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Stearic acid alleviates aortic medial degeneration
through maintaining mitochondrial dynamics
homeostasis via inhibiting JNK/MAPK signaling

Kexin Wang,1,2,3,4,5 Xiaoping Xie,1,2,3,4,5 Xiaoping Hu,1,2,3,4,6,* Zhiwei Wang,1,2,3,4 Jun Xia,1,2 and Qi Wu1,2
SUMMARY

Aortic dissection is characterized pathologically by aortic medial degeneration (AMD) where disturbance
of mitochondrial dynamics may be involved. Stearic acid (SA) can promote mitochondrial fusion and
improve mitochondrial function. Here, we established an AMDmouse model through oral administration
of b-aminopropionitrile (BAPN) and a cellular model by treating primary vascular smooth muscle cells
(VSMCs) with Angiotensin-II to explore the potential role of SA in AMD. Our results showed SA reduced
AMD and prolonged survival of BAPN-treated mice. Excessive mitochondrial fission was observed during
AMDboth in vivo and in vitro, and SA reducedmitochondrial fission and increased fusion. Additionally, SA
promoted expression of contractile phenotype markers of VSMCs. At the molecular level, SA reduced
AMD by inhibiting JNK/MAPK signaling. Our study suggests SA can promote mitochondrial fusion and
increase the contractile phenotype of VSMCs by inhibiting JNK/MAPK signaling, thereby reducing
AMD formation and possibly the consequent risk of aortic dissection.

INTRODUCTION

Aortic dissection (AD) can be amanagement challenge, as its onset is often insidious,making an early diagnosis difficult. AD, especially typeA

aortic dissection (TAAD), carries an extremely high mortality rate if not immediately surgically repaired.1 Although surgical intervention can

increase survival rates for TAAD significantly, the operative mortality remains high. In-hospital mortality over the past decade has been re-

ported to be 22%.2,3 Risk factors for AD include hypertension, dyslipidemia, advanced age, and genetic disorders such as Loeys–Dietz syn-

drome and Marfan syndrome.4 The main pathological feature of AD is aortic medial degeneration (AMD), which is associated with increased

proliferation, migration, apoptosis, and abnormal phenotype of vascular smooth muscle cells (VSMCs) together with weakening of the extra-

cellular matrix and vascular inflammation.5–7 However, the specific mechanisms underlying AMD pathogenesis are still poorly understood,

mandating further study of the pathobiology of AMD to elucidate potential therapeutic targets and treatment approaches.

Stearic acid (C18:0, SA) is a type of saturated fatty acid (SFA) abundant in manyWestern diets.8 Without SA,Drosophila die as early larvae,9

suggesting that SA plays an important physiological role. For example, previous studies have reported that SA may have antifibrotic prop-

erties by regulating profibrotic signaling, playing a protective role in idiopathic pulmonary fibrosis.10 Additionally, SA can protect cortical neu-

rons fromoxidative stress by boosting antioxidant enzymes, serving a neuroprotective function.11 Recently, the role of SA in the cardiovascular

system has also drawn considerable attention. Compared with other SFAs like palmitic acid (PA), dietary SA does not increase the risk of

developing atherosclerosis, a risk factor for AMD.12 If anything, SA tends to lower low-density lipoprotein (LDL) cholesterol levels,13–15 pro-

tecting against atherosclerosis, and higher circulating SA concentrations are associated with decreased blood pressure, enhanced cardiac

function, and a reduced risk of cancer.16,17 Moreover, dietary SA (but not PA) increases fatty acid beta-oxidation in vivo in humans, indicating

that SA reduces fat accumulation.18

Mitochondrial dynamics refer to a constant processes of mitochondrial fission and fusion, which provide energy for the cell and regulate

autophagy, calcium homeostasis, signal transduction, and apoptosis.19 The mitochondrion is enveloped by an inner and an outer mem-

brane.20 Proteins distributed on these membranes regulate mitochondrial fission and fusion.21 Specifically, mitofusin 1 (MFN1) and mitofusin

2 (MFN2) are associatedwith themitochondrial outermembrane fusion, while optic atrophy protein 1 (OPA1) is related to the innermembrane

fusion.22 Inmammals, mitochondrial fission is coordinated by dynamin-related protein 1 (DRP1), withmitochondrial fission 1 protein (FIS1) and
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Figure 1. Imbalance of mitochondrial dynamics and phenotype switching of VSCMs in AD patients

(A) Representative images of H&E� and EVG-stained sections of the aortic media.

(B) Quantification of the percentage area of elastic fibers (n = 4).

(C–I) Representative western blots of MFN2, OPA1, DRP1, FIS1, OPN and a-SMA in the aortic media of AD patients and organ donors, along with their respective

quantifications (n = 6).

(J–M) Co-localization of COX IV and MFN2, COX IV and DRP1, and quantifications of immunofluorescence for MFN2 and DRP1 (n = 6). Data are derived from

three independent experiments, and all data are presented as mean G S.E.M. *p < 0.05, **p < 0.01, ****p < 0.0001.
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Figure 2. SA reduced the formation of BAPN-induced AMD in mice

(A) Representative images of mouse aortic specimens.

(B) Survival curves.

(C and D) Representative images of H&E� and EVG-stained sections of the aortas from these four groups.

(E) AMD incidence of C57BL/6J mice of each group.

(F–I) Representative western blots of OPN, a-SMA and SM22a, along with statistical analyses of their expression levels.

(J and K) Representative images and quantification of a-SMA immunofluorescence in mouse aortas. Data are derived from three independent experiments, and

all data are presented as mean G S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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Figure 3. SA promotes mitochondrial fusion in VSMCs of AMD mice

(A–D) Representative Co-localization images of MFN2 and COX IV, DRP1 and COX IV in mouse aortic tissues, along with quantification of average fluorescence

intensity.

(E) Representative TEM images of VSMCs in the aortas of the four mouse groups. White arrows indicate normal mitochondria, while blue arrows represent

mitochondria with abnormal structures.

(F–I) Quantification of mitochondrial morphological metrics such as mitochondrial surface area, perimeter, Feret’s diameter, and aspect ratio. >30 mitochondria

were measured in each group. Data are derived from three independent experiments, and all data are presented as mean G S.E.M. *p < 0.05, ***p < 0.001,

****p < 0.0001.
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others recruiting DRP1 to the outer membrane to exert its function.23 The relative balance between fission and fusion is critical for preserving

the mitochondrial quality and function, therefore, ensuring normal cellular activities. Disturbance of mitochondrial dynamics is tied to neuro-

degenerative diseases, cardiovascular diseases, cancer, and diabetes,24–27 and recent investigations have shown that excessivemitochondrial

fissionmay be vital to exacerbating AMD.28,29 Despite this, the specificmechanisms by which an imbalance inmitochondrial fusion and fission

affects AMD remain incompletely understood and warrant further investigation.

SA has been shown to regulate mitochondrial morphology and function.9 Dietary SA might rescue the mitochondrial dysfunction in

Drosophila caused by genetic defects such as loss of Pink or Parkin.9 Interestingly, dietary SA inducedmitochondrial fusion within a few hours

of eating.18 Furthermore, SA can promote mitochondrial fusion by stearoylating the transferrin receptor (TFR1).9 Intriguingly, our previous

study detected increased expression of TFR1 in aortic media during the onset of AD,30 suggesting that SA may play a role in AMD.

Given this critical role for SA in regulating mitochondrial function and lipid metabolism, we hypothesized that SA may protect against

AMD. To test this, we established amousemodel of AMD through oral administration of b-aminopropionitrile (BAPN) to investigate the effect

and mechanisms of SA in AMD.

RESULTS

Mitochondrial fusion is significantly decreased and phenotypic switching of VSMCs from contractile to synthetic is

increased in the aortic tissue of patients with AMD

Aortic specimens were obtained from patients with AD and organ donors and subjected to H&E and EVG staining. Examination of H&E-

stained sections revealed a reduced number of cells and disorganized extracellular matrix in the aortic media of AD patients (Figure 1A).

Furthermore, EVG staining showed a disordered arrangement of significantly fewer elastic fibers in the aortas of AD patients (Figures 1A

and 1B).

Proteins were extracted from the tissue specimens for western blot analysis. The expression of proteins related to mitochondrial fusion,

such as MFN2 and OPA1, were downregulated, and proteins associated with mitochondrial fission, including DRP1 and FIS1, were upregu-

lated (Figures 1C–1G), suggesting reduced mitochondrial fusion and excessive fission in the aortic tissues of AD patients. Subsequently, we

performed immunofluorescence analysis and similarly observed that, in ADpatients, aorticmedia expression ofMFN2 (Figures 1J and 1K) and

OPA1 (Figures S1A and S1B) was significantly lower than in the normal control (NC) group (p < 0.0001 and p < 0.001, respectively), while

expression of DRP1 was significantly upregulated in the aortic media from AD patients (p < 0.05) (Figures 1L and 1M). The immunofluores-

cence analysis supported our conclusion that, during AD progression, mitochondrial fusion decreases and mitochondrial fission increases in

the aortic media. More importantly, we performed dual immunofluorescence staining for COX IV with MFN2 and COX IV with DRP1, thereby

confirming the expression of these mitochondrial dynamics-related proteins within the mitochondria. Additionally, we investigated the

phenotype transformation of VSMCs in human aortic tissues. WB results indicated that, compared to the NC group, the expression of

the contractile phenotype marker a-SMA was decreased, while the expression of the synthetic phenotype marker OPN was increased in

the AD group (Figures 1C–1I). This suggests an enhanced transformation of VSMCs from a contractile to a synthetic phenotype in the aortic

tissues of AD patients.

Stearic acid attenuates AMD formation induced by BAPN in vivo

To investigate the potential effects of SA on AD, mice were fed a 17% SA diet or a regular diet for 5 days in advance of model initiation with

BAPN for 28 days. After 28 days, themortality rate of the BAPNgroupwas 93.3% (14 of 15), while themortality rate of the BAPN+SAgroupwas

46.7% (7 of 15) (Figure 2B). Mice in the Ctrl and SA groups did not develop AMD or die (Figures 2A and 2B). Moreover, survival of mice in the

BAPN+SA group was significantly longer than those in the BAPN group (p <0.0001) (Figure 2B).

All specimens were harvested at 28 days or upon death (Figure 2A). Examination of H&E-stained sections revealed varying degrees of false

lumens and rupture in both the BAPN and BAPN+SA groups (Figure 2C). EVG staining showed that elastin fiber damage in the aorta media

was greater in the BAPNgroup than the BAPN+SA group (Figure 2D). Therefore, we concluded that SA reduced the formation and severity of

AMD, consequently decreasing the mortality rate in mice with AD.

Stearic acid promotes mitochondrial fusion and regulates the phenotype switching in BAPN-treated mice

To assess levels of mitochondrial fusion and fission in vivo, we applied immunofluorescence to detect proteins associated with mitochondrial

dynamics to tissue sections. Compared with the control group, there was significantly increased expression of Drp1 in the aortic tissue of the

BAPNgroup (Figures 3C and 3D), while expression ofMFN2markedly decreased (Figures 3A and 3B), consistent with the findings observed in
iScience 27, 110594, September 20, 2024 5



ll
OPEN ACCESS

6 iScience 27, 110594, September 20, 2024

iScience
Article



Figure 4. SA regulates mitochondrial fusion and phenotypic switching in VSMCs in vitro

(A–H) Representative western blots of mitochondrial dynamics-related proteins MFN2, OPA1, DRP1, and FIS1 and markers of phenotypic switching a-SMA and

SM22a, along with statistical analyses of their expression levels.

(I and J) Representative images of VSMC mitochondria stained with MitoTracker and captured by confocal microscopy, along with quantification of the aspect

ratio of mitochondria.

(K and L) Representative images of a-SMA immunofluorescence in VSMCs and quantification of average fluorescence intensity. Data are derived from three

independent experiments, and all data are presented as mean G S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001. ns = no significant difference.
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human specimens. However, this effect was blunted by SA, resulting in reduced mitochondrial fission and increased fusion (Figures 3A–3D).

Furthermore, we performed dual immunofluorescence staining of these proteins with COX IV, and the results indicated that MFN2 and DRP1

are localized within the mitochondria (Figures 3A and 3C).

Subsequently, we employed TEM to directly observemitochondrial structures and quantifiedmitochondrial morphology using themetrics

of surface area, perimeter, Feret’s diameter, and aspect ratio, as previously.31 In the BAPN group, abnormal mitochondria were observed,

including the disappearance of mitochondrial cristae and the presence of intramitochondrial vacuoles. In contrast, fewer abnormal mitochon-

dria were noted in the BAPN+SA group (Figure 3E). In quantitative analyses, mitochondria in the BAPN group had a smaller surface area,

perimeter, Feret’s diameter, and aspect ratio than those in the control group, indicating an increase in fragmented mitochondria

(Figures 3F–3I). However, SA reversed this phenotype, consistent with protein expression.

Furthermore, AMD is commonly marked by phenotype switching of VSMCs, leading to decreased expression of proteins associated with

VSMC contraction and increased expression of proteins linked to synthetic VSMCs, including a-SMA, SM22a andOPN.25,32Western blot anal-

ysis revealed that SA upregulated the expression of a-SMA, SM22a and downregulated the expression of OPN in mice with BAPN-induced

AMD, leading to a decrease in the switching of VSMCs from a contractile to a synthetic phenotype (Figures 2F–2I). Furthermore, consistent

results were obtained from immunofluorescence staining of a-SMA in mouse aortic tissues (Figures 2J and 2K).
Stearic acid promotes mitochondrial fusion and regulates phenotype switching in AngII-induced VSMCs

We next evaluatedmitochondrial dynamics in vitro. There were no significant differences in mitochondrial fission or fusion protein expression

between control and SA groups. However, compared with controls, AngII treatment significantly increased expression of DRP1 in VSMCs

(Figures 4A and 4E), while the expressions of MFN2, OPA1 (Figures 4A–4D), and MFN1 (Figures S2A and S2B) were significantly lower

than in control cells. Moreover, expression of MFN2, OPA1 (Figures 4A–4D), and MFN1 (Figures S2A and S2B) was higher in the SA +

AngII group than in the AngII group, while expression of DRP1 was lower than in the AngII group (Figures 4A and 4E). However, FIS1 expres-

sion was not significantly different between groups (Figures 4A and 4F).

Consistent with the western blotting results, MitoTracker staining for mitochondria revealed that VSMCs treated with AngII exhibited frag-

mented mitochondria with a lower aspect ratio, indicating increased mitochondrial fission and reduced fusion (Figures 4I and 4J). As ex-

pected, SA mitigated the effect of AngII. Furthermore, we examined expression of a-SMA and SM22a, markers of the contractile phenotype

of VSMCs, to determine phenotypic switching. In VSMCs treatedwith AngII, expression of a-SMAand SM22awas significantly downregulated

(Figures 4B–4H) compared to controls. By contrast, in VSMCs co-treated with AngII and SA, the expression of a-SMA and SM22a was

increased compared with cells treated solely with AngII. Immunofluorescence analysis was consistent with the western blot results

(Figures 4K and 4L). Taken together, SA enhances the mitochondrial fusion and contractile phenotype of VSMCs in AngII-induced AD.
Stearic acid promotes mitochondrial fusion and a contractile phenotype in AngII-induced VSMCs through JNK/MAPK

signaling

To investigate the potential mechanisms by which SA affects the formation of AD, we noted that the c-Jun N-terminal kinase/mitogen-acti-

vated protein kinase (JNK/MAPK) pathway plays a crucial role in regulating cell growth, differentiation, and apoptosis,33 all of which are signif-

icantly associatedwith the development of AD.32,34 Therefore, JNK and phosphorylated JNK (p-JNK) were quantified tomeasure activation of

the JNK/MAPK signaling pathway.

First, in human specimens, western blotting results indicated an increase in JNK activation in ADpatients, with a significantly higherp-JNK/

JNK ratio compared with organ donors (Figures 5A and 5B). Furthermore, consistent with the western blotting results, immunohistochemical

analysis of human specimens revealed a marked increase in the average optical density of p-JNK in AD patients (Figures 5C and 5D).

p-JNK/JNK levels were higher during AMDboth in vitro and in vivo, and SA rescued this effect (Figures 5E–5J), consistent with our findings

in human specimens. To investigate whether SA exerts its effects through the JNK/MAPK signaling pathway in vitro, we introduced a JNK-

specific agonist, anisomycin (ANI), to VSMCs divided into four groups: Ctrl, AngII, AngII+SA, and AngII+SA+ANI. Western blot analysis re-

vealed that p-JNK/JNK levels in VSMCs significantly increased after treatment with ANI compared with the AngII+SA group (Figures 6B

and 6I). This was corroborated by immunofluorescence analysis (Figures 6N and 6O). Moreover, expression of MFN2, OPA1 (Figures 6A–

6D), and MFN1 (Figures S3A and S3B) was significantly lower in the AngII+SA+ANI group than in the AngII+SA group, with upregulated

expression of DRP1, while FIS1 expression was not significantly different between groups (Figures 6A–6F), indicating that ANI reversed

the SA-promoted mitochondrial fusion in VSMCs.

Similarly, mitochondrial staining with MitoTracker showed an increase in fragmented mitochondria and a decrease in aspect ratio in

VSMCs in the AngII+SA+ANI group compared with the AngII+SA group (Figures 6J and 6K), consistent with the western blotting results.
iScience 27, 110594, September 20, 2024 7
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Figure 5. SA inhibits phosphorylation of JNK both in vivo and in vitro

(A and B) Representative western blots of phosphorylated JNK (p-JNK) and total JNK in the aortic media of AD patients and organ donors, along with calculation

of the p-JNK/JNK ratio.

(C and D) Representative immunohistochemistry images of p-JNK in human aortic media and quantification of the average optical density of p-JNK.

(E and F) Representative immunohistochemistry images showing inhibition of JNK phosphorylation by SA in the AMD mouse model, and quantification of the

average optical density of p-JNK.

(G and H) Representative western blots showing inhibition of JNK activation by SA in AngII-treated VSMCs in vitro, along with quantification of the

p-JNK/JNK ratio.

(I and J) Immunofluorescence images of p-JNK in VSMCs and analysis of average fluorescence intensity. Data are derived from three independent experiments,

and all data are presented as mean G S.E.M. **p < 0.01, ***p < 0.001, ****p < 0.0001.
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These findings suggest that SA may promote mitochondrial fusion in VSMCs by inhibiting the activation of JNK/MAPK signaling. Addition-

ally, the SA-induced upregulation of contractile phenotype markers a-SMA and SM22a was reversed upon adding ANI (Figures 6B–6H).

Immunofluorescence analysis of VSMCs also revealed that the average fluorescence intensity of a-SMA in the AngII+SA group was signif-

icantly higher than in the AngII group, while it was significantly lower in the AngII+SA+ANI group compared with the AngII+SA group

(Figure 6L and 6M), suggesting that SA’s promotion of the contractile phenotype in VSMCs may be achieved by inhibiting the

JNK/MAPK pathway.

Stearic acid attenuates BAPN-induced AD formation by suppressing activation of JNK/MAPK signaling

We next validated these potential mechanisms in the mouse model. Twenty-four three-week-old male C57BL/6J mice of the similar weight

were randomly divided into three groups (n = 8 per group): regular diet (Ctrl), BAPN+SA diet (BAPN+SA), and BAPN+SA diet with intraper-

itoneal injection of ANI (BAPN+SA+ANI) at 10 mg/kg d based on previous research.35 Ctrl and BAPN+SA groups received daily intraperito-

neal injections of saline. Surprisingly, the mortality rate in the BAPN+SA+ANI group was 87.5% (7 out of 8) compared with 50% (4 out of 8) in

the BAPN+SA group (Figures 7B and 7E). It was demonstrated in H＆E and EVG staining that aortic lesions in BAPN+SA+ANI group were

more severe than those in BAPN+SA group (Figures 7C and 7D). Additionally, survival of mice in the BAPN+SA group was significantly longer

than those in the BAPN+SA+ANI group (Figure 7B). This suggests that SA’s reduction in AD formation may be achieved by inhibiting JNK/

MAPK signaling.

Stearic acid promotes mitochondrial fusion and regulates the phenotype transition in BAPN-treated mice by suppressing

JNK/MAPK signaling

To determine whether SA influences mitochondrial dynamics and VSMC phenotypic switching in AMD mice induced by BAPN via the JNK/

MAPK signaling pathway, we performed immunofluorescence and immunohistochemistry analyses on murine aortic sections. First, immu-

nohistochemistry results indicated that mice injected intraperitoneally with the JNK-specific agonist ANI exhibited significantly higher

expression of p-JNK in the aorta compared with the control and BAPN+SA groups (Figures 8A and 8B). Western blot analysis showed

that a-SMA, and SM22a expression was significantly lower but expression of OPN increased in the BAPN+SA+ANI group compared

with the BAPN+SA group (Figures 7F–7I), indicating a reduction in contractile VSMCs and an increase in synthetic VSMCs. And the results

from our immunofluorescence staining of a-SMA were consistent with those observed in the western blot (Figures 7J and 7K). Similarly,

compared with mice in the BAPN+SA group, mice injected with ANI showed decreased expression of MFN2 (Figures 8C and 8D) and

upregulated expression of DRP1 (Figures 8E and 8F) in the aorta, suggesting that the effects of SA on mitochondrial dynamics were

negated by ANI. Similarly, we performed dual immunofluorescence staining for MFN2, DRP1, and the mitochondrial marker protein

COX IV respectively. We observed co-localization of these proteins, indicating the distribution of MFN2 and DRP1 within the mitochondria

(Figures 8C and 8E). Through direct visualization with TEM, mitochondria in the aorta of mice treated with ANI were swollen and vacuo-

lated (Figure 8G). Finally, we also quantified mitochondrial morphology and found that the mitochondrial perimeter, Feret’s diameter, and

aspect ratio in VSMCs of the aorta in the ANI treatment group were significantly lower than those in the control and BAPN+SA groups,

while the surface area was not significantly different (Figures 8H–8K). These results indicated an increase in fragmented mitochondria,

consistent with our immunofluorescence results.

DISCUSSION

Here we provide the first evidence that SA attenuates the development of AMD induced by BAPN in mice. Furthermore, we elucidated the

potential mechanism by which SA influences AMD, namely by inhibiting the JNK phosphorylation, thereby reducing activation of JNK/MAPK

signaling. This mechanism promotesmitochondrial fusion in VSMCs and their contractile phenotype, thereby contributing to the suppression

of AMD development.

AD and aortic aneurysm are common aortic diseases encountered in cardiovascular surgery, and both share a common pathological

basis called AMD.30 The precise pathogenic mechanisms underlying AMD remain unclear, although hyperlipidemia is a significant risk fac-

tor.36 Patients with AMD often have lipid metabolism disorders, such as increased levels of triglycerides, total cholesterol (TC), and LDL-C

and decreased levels of HDL-C and ApoA1.37 SA appears to influence plasma lipid components, such as reducing LDL-C and TC,38,39

probably due to the unique physical properties of SA. Fats rich in SA, like lard, have a higher solid fat content at body temperature,
iScience 27, 110594, September 20, 2024 9
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Figure 6. Activation of JNK reverses the effects of SA on mitochondrial fusion and AMD formation in vitro

(A–I) Representative western blots of MFN2, OPA1, DRP1, FIS1, a-SMA, SM22a as well as typical bands for p-JNK and JNK in VSMCs, with their respective

quantifications. (J and K) Mitochondrial morphology in MitoTracker-stained VSMCs and quantification.

(L and M) Representative images of a-SMA immunofluorescence staining and quantification of average fluorescence intensity.

(N andO) Typical immunofluorescence images of p-JNK and quantification. Data are derived from three independent experiments, and all data are presented as

mean G S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. ns = no significant difference.
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affecting the rate of lipid absorption and reducing the formation of postprandial chylomicrons.40 Additionally, SA can reduce the accumu-

lation of visceral fat,41 which has been shown to be closely related to the development of hypertension and coronary artery disease.42,43

Therefore, we hypothesized that SA may have an impact on AMD development. Indeed, consistent with our hypothesis, SA reduced the

mortality and severity of AMD induced by BAPN in mice. However, Harvey KA et al. suggest that SA can promote apoptosis and inflam-

matory responses in human aortic endothelial cells (HAEC), 44 and endothelial damage is the initiation of atherosclerosis. This contradic-

tion may be due to the different cells affected by SA. HAEC are located in the intima of the aorta, in direct contact with bloodstream, and

are sensitive to changes in circulation.45 In contrast, VSMCs are located in the media of the aorta, and the same stimuli may elicit different

responses in them. Additionally, different signaling pathways may also play a role. For example, in cortical neurons, SA can counteract

oxidative stress by activating PPARg, providing neuroprotection.11 In this study, SA regulates the phenotypic transformation of VSMCs

and the homeostasis of mitochondrial dynamics by inhibiting the JNK/MAPK signaling, thus playing a protective role in AMD. The path-

ogenesis of AMD is complex, involving multiple cells and signaling pathways, and the effects of SA on different cells in AMD warrant

further investigation.

Mitochondria are dynamic, semi-autonomous organelles, and mitochondrial processes including fusion, fission, selective degradation,

and transport are collectively termed mitochondrial dynamics.46 Mitochondrial fusion is mediated by MFN2, MFN1, and OPA1. MFN2 and

MFN1, transmembrane proteins located on the mitochondrial outer membrane, mainly mediate docking and fusion of mitochondria.23,47

The fusion of the mitochondrial inner membrane is mediated by OPA1 and cardiolipin, a characteristic component of the mitochondrial

inner membrane.48 During mitochondrial fission, DRP1 is a key GTPase.23 After being recruited to the mitochondrial outer membrane by

FIS1, Mff, MiD49, and MiD51, DRP1 forms oligomers, inducing membrane constriction and rupture.49 In our study, DRP1 expression

increased in aortic VSMCs during AMD, while the expression of MFN2, MFN1, and OPA1 decreased, suggesting excessive fission of mito-

chondria, consistent with previous findings in abdominal aortic aneurysms.28 Notably, after administering SA, both western blotting and

immunofluorescence results indicated upregulation of MFN2, MFN1, and OPA1 and downregulation of DRP1. However, there was no sig-

nificant difference in FIS1 expression between groups. This seems to have had only minimal impact on mitochondrial morphology, since

TEM and MitoTracker staining revealed that mitochondrial fission increased in VSMCs during AMD, and SA could reverse this excessive

fission phenomenon. DRP1 is recruited by four proteins including FIS1, but cells lacking FIS1 show little or no mitochondrial fission defects,

suggesting that changes in FIS1 expression may have little impact on mitochondrial fission.50 Similar results were found by Senyilmaz et al.

in Drosophila cells, where SA supplementation promoted mitochondrial fusion in Drosophila S2 cells, countering the mitochondrial

dysfunction caused by the loss of Parkinson’s disease genes such as Pink or Parkin.9 However, studies of SA and VSMCs in AMD are lack-

ing. Our study demonstrates that SA can reduce mitochondrial fission and increase fusion in VSMCs during AMD. Cooper et al. used spe-

cific inhibitors (Mdiv-1) or gene editing of Drp1 to demonstrate that inhibiting excessive mitochondrial fission in VSMCs can alleviate the

development of abdominal aortic aneurysms.28 Zhong et al. also reported similar results in AD.29 Therefore, we speculate that SA alleviates

AMD potentially by promoting mitochondrial fusion and reducing fission in VSMCs. Additionally, SA also improved the abnormal ultra-

structure of mitochondria in aortic VSMCs of AMD mice, such as reduced electron density, edema, and vacuolation, which may also be

related to its impact on mitochondrial dynamics.

VSMCs are primarily located in the aortic media, where they are vital to regulating vascular tone and diameter, thus, managing blood

pressure and blood flow distribution.51 VSMCs are not terminally differentiated cells and exhibit high plasticity. In healthy aortas, VSMCs

exhibit a contractile phenotype and switch to a synthetic phenotype under inflammatory and injury stimuli.52 The switching of a large

number of aortic VSMCs from contractile to synthetic phenotype is a key mechanism in the formation of AMD.53 Sunaga et al.54 found

that the absence of Elovl6, the rate-limiting enzyme mediating the elongation of PA to SA, led to a decrease in the expression of the

contractile marker SM22a in VSMCs. However, this only suggests that changes in lipid metabolism of VSMCs may regulate their pheno-

typic switching, such as through accumulation of PA or deficiency of SA and its metabolites such as oleic acid. Until now, no studies have

explored the effects of SA on the phenotypic transformation of VSMCs. We found that SA upregulated the contractile markers a-SMA

and SM22a in VSMCs, indicating that SA can increase contractile VSMCs. Additionally, mitochondrial morphology can affect the pheno-

typic switching of VSMCs: the inhibition of mitochondrial fission can reduce the proliferation and migration of VSMCs, which are char-

acteristics of the synthetic phenotype,55 while promoting mitochondrial fusion can reduce the dedifferentiation of VSMCs.56 Mitochon-

drial fusion facilitates cooperation between healthy and damaged mitochondria, reducing damage to maintain cellular homeostasis.57

Therefore, in our study, SA may increase the contractile phenotype of VSMCs by promoting mitochondrial fusion, thereby reducing the

formation of AMD.

c-JUN N-terminal kinase (JNK) is a key molecule in the MAPK pathway and is associated with cell proliferation, differentiation, and

apoptosis.33,58,59 The activation of JNK may exacerbate the development of AMD by promoting apoptosis in VSMCs60 and by increasing

the expression of matrix metalloproteinases and inflammatory factors.61,62 In fact, we found a significant increase in JNK activation in aortic
iScience 27, 110594, September 20, 2024 11
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Figure 7. Activation of JNK abolishes the effect of SA in reducing BAPN-induced AMD formation in mice

(A) Representative images of mouse aorta specimens.

(B) Survival curves of the three groups of mice.

(C and D) Representative images of H&E-stained (C) and EVG-stained (D) mouse aorta sections.

(E) AMD incidence of each group.

(F–I) Representative western blots of a-SMA, SM22a and OPN, along with statistical analyses of their expression levels.

(J and K) Immunofluorescence detection of the contractile phenotype marker a-SMA in aortic tissues of those three groups, along with quantification of their

expression. Data are derived from three independent experiments, and all data are presented as mean G S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001.
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specimens of ADpatients, whichwas consistent with findings both in vivo and in vitro. SAmarkedly reduced JNK activation duringAMDdevel-

opment. This is consistent with Senyilmaz et al.’s findings, which demonstrated that SA can inhibit JNK phosphorylation in HeLa cells.9

Conversely, Spigoni et al.63 suggested that SA can activate JNK in circulating angiogenic cells, inducing apoptosis. This discrepancy may

be related to differences in the duration and concentration of SA exposure, as well as the cell types affected. Additionally, serum starvation

prior to cell treatment can promote JNK phosphorylation,64 potentially leading to false positive results. These reasons may explain the varied

effects of SA on JNK. Furthermore, the introduction of ANI, a specific JNK activator, reversed the effect of SA in promoting mitochondrial

fusion, increasing contractile phenotype, and reducing AMD formation in VSMCs. Thus, SA exerts its effects in AMD by inhibiting JNK/

MAPK signaling.

In summary, our study proposes that SA, as a SFA, promotes mitochondrial fusion and increases contractile VSMCs by inhibiting JNK/

MAPK signaling, thereby mitigating the progression of AMD for the first time. Based on our findings, altering the composition of fatty acids

in daily diet may potentially serve as a method for preventing and treating AMD.

Limitations of the study

This study has some limitations. Due to experimental constraints, we were unable to test the serum lipid composition of patients with AMD

compared with healthy individuals. Additionally, there are several AMD animal models, and we only selected one, which may not compre-

hensively represent the condition. Finally, we did not utilize genetically edited animals to verify our hypothesis.
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Figure 8. Activation of JNK negates the effect of SA on mitochondrial fusion in aortic VSMCs of AMD mice

(A and B) Representative immunohistochemistry images of p-JNK in aortic sections from various mouse groups and quantification of p-JNK expression levels.

(C–F) Dual immunofluorescence staining results of MFN2 and COX IV, DRP1 and COX IV in aortic tissues of three mouse groups, along with corresponding

quantifications.

(G) Transmission electron microscopy images of mitochondria in aortic VSMCs from different mouse groups. White arrows indicate normal mitochondria, while

blue arrows represent mitochondria with abnormal structures.

(H–K) Analysis of mitochondrial morphological metrics including surface area, perimeter, Feret’s diameter, and aspect ratio. >30 mitochondria were measured in

each group. Data are derived from three independent experiments, and all data are presented as mean G S.E.M. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. ns = no significant difference.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-MFN2 antibody Abcam Cat#ab205236

Anti-MFN1 antibody Abcam Cat#ab221661

Anti-DRP1 antibody Abcam Cat#ab184247

Anti-OPA1 antibody Proteintech Cat#27733-1-AP

Anti-Fis1 antibody Proteintech Cat#66635-1-Ig

Anti-a-SMA antibody Servicebio Cat#GB111364-100

Anti-SM22a antibody Servicebio Cat#GB11366-100

Anti-OPN antibody Servicebio Cat#GB112328-100

Anti-JNK antibody Proteintech Cat#66210-1-Ig

Anti-Phospho-JNK antibody Proteintech Cat#80024-1-RR

Anti-Cox IV antibody Proteintech Cat#66110-1-Ig

Anti-GAPDH antibody Servicebio Cat#GB15004-100

Anti-b-actin antibody Servicebio Cat#GB11001-100

Anti-Rabbit IgG HRP conjugated antibody Servicebio Cat#GB23303

Anti-Mouse IgG HRP conjugated antibody Servicebio Cat#GB23301

Anti-Rabbit IgG Cy3 conjugated antibody Servicebio Cat#GB21303

Anti-Mouse IgG FITC conjugated antibody Servicebio Cat#GB22301

Chemicals, peptides, and recombinant proteins

Stearic acid Sigma-Aldrich Cat#175366

Sodium stearate Sigma-Aldrich Cat#S3381-1G

b-aminopropionitrile Yuanye Cat#S44439-5g

Anisomycin MedChemExpress Cat#HY-18982

Angiotensin II MedChemExpress Cat#HY-13948

Bovine Serum Albumin Beyotime Cat#ST2254-5g

DMEM/F12 HyClone Cat#SH30023.01

Fetal bovine serum Gibco Cat#A3160901

Critical commercial assays

Mito-Tracker Red CMXRos Beyotime Cat#C1035-50mg

Experimental models: Organisms/strains

C57BL/6J Shulaibao (Wuhan) Biotechnology N/A

Software and algorithms

GraphPad Prism version 9.0.0 GraphPad Software https://www.graphpad.com/features

FIJI/ImageJ NIH https://hpc.nih.gov/apps/Fiji.html
RESOURCE AVAILABILITY

Lead contact

Further information about the protocols and requests for resources and reagents should be directed to and will be fulfilled by the lead con-

tact, Xiaoping Hu xiaoping8205@whu.edu.cn.
Materials availability

This study did not generate new unique reagents.
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Data and code availability

� All data reported in this paper will be shared by the lead contact upon request.
� No new code was generated in this study.
� Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human tissue samples

The Clinical Research Ethics Committee of Renmin Hospital of Wuhan University approved the study protocol (WDRY2020-K230), and the

study adheres to the Declaration of Helsinki and its amendments. Specimens were collected between January 2021 and December 2023.

All patients and donors signed written informed consent forms. Aortic specimens of AMD were obtained from AD patients undergoing sur-

gical treatment (n= 6). Normal aortic specimens were obtained fromorgan donors without aortic lesions (n= 6). All specimenswere preserved

in liquid nitrogen or 4% formaldehyde after removal of the intima and adventitia. The gender, age, and ethnicity information of all participants

can be seen in Table S1.

Animals and treatments

All animal experiments were performed with approval of the Ethics Committee of the Renmin Hospital of Wuhan University (WDRM-

20201107). And protocols were in compliance with the Wuhan Directive for Animal Research and the Current Guidelines for the NIH Care

and Use of Laboratory Animals. b-aminopropionitrile (BAPN) was used to establish AD in mice as previously reported.65 Stearic acid concen-

trations were determined as previously.41 Anisomycin (ANI), a JNK activator, specifically increases expression of phosphorylated JNK. First, 60

three-week-old C57BL/6J male mice were randomly divided into four groups (n = 15 per group): Ctrl (regular diet), SA (17% SA diet), BAPN

(0.25% BAPN diet), and BAPN+SA (17% SA+0.25% BAPN diet). In subsequent animal experiments, 24 three-week-old male C57BL/6J mice

were randomly divided into three groups (n = 8 per group): Ctrl (regular diet), BAPN+SA (17% SA + 0.25% BAPN diet), and BAPN+SA+ANI

(17% SA + 0.25% BAPN diet and ANI 10 mg/kg d i.p.). In the relevant groups, mice were fed a 17% SA diet for five days in advance. Then, the

AD model was established with BAPN. Mice were monitored daily. Survival and causes of death were recorded. When deceased mice were

discovered, their aortas were immediately harvested to ensure the specimens were fresh. Mice that did not die were euthanized with 1%

phenobarbital and aortas were harvested and fixed with 4% formaldehyde over 24 h after 28 days.

Cell culture and treatment

As described in previous literature,29 primary vascular smoothmuscle cells (VSMCs) were isolated from 6-week-oldmale Sprague-Dawley rats

and cultured in DMEM/F12 medium containing 10% fetal bovine serum and 1% penicillin/streptomycin under 5% CO2 at 37
�C. Angiotensin II

(AngII) was used tomimic the pathological changes of AD. Sodium SA (5mM) was added to prepared 2mM fatty acid-free and low-endotoxin

BSA in PBS and then sonicated until dissolved. Initially, VSMCs were divided into four groups: Ctrl, SA, AngII, and AngII+SA. In later exper-

iments, another four groups were Ctrl, AngII, AngII+SA, AngII+SA+ANI. MitoTracker was used to stain mitochondria. A certain concentration

of working solution was incubated with VSMCs at 37�C for 30 min. Observation was performed by confocal microscopy.

METHOD DETAILS

Hematoxylin and eosin (H&E) staining

All fresh aortic specimens were fixed in 4% paraformaldehyde for over 24 h. Then, targeted sections of the aorta were excised, dehydrated,

infiltrated by paraffin and sectioned.

Paraffin sections, after undergoing a series of xylene and alcohol treatments for deparaffinization and hydration, were stained with hema-

toxylin. Excess hematoxylin was rinsed off. Subsequently, sections were stained with eosin. Sections were then dehydrated using an alcohol

gradient and immersed in xylene twice, each for 5 min. Finally, sections were sealed with neutral gum.

Elastic van gieson (EVG) staining

After deparaffinization and hydration, sections were immersed in Verhoeff’s hematoxylin solution, followed by rinsing. Iron trichloride differ-

entiation liquid was then applied to differentiate the elastic fibers until they appeared black against a gray background. Next, Van Gieson’s

solution was used to stain sections, and sections were rinsed and dehydrated with absolute ethanol. Eventually, sections were immersed in

xylene and mounted.

Immunofluorescence and immunohistochemistry

After deparaffinization and hydration, sections were treated with 0.2% Triton. Sections were immersed in sodium citrate solution and heated

in a microwave for antigen retrieval. Additionally, sections of VSMCs were fixed with 4% formaldehyde and immersed in 0.2% Triton. Sections

were blocked with 3% BSA for 40 min.

For immunofluorescence, the primary antibodies, anti-MFN2, anti-OPA1, anti-DRP1, anti-a-SMA, anti-COX IV and anti-phospho-JNK,

were prepared at specific dilutions and incubated with sections at 4�C overnight. Then, sections were incubated at room temperature in
iScience 27, 110594, September 20, 2024 19
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the dark with the Cy3-conjugated or FITC-conjugated secondary antibody for 1 h. Finally, sections were incubated with DAPI, then washed

and mounted. Tissue sections were observed and images captured by fluorescence microscopy.

For immunohistochemistry, following antigen retrieval, sections were immersed into 3% H2O2 in the dark. Subsequently, sections were

blocked and incubated with primary antibodies, anti-phospho-JNK. This was followed by incubation with HRP-conjugated secondary anti-

body, after which sections were washed and stained with DAB for a uniform staining time. Finally, cell nuclei were counterstained with hema-

toxylin before being mounted in glass slides.
Western blotting

Aortic tissue and VSMCs were lysed on ice by protein lysis buffer containing RIPA, cocktail, PMSF, and phosphatase inhibitor in a specific ratio

to extract the proteins. The extracted proteins were separated through SDS-PAGE gels (10–12%) and transferred onto a transfer membrane.

Protein membranes were blocked with Rapid Blocking Buffer. After that, the membrane was incubated with primary antibodies: anti-MFN2,

anti-MFN1, anti-OPA1, anti-Drp1, anti Fis1, anti-OPN, anti-a-SMA, anti-SM22a, anti-phospho-JNK, anti-JNK, anti-GAPDH, and anti-b-actin at

4�C for over 12 h. Then, membranes were washed and incubated with secondary antibodies. Finally, the membrane was washed and

immersed in enhanced chemiluminescent reagent and imaged with a chemiluminescent imaging system.
Transmission electron microscopy (TEM)

Mice were euthanized with 1% pentobarbital solution. The target region of the aorta was rapidly dissected and immersed in pre-chilled EM

fixative. Tissues were fixed at room temperature for 1 h, then fixed at 4�C overnight. The fixed samples were then sent to Servicebio Co., Ltd.

for further processing.
QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using GraphPad Prism v9.0.0 (GraphPad Software, USA). As for quantitative data which pass tests for

normality or homogeneity of variance, Student’s t test was used to compare two groups, while one-way ANOVA was used for multiple group

comparisons. In cases where quantitative data did not pass tests for normality or homogeneity of variance, theMann–Whitney test was used to

compare two groups and the Kruskal-Wallis for more than two groups. The c2 test was used for categorical data. A significance level of

p < 0.05 indicated statistical significance.
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