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HNK activates mitochondrial SIRT3, which leads to many 
downstream consequences that promote anti-aging effects. 

SIRT3 is a class III histone deacetylase predominantly 
located in mitochondria, which also harbors two other 
sirtuins, SIRT4 and SIRT5.1 All these sirtuins impart post-
translational modifications in target proteins to regulate 
their function. Among them, SIRT3 is the only one that 
exhibits robust deacetylase activity.2,3 A recent study 
showed that > 65% of the total mitochondrial proteins 
are acetylated, and SIRT3 is the primary deacetylase 
involved in their deacetylation.4

The substrates of SIRT3 are very diverse and include 
enzymes, which serve unique and critical functions 
regulating metabolism, cell survival, and longevity.5-7  

SIRT3 deficiency manifests in reduced cellular ATP and 
increased reactive oxygen species (ROS) levels. SIRT3-
knockout (KO) mice have 50% less ATP levels than their 
wild-type littermates and are prone to develop cardiac 
hypertrophy at an early age.2,8 SIRT3 is a primary 
physiological regulator of succinate dehydrogenase 
(SDH) activity,9,10 and decreased SDH activity leads 
to increased cellular succinate levels and succinate 
receptor overexpression with increased alpha-smooth 
muscle actin (α-SMA) production in the isolated hepatic 
stellate cells (HSC) of methionine- and choline-deficient 
(MCD) diet-induced nonalcoholic steatohepatitis mice.11  

Overexpression of SIRT3 protects the heart from 
doxorubicin-induced toxicity while activating optic 

atrophy 1 (OPA1) to enhance mitochondrial fusion.12  
SIRT3 blocks transforming growth factor-beta (TGFβ) 
1 signaling and aging-associated tissue fibrosis by 
deacetylating glycogen synthase kinase three beta.13  
From these studies, it is apparent that increasing 
intracellular levels of SIRT3 would be a strategy to 
decrease or prevent the development of many diseases 
and health deficiencies associated with aging.

Honokiol (HNK) is a small molecular weight natural 
biphenolic compound derived from the bark of 
magnolia trees, which is used in a traditional Asian 
medicinal system.14 Nutraceutically, it has analgesic, 
anti-inflammatory, anti-oxidative, anti-tumor, and 
neuroprotective properties.14-17 Oral administration 
of HNK prevents age-related learning and memory 
impairment and neuronal deficits in senescence-
accelerated mice.18  In rats, HNK ameliorates cerebral 
infarction resulting from ischemia-reperfusion injury, via 
inhibition of neutrophil infiltration and ROS production.19 
Concerning cancer, HNK not only induces apoptosis in 
a variety of tumors but also reverses TGFβ and tumor 
necrosis factor-alpha-induced epithelial-mesenchymal 
transition in spontaneously immortalized non-tumorigenic 
human mammary epithelial cells.14 All these findings 
imply that HNK is a bioactive compound possessing 
cytoprotective capabilities.

ABSTRACT

The substrates of NAD-dependent deacetylase sirtuin-3 (SIRT3) are very diverse and include enzymes, which serve 
unique and critical functions regulating metabolism, cell survival, and longevity. Increasing intracellular levels of 
SIRT3 would be a strategy to ameliorate the development of many diseases and health deficiencies associated with 
aging. Honokiol (HNK) is a small molecular weight natural biphenolic compound derived from the bark of Magnolia 
trees. HNK activates mitochondrial SIRT3, which leads to many downstream consequences that promote anti-aging 
effects. HNK blocks and reverses cardiac hypertrophy. It attenuates palmitate- and methionine- and choline deficient-
induced hepatic stellate cell activation. It protects the heart from doxorubicin-induced cardiomyopathy. Moreover, it 
ameliorates kidney injury induced by hypertension.

SELECTED RESEARCH REVIEW
Honokiol blocks and reverses cardiac hypertrophy in mice by activating mitochondrial SIRT320 

Treatment of cardiomyocytes with HNK substantially reduced mitochondrial protein acetylation in a dose-dependent 
manner (Fig. 1A). Cardiomyocytes were then treated with HNK, and the mitochondrial protein acetylation was 
determined at time points. The results showed that HNK could reduce mitochondrial acetylation with increasing time, 
again indicative of increased SIRT3 activity (Fig. 1B). Cardiomyocytes were then treated with 5 or 10 µM for 24 h, and 
SIRT3 levels were analyzed by immunoblotting. Both doses of HNK increased SIRT3 levels by nearly twofold (Fig. 
1C, D). To test whether increased SIRT3 levels were associated with its increased activity, analysis of acetylation 
status of the two SIRT3 substrates, manganese superoxide dismutase (MnSOD) and oligomycin-sensitivity conferring 
protein (OSCP), was performed using antibodies that accurately detect MnSOD acetylation at K-122 and OSCP 
acetylation at K-139. Consistent with increased SIRT3 levels, increased activity of SIRT3 was observed as 
revealed by reduced acetylation of MnSOD and OSCP following HNK treatment (Fig. 1C). Quantification of data 
showed that HNK treatment has far more effect on the activity of SIRT3 than that can be correlated with its increased 
protein levels (Fig. 1E, F). In this assay, the effect of HNK on SIRT1 and nicotinamide phosphoribosyltransferase was 
also measured; however, there were no appreciable effects (Fig. 1C). Collectively, these data indicate that HNK is 
capable of activating mitochondrial SIRT3.

Figures 1A-F. HKL activates SIRT3 and 
deacetylates mitochondrial proteins. (a) Primary 
cultures of neonatal rat cardiomyocytes were 
treated with different doses of HKL as indicated. 
The mitochondrial lysate was prepared and 
analyzed for lysine-acetylation using an anti-
acetyl lysine antibody (Ac-K). The total MnSOD 
level served as a loading control. (b) Primary 
cultures of neonatal rat cardiomyocytes were 
treated with ten µM HKL at different time points 
as indicated. The mitochondrial lysate was 
prepared and analyzed for lysine-acetylation 
using an anti-acetyl lysine antibody. (c) Primary 
cultures of cardiomyocytes were treated with 5 
and 10 µM HKL for 24 h. The cell lysate was 
analyzed by western blotting with indicated 
antibodies. (d–f) Quantification of relative SIRT3, 
acetylated (Ac) MnSOD and acetylated OSCP 
levels in cardiomyocytes treated with HKL. Values 
are average of four independent experiments, 
mean±s.e. *P<0.05; Students t-test.
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SIRTuin 3 (SIRT3) Regulates α-Smooth Muscle Actin (α-SMA) Production through the Succinate
Dehydrogenase-G Protein-coupled Receptor 91 (GPR91) Pathway in Hepatic Stellate Cells21 

To test whether HNK could improve palmitate- or MCD medium induced HSC activation, LX2 cells were treated 
with or without HNK (10 µM). After four h, the cells were incubated with or without palmitate (300 µM) for 20 h.  
Palmitate treatment significantly decreased SIRT3 expression (Fig. 3A) and increased GPR91 and α-SMA protein 
expression in LX2 cells treated with the control (Fig. 3A). However, GPR91 and α-SMA protein expression were 
attenuated in LX2 cells treated with HNK in the presence of palmitate (Fig. 3A). It was also found that HNK treatment 
increased SIRT3 expression (Fig. 3A) 
and ameliorated the palmitate-induced 
decrease in SDH activity and the 
palmitate-induced increase of 
succinate concentrations (Fig. 3B, C). 
MCD medium treatment significantly 
increased GPR91 and α-SMA protein 
expression in LX2 cells (Fig. 3D). 
However, GPR91 and α-SMA protein 
expression were decreased in the 
LX2 cells treated with HNK in the 
presence of MCD medium (Fig. 3D). 
HNK treatment attenuated the MCD 
medium-induced decrease in SIRT3 
expression (Fig. 3D) and ameliorated 
the reduction of SDH activity and 
attenuated increased concentrations 
of succinate by MCD medium (Fig. 
3E, F). It was further found that, when 
LX2 cells were incubated with HNK, 
phosphorylation of extracellular signal-
regulated kinase was attenuated in 
the presence of palmitate or MCD 
medium (Fig. 3A, D).

Figures 2A-D. HKL treatment blocks cardiac hypertrophy of wild type, but not SIRT3-KO mice. (a) Heart weight to body weight ratio of 
control (sham), isoproterenol (ISO) or ISO plus HKL treated wild-type (WT), and SIRT3-KO mice. Mean ± s.e., n=5–8 mice. *P<0.05, 
NS, not significant; ANOVA. (b) Heart sections stained with Masson’s trichrome to detect fibrosis (blue); scale, 20 µm. (c) Quantification of 
cardiac fibrosis in different groups of mice. Mean ± s.e., n=5 mice. *P<0.001, NS, not significant; ANOVA. (d) Heart lysates analyzed 
by immunoblotting for the indicated antibodies.

Figures 3A-F. Honokiol attenuates palmitate- and MCD medium-induced HSC activation through the SIRT3-SDH-succinate pathway. A LX2 cells were 
treated with or without honokiol (10 µM). After four h, the cells were incubated with or without palmitate (300 µM) for 20 h, and then cells were lysed 
and subjected to Western blotting (top). Band intensities were calculated using the ImageJ software (NIH) (bottom). ***p < 0.001, versus control. B, LX2 
cells were treated with or without honokiol (10 µM). After four h, the cells were incubated with or without palmitate (300 µM) for 20 h, and SDH activity 
was measured in whole-cell lysates. ***, p < 0.001 versus control. C, LX2 cells were treated with or without honokiol (10 µM). After four h, the cells 
were incubated with or without palmitate (300 µM) for 20 h, and succinate concentrations were measured in whole-cell lysates. ***, p < 0.001 versus 
control. D, LX2 cells were changed to control or MCD medium. Then LX2 cells were treated with or without honokiol (10 µM) for 24 h, and cells were lysed 
and subjected to Western blotting (top panel). Band intensities were calculated using ImageJ software (bottom). ***, p < 0.001 versus control. E, LX2 
cells were changed to control or MCD medium. Then LX2 cells were treated with or without honokiol (10 µM) for 24 h, and SDH activity was measured 
in whole-cell lysates. ***, p < 0.001 versus control medium. F, LX2 cells were changed to control or MCD medium. Then LX2 cells were treated with or 
without honokiol (10 µM) for 24 h, and succinate concentrations were measured in whole-cell lysates. ***, p < 0.001 versus control medium.

To gain evidence that anti-hypertrophic effects on HNK were mediated via activation of SIRT3, its 
impact in SIRT3-deficient hearts was measured. SIRT3-KO mice along with their wild-type controls 
were chronically infused with the hypertrophic agonist isoproterenol, either alone or together with 
HNK. The results showed that both HNK-treated and untreated SIRT3-KO mice had a significantly 
increased hypertrophic response, as determined by the heart weight/body weight ratio, interstitial 
fibrosis, and expression of collagen-1 mRNA levels, thus suggesting that HNK was unable to block 
hypertrophic response of SIRT3-KO heart, whereas it was capable of doing so in wild-type hearts 
(Fig. 2A-C). It was also found that chronic isoproterenol treatment reduced SIRT3 levels and increased 
MnSOD acetylation, which was reversed back to control levels by HNK treatment in wild-type, but 
not in SIRT3-KO mice (Fig. 2D). These data thus demonstrated the involvement of SIRT3-mediated 
signaling in anti-hypertrophic effects of HNK.
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Honokiol, an activator of SIRTuin-3 (SIRT3) preserves mitochondria and protects the heart 
from doxorubicin-induced cardiomyopathy in mice22 

It was previously shown that doxorubicin downregulates SIRT3 in mouse hearts with concomitant reduction in 
8-oxoguanine DNA glycosylase (OGG1) levels.23  Here, it was tested if HNK treatment helps to maintain
SIRT3 levels and activity in doxorubicin treated mice hearts (Fig. 4A). Consistent with previous findings, SIRT3
and OGG1 levels were found to be reduced in doxorubicin treated mice hearts, whereas treatment with
HNK helped to maintain both SIRT3 and OGG1 levels. Increased MnSOD acetylation was also found in
doxorubicin treated mouse hearts, which was again blocked in hearts treated with HNK, suggesting that
HNK helped to maintain the SIRT3 activity following doxorubicin treatment (Fig. 4A). Consistent with the in
vitro results, increased expression of mitofusin-1 and OPA1 in Doxo plus HNK treated hearts were also found,
compared to doxorubicin alone treated mice, thus showing the evidence for the ability of HNK to maintain
the mitochondrial fusion dynamics (Fig. 4A). In agreement with this, it was found that mice infused with
doxorubicin, but treated with HNK showed reduced mitochondrial DNA damage and reduced accumulation
of 8-oxo-2’-deoxyguanosine, compared to mice infused with doxorubicin alone, suggesting that HNK has the
potential to avert doxorubicin-induced mitochondrial DNA damage in mice (Fig. 4B, C). Citrate synthase is a
mitochondrial enzyme involved in the
first step of the TCA cycle. It catalyzes
the condensation of acetate and
oxaloacetate to form citrate, and hence 
is a crucial marker for mitochondrial
function. Doxorubicin treatment
caused a significant reduction in
citrate synthase activity, whereas HNK
treatment improved the action of the
enzyme in doxorubicin treated mice
(Fig. 4D). ATP levels in these hearts
were also measured, and it was found
that ATP levels were reduced by nearly
30% in Doxo-infused hearts, whereas
they were generally maintained at
control levels in HNK treated hearts
(Fig. 4E). Together, these results
suggest that HNK mitigates Doxo-
induced mitochondrial DNA damage
and improves mitochondrial function.

SIRT3-KLF15 signaling ameliorates kidney injury induced by hypertension24 

To investigate the effect of HNK in hypertension-mediated kidney injury, both angiotensin II (AngII)-infused 
wild-type mice, and their controls were subjected to HNK for 42 days by intraperitoneal injection. Firstly renal 
function was improved by HNK treatment (Fig. 5A). Secondly, Periodic acid Schiff stain and MASSON stain 
showed that HNK decreased the extent of glomerulosclerosis and kidney fibrosis (Fig. 5B, C). Thirdly, it was 
found that SIRT3 expression was elevated, and fibronectin and collagen type IV were decreased, after HNK 
treatment (Fig. 5D, E). These findings revealed that HNK might alleviate hypertension-induced renal fibrosis 
through elevating SIRT3 expression.

Figure 4A-E. HNK treatment protects the heart from doxorubicin-induced mitochondrial damage in vivo. A. Heart lysates of Vehicle, Doxo, Doxo plus 
HNK, and HNK alone treated mice were subjected to immunoblotting using indicated antibodies. Representative blot of two different mice in each group 
are shown n = 6. B. Mitochondrial DNA damage was assessed in the whole heart of different groups of mice as in panel A. All values are mean ± SE, n 
= 6. C. 8-Oxo-dG content in the DNA of the entire heart of different groups of mice. All values are mean ± SE, n = 5. D. Mitochondrial citrate synthase 
activity in the heart of a diverse group of mice. CS, citrate synthase. Values are mean ± SE, n = 5. E. quantification of ATP contents in the heart lysate of 
different groups of mice as in panel A. Values are mean ± SE, n = 5.

Figures 5A-E. Honokiol alleviates hypertension-mediated kidney fibrosis by elevating SIRT3. (A) Ratio of urine creatinine to albumin, blood urea nitrogen, 
serum creatinine, and glomerular filtration rate in control and AngII-infused mice with HNK treatment (n=6). (B) Photomicrographs are showing typical 
glomerular structure and quantification of glomerular sclerosis index in four different groups. Bars=10 µm (n=6). (C) Masson’s trichrome stain and 
quantification of kidney fibrosis (green). Bars = 50 µm (n = 6). (D) Immunohistochemistry analysis and quantification of fibronectin and collagen type 
IV in murine kidneys with HNK treatment and AngII infusion. Bars = 10 µm (n=6). (E) Representative Western blot analysis and quantification of SIRT3, 
fibronectin and collagen type IV in the kidney with HNK treatment and AngII infusion (n = 6). The data are presented as the means ± SEM of three 
independent experiments. *P < 0.05, **P < 0.01.
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Summary 
HNK is a natural, organic compound that activates mitochondrial SIRT3.  HNK blocks and reverses 
cardiac hypertrophy. It attenuates palmitate- and MCD-induced HSC activation. It protects the heart 
from doxorubicin-induced cardiomyopathy.

Moreover, it ameliorates kidney injury induced by hypertension. Many additional anti-aging effects 
for HNK are likely to be discovered given the importance of SIRT3 in this regard. 

In vitro, mouse podocyte clone-5 cells were incubated with AngII (10-6 mol/L, 48h) following HNK stimulation 
(10 µM, 1h). The results showed HNK treatment decreased fibrosis factors but increased SIRT3 expression 
(Fig. 6A). What is more, to further validate the activated status of SIRT3-Kruppel-like factor (KLF) 15 signaling 
affected by HNK, immunoprecipitation and Western blot confirmed that the expression and the deacetylation 
status of KLF15 were elevated by HNK treatment (Fig. 6B, C). These results suggested that HNK can alleviate 
fibrosis via activating the SIRT3-KLF15 signaling in podocytes.

Figures 6A-C. Honokiol activates 
SIRT3-KLF15 signaling. (A) 
Representative Western blot 
analysis and quantification of 
SIRT3, fibronectin, and collagen 
type IV in MPC-5 cells with HNK 
treatment and AngII infusion. 
(B) Representative Western blot
analysis and quantification of
KLF15 with HNK treatment in MPC-
5 cells. (C) Immunoprecipitation
analysis and quantification of
the KLF15 acetylation with HNK
treatment in podocytes. The data
are presented as the means ± SEM
of three independent experiments.
*P < 0.05, ** P < 0.01.
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