therapeutic treatments that prevent the
progression and development of CVD are in high demand. As
a main cause of oxidative stress, increased ROS accumulation
induced by high levels of plasma FFA could promote chronic
inflammation and endothelial dysfunction in AS.24 NLRP3-
dependent maturation of IL-1β and IL-18, induced by
oxidative stress, has been demonstrated to relate to the
progression of CVD.25 NOX2 regulates the generation of ROS.
In addition, NOX2 can promote atherogenesis by causing both
epidermic and endothelial inflammation.26,27 Therefore, the
inhibition of NOX2 is important for reducing both oxidative
stress and the activation of NLRP3. Recent discoveries have
shown that humanin protects retinal pigment epithelium cells
from oxidative stress.28 In this study, we observed that
humanin can suppress oxidative stress by inhibiting the
production of ROS induced by FFA in HAECs. Interestingly,
the effect of humanin on the production of ROS may be

mediated through downregulating the expression of NOX2.
Importantly, the cellular release of LDH release by HAECs
induced by FFA was significantly decreased with humanin
treatment.

Figure 3. Humanin prevented high FFA-induced oxidative stress in
HAECs. (A) Production of ROS; (B) intracellular levels of protein
carbonyl (****, P < 0.0001 vs vehicle control; ##, p < 0.01 vs FFA
treatment group; $$$$, P < 0.0001 vs FFA + 25 μM humanin group, n
= 4−5).

Figure 4. Humanin reduced high FFA-induced upregulation of
TxNIP in HAECs. (A) Gene levels of TxNIP; (B) protein levels of
TxNIP (****, P < 0.0001 vs vehicle control; ##, p < 0.01 vs FFA
treatment group; $$$$, P < 0.0001 vs FFA + 25 μM humanin group, n
= 4−5).

Figure 5. Humanin inhibited high FFA-induced activation of NLRP3
in HAECs. The expression of NLRP3 and p10 were measured (****,
P < 0.0001 vs vehicle control; ##, p < 0.01 vs FFA treatment group; $
$$$, P < 0.0001 vs FFA + 25 μM humanin group, n = 4−5).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://dx.doi.org/10.1021/acsomega.0c01778
ACS Omega 2020, 5, 22039−22045

22041

https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.0c01778?fig=fig5&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://dx.doi.org/10.1021/acsomega.0c01778?ref=pdf


Increased TxNIP is recognized as being involved in the
modulation of inflammatory response and cellular apoptosis.29

TxNIP also exacerbates the production of ROS by inhibiting
thioredoxin (TRX).30,31 Furthermore, TxNIP could modulate
the expression of genes that promote atherogenesis.32 In FFA-
induced HAECs, excessive expression of TxNIP is a major
factor driving the activation of the NLRP3 inflammasome.33 In
this study, our findings reveal the inhibitory effect of humanin
on TxNIP, thereby downregulating oxidative stress and the
NLRP3 inflammasome. Suppressing the NLRP3 inflamma-

some has been recognized as a therapeutic treatment strategy
for various inflammatory diseases, including AS. Once
activated, NLRP3 initiates the assembly of NLRP3, ASC,
and p10. Ultimately, the activation of the NLRP3 inflamma-
some complex is mediated by the cleaved form of caspase-1.34

AMPK is a major sensor of metabolism status expressed in
different types of tissues. In endothelial cells, AMPK plays a
key role in maintaining endothelial function. AMPK regulates
the generation of NO in endothelial cells through eNOS
activity.35 AMPK has the advantage of monitoring the
occurrence of oxidative stress. In addition, research has
demonstrated that decreased AMPK activity is associated
with the development of AS.36 The AMPK pathway is a major
modulator of NLRP3.37,38 Here, we found that compound C
abolished the beneficial effects of humanin, indicating that the
suppression of NLRP3 inflammasome activation by humanin is
mediated by AMPK.

4. CONCLUSIONS
In conclusion, our study demonstrates the inhibitory effects of
humanin on the activation of the NLRP3 inflammasome,
which were found to be mediated by the AMPK pathway. Our
data show that humanin treatment is a promising strategy for
CVD. However, more investigations are required to further our
understanding of the mechanisms behind the beneficial effects
of humanin against FFA injury and other types of stimulations.

5. MATERIALS AND METHODS
5.1. Cell Culture. HAECs were cultured in EGM-2

medium (Lonza, Switzerland) containing 5% fetal bovine
serum (FBS). The protocols for all experiments were approved
by ethics committee of Ganzhou People’s Hospital. The cells
were cultured in the T-75 flasks or 12-well plates, and the
medium was changed every 3−4 days. Cells were treated with
FFA (1 mM)39 with or without humanin (25, 50 μM)40 for 48
h before experimentation. The humanin used in our study was
commercially purchased from GLPBIO (Cat# GC18324).

5.2. LDH Release. The release of LDH from HAECs was
assessed using a kit (Cat#C0017, Beyotime). Briefly, 1.5 × 104

HAECs were plated in 96-well plates and subjected to the

Figure 6. Humanin inhibited high FFA-induced secretion of IL-1β
and IL-18 in HAECs. Cells were treated with high FFA (1 mM) in the
presence or absence of humanin (25, 50 μM) for 48 h. (A) Secretion
of IL-1β; (B) secretion of IL-18 (****, P < 0.0001 vs vehicle control;
##, p < 0.01 vs FFA treatment group; $$$$, P < 0.0001 vs FFA + 25
μM humanin group, n = 4).

Figure 7. Humanin prevented FFA-induced inactivation of the AMPK/ACC signaling pathway in HAECs. Cells were treated with high FFA (1
mM) with or without humanin (25, 50 μM) for 2 h. (A) Phosphorylated and total levels of AMPKα; (B) phosphorylated and total levels of ACC
(****, P < 0.0001 vs vehicle control; ##, p < 0.01 vs FFA treatment group; $$$$, P < 0.0001 vs FFA + 25 μM humanin group, n = 4−5).
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indicated treatment. From all wells, 50 μL of the culture
supernatant was collected and added to a new well, and 50 μL
of assay buffer was added to each well. The plate was wrapped
with aluminum foil for 1 h. Afterward, 50 μL of stop solution
was added to each well. Absorbance at 570 nm was measured
to reflect cell death.
5.3. Real-Time PCR Analysis. After treatment, the total

RNA was extracted from HAECs using an RNeasy Mini kit
(Cat no. 74106, Qiagen, USA). Reverse transcription polymer-
ase chain reaction (RT-PCR) analysis was performed using a
GoScript reverse transcription kit following the protocol from
the manufacturer. Primers were designed for the target genes,
which were combined with 20 μg of cDNA and SYBR Green
PCR mix. Real-time PCR was performed on an ABI 7900HT
system. The mRNA levels were determined using the 2−ΔΔCt

assay. The following primers were used: human NOX2: 5′-
CAGCCTGCCTGAATTTCAACT-3′, 5′-GGAGAGGA-
GATTCCGACACACT-3′ and human GAPDH: 5′-AC-
CCACTCCTCCACCTTTGA-3′, 5′-CTGTTGCTGTAGC-
CAAATTCGT-3′.
5.4. Western Blot Analysis. Total protein from HAECs

was obtained using radioimmunoprecipitation assay (RIPA)
buffer (Beyotime, China). Total proteins (20 μg) were
electrically separated on a sodium dodecyl sulfate polyacryla-
mide gel and then transferred to a polyvinylidene difluoride
(PVDF) membrane. The membrane was then blocked with 5%
slim milk for 1 h. The PVDF membranes were incubated with
a specific primary antibody diluted in block buffer at 4 °C
overnight. The following primary antibodies were used: NOX4
(1:2000, Cat#GTX12206, Gene Tax), TxNIP (1:2000,
Cat#ab188865, Abcam), NLRP3 (1:2000, Cat#19771-1-AP,
Protein Tech), p10 (1:2000, Cat#sc-514, Santa Cruz
Biotechnology), phospho-AMPKα (1:2000, Cat #50081, Cell
Signaling), AMPKα (1: 2000, Cat#2532, Cell Signaling),
phospho-ACC (1:2000 Cat# 3661, Cell Signaling), ACC
(1:2000, Cat#3662, Cell Signaling), and β-actin (1:5000,
Cat#sc-130656, Santa Cruz Biotechnology). After three
washes, the membrane was incubated with horseradish
peroxidase (HRP)-conjugated secondary antibodies. The
protein signals were detected using an enhanced chemilumi-
nescence reagent, and the protein band was analyzed using
Quantity One software (Bio-Rad, USA).
5.5. Enzyme-Linked Immunosorbent Assay. L-1β and

IL-18 were measured using an IL-1β enzyme-linked
immunosorbent assay (ELISA) kit (Cat#SEKH-0002, Solar-
bio) and a human IL-18 ELISA kit (SEKH-0028, Solarbio)
following the protocols from the manufacture. Briefly, 50 μL of
the supernatant or prepared standard was added to 96-well

plates for 2 h. The antibody (100 μL) was then added for 1 h.
After washing four times, 100 μL of diluted HRP-conjugated
secondary antibodies was added for 30 min. Then, 100 μL of
the chromogenic substrate was added to each well and
developed for 30 min. The absorbance at 450 nm was recorded
to index the protein concentration.

5.6. Measurement of Intracellular ROS. The ROS level
was evaluated using dihydroethidium (DHE) staining (Cat#
CAS 104821-25-2, Santa Cruz Biotechnology). After treat-
ment, cells were incubated with 5 μM DHE for 30 min in
darkness. After three washes, the fluorescence intensity of the
cells was recorded using a fluorescence microscope (ex-
citation/emission wavelengths: 510/610 nm).

5.7. Determination of Protein Carbonyl. Protein
carbonyl in HAECs was assessed using ELISA. Briefly, cell
homogenates were reacted with 2,4-DNPH. Samples were
added into 96-well ELISA plates (Corning Incorporated,
USA). Samples were then blocked with 2.5% fish skin gelatin
for 1 h and incubated with the primary anti-dinitrophenyl
antibody for 1 h. After three washes, the HRP-conjugated
secondary antibody and HRP substrate solution (Amresco,
USA) were added. The absorbance at 405 nm was recorded to
index protein carbonyl.

5.8. Statistical Analysis. The experimental data are
presented as mean ± S.E.M. Major statistical analysis was
performed using ANOVA using SPSS (Version 19). A P value
of < 0.05 was regarded as significant.
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