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ABSTRACT 

MITOCHONDRIA FACILITATE VASCULAR INFLAMMATION: THE 

ROLE OF CANONICAL INFLAMMATORY SIGNALING IN THE 

REGULATION OF MITOCHONDRIAL MORPHOLOGY 

Steven J. Forrester 

Doctor of Philosophy 

Temple University, 2017 

Doctoral Advisory Committee Chair: Satoru Eguchi, MD/PhD 

 

 Vascular inflammation is an underlying cause to numerous diseases and is 

characterized by classical NF-κB activation and downstream physiological responses 

including inflammatory gene induction and immune cell recruitment. Although 

inflammatory based diseases are associated with mitochondrial dysfunction and 

morphological alterations, the direct mechanisms tying the mitochondria to canonical 

NF-κB signaling remain elusive.  Using pharmacological and genetic approaches, we 

show inflammatory-mediated mitochondrial fission, through DRP1 and MFF, is required 

for NF-κB activation, VCAM-1 induction and vascular inflammation in vitro and in vivo. 

In addition, inflammatory signaling in the endothelium mediates mitochondrial fission 

through an IKKβ/IκBα-dependent pathway.  IκBα is found to localize on the 

mitochondrial outer membrane where it inhibits DRP1 recruitment to the mitochondria.  

Inhibition of this cascade promotes elongated mitochondria that are unable to go through 

fission. Cumulatively, these results highlight the requirement of mitochondrial fission in 

the inflammatory response. Our results point to a shift in how classical NF-κB induction 
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and downstream inflammatory signaling is viewed, as well as highlights a new 

inflammatory-dependent mechanism in mitochondrial dynamics. This work also suggests 

a link between inflammatory-based diseases of different etiologies and a conserved 

mitochondrial fission pathway. 
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Mechanisms in Mitochondrial Fission 

 Largely considered to be the workhorses of the cell due to their ability to produce 

ATP from the electron transport chain (ETC), mitochondria have also come to be known 

as highly dynamic organelles that participate in physiological and pathophysiological cell 

responses. Mitochondria are double-membrane organelles which are found almost 

ubiquitously in eukaryotes. Within the intermembrane of mitochondria exists the 5 

complexes of the electron transport chain which cumulatively are responsible for 

mitochondrial ATP production. Dysregulation of the ETC promotes mitochondrial 

dysfunction leading to reactive oxygen species (ROS) production, ETC uncoupling and 

Cytochrome C-mediated apoptosis. On the larger scale, mitochondrial dysfunction is 

associated with a myriad of diseases including cardiovascular diseases and neuropathies 

and certain types of cancer. Likewise, genetic mutations in mitochondria-related genes 

result in human pathologies including atrophy of the optic nerve, juvenile catastrophic 

epilepsy, cardiomyopathy, and cerebral white matter disease to name a few1. Thus, the 

function of mitochondria appears to be at the center of cell health and physiological 

function and various stressors that compromise mitochondrial function contribute to 

disease pathology. 

While mitochondrial function is vital to cell health, recent investigation into 

mitochondrial biology has pointed to the mitochondria as being highly dynamic 

organelles that are constantly undergoing processes called “fission” and “fusion” in order 

to maintain mitochondrial functional homeostasis in a perpetually changing cell 

environment. The process of fission involves membrane constriction and subsequent 

cleavage yielding two daughter mitochondria. Fission produces individual mitochondria 



 

 

3 

 

which assume individuality in function and morphology.  Fission is a response born from 

a number of stimuli and stresses including needs for growth, transmission of 

mitochondria to daughter cells (mitochondrial inheritance) and dysregulation of the ETC 

(Figure 1).  In regards to dysregulation and damage of the ETC, fission enables 

separation of functional and non-functional portions of the mitochondria.  Non-functional 

mitochondria are typically degraded through autophagy through a collective process 

termed mitophagy2. Functional mitochondria can exist as individual mitochondria, or in 

environments of increased ATP demand they can fuse leading to networks of long and 

interconnected mitochondria. Fusion enables mixture of disparate mitochondria leading 

to a more uniform mitochondrial population and synchronization of ETC function3.  

However, there is a not a one size fits all mechanism or reasoning for mitochondrial 

fission and fusion.  It appears the mechanisms leading to fission and fusion are almost as 

dynamic and variable as the components needed for fission and fusion themselves. The 

following sections will go into the key players of the fission process. 
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Mitochondrial Fission 

 Normal fission of mitochondria involves a 2-part process of fission 

receptor/adaptor activation and recruitment of secondary proteins to mediate the 

constriction and cleavage process leading to daughter mitochondria. Regardless of fission 

receptor activation it appears membrane constriction in higher eukaryotes is facilitated by 

dynamin related protein 1 (DRP1). DRP1 is a GTPase found in the cytosol but can be 

Figure 1. Mitochondrial Fission and Fusion. From Westerman, 2010 
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recruited to the mitochondria during activation of fission machinery where it marks future 

sites of mitochondrial division leading to outer and inner membrane constriction. While 

the full mechanism of how DRP1 is recruited and mediates membrane constriction is 

unknown, activation and recruitment of DRP1 is highlighted by changes in its 

phosphorylation status. Phosphorylation at Ser616 is thought to instigate DRP1 activity 

and cause membrane constriction, whereas Ser637 phosphorylation inhibits DRP1 

activity, although conflicting data exists for this site4. Likewise, activated DRP1 drives 

membrane constriction through its GTPase activity, and disruption of GTPase activity 

inhibits mitochondrial fission 5, 6. A physiological role of DRP1 and mitochondrial fission 

can be seen in animal models as DRP1 silencing in mice is embryonically lethal and 

promotes abnormalities including developmental defects in the cerebellum 
7. 

Furthermore, excessive DRP1-mediated fission is associated with neuronal injury 
8, 

pulmonary hypertension 
9 and vascular intimal hyperplasia 

10. 

Of the adaptor/receptor proteins localized on the mitochondrial outer membrane, 

special attention has been given to mitochondrial fission factor (MFF) and the 

mitochondrial dynamics proteins 49 and 51 (MiDs 49/51).  Identified in 2008 as part of a 

siRNA screen 11, MFF serves as a tail-anchored mitochondrial outer membrane protein 

required for DRP1-dependent mitochondrial fission. MFF is considered the essential 

factor in DRP1-dependent mitochondrial fission as MFF silencing suppresses DRP1 

recruitment to the outer membrane, halts cytochrome C release and inhibits 

mitochondria-driven apoptosis 11, 12. MFF also contains numerous predicted 

phosphorylation sites which are thought to induce DRP1 recruitment.  Of these sites, 

Ser172 (146 human isoform 1) and Ser155 in human isoforms 2, 3, 4 and 5 mediate 
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MFF-induced fission and can be stimulated by classical instigators of fission and 

mitochondrial ETC dysregulation (Rotenone and Antimycin A) as well as AMP-activated 

protein kinase (AMPK) activators (Rotenone and AICAR)13. Thus, in environments of 

energetic stress, AMPK phosphorylates MFF leading to DRP1 recruitment and 

subsequent fission. 

In addition to MFF, MiD49 and MiD51 (MiD49/51) regulate DRP1-dependent 

mitochondrial fission, although the mechanisms are less clear. For starters, simultaneous 

inhibition of MiD49 and 51 results in elongation of mitochondria suggesting a role in the 

fission process.  More importantly, the MiDs have been found to regulate cristae 

remodeling as part of their fission mechanism and MiD51 is hypothesized to inactivate 

the GTPase activity of DRP1.  Thus, a working model of mitochondrial fission involves 

MFF-dependent recruitment of GTP-bound DRP1 where MID51 inhibits the GTPase 

activity of DRP1.  GTP-locked DRP1 then oligomerizes on the outer membrane around 

MFF causing the oligomerization of MFF.  Eventually, through unknown mechanisms, 

MFF activates the GTPase activity of DRP1 facilitating membrane constriction 14 

(Figure 2). Until recently, it was unknown as to what molecule mediated the cleavage 

process since DRP1 is incapable of membrane fission, however, it appears dynamin-2 

(Dyn2) is responsible for that role15. Cumulatively, mitochondrial fission is a complex 

process requiring the coordination of multiple components, most importantly DRP1 and 

its essential receptor MFF.  In addition, while basic mechanisms have been elucidated, 

cell-type specific and stress specific mechanisms of mitochondrial fission, and how they 

relate to pathological outcomes are still unknown. 
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Classical Inflammatory Activation by the NF-κB cascade (IKK, IκBα and NF-κB) 

 Similar to how mitochondria have developed responses in dealing with a 

changing environment or specific stress, cells have spent millions of years developing 

conserved signaling mechanisms that allow them to adapt to pathological stimuli.  One of 

the most studied of these pathways is the canonical nuclear factor kappa-light-chain-

enhancer of activated B cells (NF-κB) cascade and its role in inflammation. 

NF-κB is considered the master regulatory factor in inflammatory signaling due to 

its ability to be stimulated by nearly all inflammatory cytokines, and because of its tight 

transcriptional control over inflammatory-related genes including vascular and 

intercellular cell adhesion molecules (VCAM-1 and ICAM-1, respectively), leading to 

leukocyte extravasation. Much time and effort has been invested into the mechanisms 

leading to NF-κB activation. Cumulatively, investigation has identified two key 

pathways; the canonical and non-canonical pathways of NF-κB activation 
16. The 

mechanisms related to the canonical cascade and the tumor necrosis factor α 

(TNFα)/Lipopolysaccharide (LPS)-mediated cascade will be discussed. 

Figure 2. Mitochondrial Fission Mechanism. From Otera et al, 2013 
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 The NF-κB family consists of 5 members including transcription factor 65 

(p65/RelA), nuclear factor NF-kappa-B p105 subunit (p105), transcription factor RelB, 

proto-oncogene c-Rel and nuclear factor NF-kappa-B p100 subunit (p52). Within the 

cytoplasm, NF-κB family members can form inactive hetero or homodimers.  While the 

composition of these dimers may vary, only p65, RelB and c-Rel contain transactivation 

domains that are necessary for gene transcription17. NF-κB dimers are held inactive in the 

cytoplasm through their interaction with nuclear factor of kappa light polypeptide gene 

enhancer in B-cells inhibitor (IκB) proteins, most notably IκBα. Upon phosphorylation of 

IκBα on Ser32 and Ser36, IκBα dissociates from NF-κB and is immediately ubiquinated 

leading to IκBα degradation by the 26S proteasome. Free NF-κB then translocates to the 

nucleus where it induces the transcription of target genes involved in inflammation and 

cell survival. The phosphorylation of IκBα is mediated by an IκB kinase (IKK) complex 

that is a convergent point in both TNFα and LPS 

signaling (Figure 3)18, 19. The collective complex is 

made up of three subunits consisting of IKKα, IKKβ 

and NEMO or IKKγ. For the most part, IKKα is 

considered to act predominantly in the non-canonical 

pathway of NF-κB activation, as well as participate in 

NF-κB independent pathways20. Unlike IKKα, IKKβ is 

the main effector IκBα phosphorylation and deletion of 

IKKβ is embryonically lethal which is associated with 

complete suppression of NF-κB activity18, 21, 22. Lastly, Figure 3. LPS and TNFα-

induced NF-κB activation 

From Baker et al, 2011 



 

 

9 

 

NEMO is required for proper IKK complex assembly and activation of the canonical 

pathway of NF-κB activation23. 

 Activation of canonical signaling is elicited by numerous pro-inflammatory 

cytokines and infectious agents, two of which are TNFα and LPS.  TNFα induces NF-κB 

activation primarily through the TNFR1 receptor. Upon activation, the death domain of 

tumor necrosis factor receptor 1 (TNFR1) binds to both receptor-interacting 

serine/threonine-protein kinase 1 (RIP1) and tumor necrosis factor receptor type 1-

associated DEATH domain protein (TRADD). RIP1, along with TNF receptor-associated 

factor 2 (TRAF2, an E3 ubiquitin ligase) mediates mitogen-activated protein kinase 

kinase kinase 7 (TAK1) recruitment, which is thought to be an upstream kinase to IKK 

phosphorylation and activation17, 20. TRAF2 recruitment is also dependent upon TRADD 

binding to the TNFR1 and TRAF2 is also recruits cellular inhibitor of apoptosis protein 

1/2 (cIAP1/2), which is necessary for IKK activity (Figure 4) 17. 

LPS signaling leading to NF-κB activation also consists of a unique family of 

signaling proteins.  LPS induces NF-κB through toll-like receptor 4 (TLR4)-dependent 

signaling whereby Myeloid differentiation primary response gene 88 (MyD88) interacts 

with interleukin-1 receptor-associated kinase (IRAK) family members, specifically 

IRAK1 and 4.  Phosphorylation of IRAK1/4 induces dissociation from MyD88 leading to 

IRAK interaction with TRAF6. TRAF6 mediates the ubiquitination of NEMO and 

recruitment of TAK1 resulting in IKK complex activation (Figure 4) 24. 

Overall, canonical NF-κB signaling is a pathway that is central to inflammatory 

activation.  The pathway leading to NF-κB nuclear tanslocation and promoter binding 

involves a conserved mechanism of IKK complex activation and IKK-mediated 
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phosphorylation of IκBα leading NF-κB dissociation.  However, new mechanisms into 

this pathway are actively being investigated, and questions remain regarding whether 

there exist any other key players in this cascade. 

 

 

 

 

Vascular Inflammation 

Acute inflammation is a physiological mechanism that provides an adaptive 

response to stimuli including infection and tissue injury/dysfunction whereby nutrients, 

plasma components and leukocytes are recruited to an affected site to repair damaged 

tissue and eliminate irritants 25. And while acute inflammation is considered to be an 

adaptive and controlled response that is beneficial to overcoming a given stress, chronic 

inflammation is an underpinning of numerous diseases leading to dysregulation of 

cellular function, especially in vascular based diseases 26. Vascular inflammation has 

Figure 4. TNFα and LPS NF-κB Signaling. From Hayden & Ghosh, 2012 
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been implicated as a causative factor in cardiovascular diseases including 

atherosclerosis26, hypertension27,  coronary artery disease28 and abdominal aortic 

aneurysm development29. Due to the commonality of inflammation in various vascular 

diseases, research focus has shifted to understanding common inflammatory mechanisms 

that may link numerous disease in the hopes of identifying translatable therapeutics. The 

generalized physiological response to vascular inflammation is the leukocyte adhesion 

cascade 
30.  The adhesion cascade relies on communication and coordination between 

immune cells within the blood and the endothelium.  The endothelium is the inner-most 

lining to the vasculature and is found in every vascular bed of the body. Endothelial cells 

(ECs) are sensitive to various stimuli and they can be “activated” most notably through 

cytokine stimulus and injury. Activated ECs facilitate leukocyte rolling through integrin-

dependent mechanisms and expression of P-selectin and E-Selectin. Leukocyte 

expression of L-selectin is also involved in rolling as well.  Cytokines, infectious agents 

and other stresses stimulate inflammatory-dependent expression of cell adhesion 

molecules ICAM-1 and VCAM-1 which facilitate leukocyte arrest, and VCAM-1 is also 

considered to play a role in the migration of leukocytes into vascular walls, possibly 

through Ca2+/myosin light chain kinase (MLCK)-dependent EC separation and ras-

related C3 botulinum toxin substrate 1 (RAC-1) and NADPH oxidase-2 (NOX2)-

dependent loosening of cell junctions30, 31. In addition, VCAM-1 is critical to the vascular 

inflammatory response and initiation of atherosclerosis as mice harboring a mutation in 

the fourth Ig domain of VCAM-1 exhibit a decrease in atherosclerotic lesion area32. 

Furthermore, rabbits fed an atherogenic diet express VCAM-1 in the aortic endothelium 

which precedes intimal macrophage appearance33, and VCAM-1 binds to monocytes and 
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T lymphocytes, leukocytes that are found within human and mouse atheroma26. 

Cumulatively, these studies highlight the importance VCAM-1 in the vascular 

inflammatory response.  Likewise, data indicate TNFα-dependent regulation of VCAM-1 

may be specifically mediated by NF-κB and independent of other inflammatory signaling 

pathways such as AP-134. Upon migration, leukocytes can be targeted to specific tissues 

to participate in the repair or elimination process. Within this cascade, perpetual EC 

activation and dysfunction can result in excessive outcomes leading to poor resolution of 

inflammation, cellular differentiation and proliferation and severe tissue damage.  

Cumulatively, this can lead to disease progression and end-organ damage that is observed 

in many deadly diseases.  Thus, understanding initiating components, such as EC 

activation, is vital in the quest for treatments to inflammatory-based vascular diseases. 

Endothelial Activation 

As mentioned, the monolayer of cells lining all blood vessels is collectively called 

the endothelium.  The endothelium is a dynamic “organ” that is responsive to numerous 

signals and is a responder and critical regulator of cell adhesion, vascular tone (through 

nitric oxide, prostacyclin and endothelin production), smooth muscle proliferation and 

vessel wall inflammation35, 36. Within these responses, endothelial activation is a 

stimulatory and required step in the pathogenesis of vascular inflammation and vascular 

diseases. Endothelial activation can be classified as either being a rapid response (type I) 

or a sustained and long response (type II). Rapid responses are independent of 

inflammatory gene transcription where inflammatory cues facilitate G-protein coupled 

receptor (GPCR)-induced Ca2+ elevation leading to vasodilation, increased blood flow, 

adherens junction opening, weibel palade body exocytosis (P-selectin release) and 
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leukocyte extravasation37. However, most diseases show chronic and sustained 

inflammation which is a result of type II activation. Type II activation involves similar 

physiological processes as type I activation, however, type II activation involves 

upregulation of inflammatory genes including VCAM-1, E-selectin and chemokines 

leading to enhanced leukocyte recruitment37. Type II signaling is typically mediated by 

major inflammatory cytokines such as TNFα.  As mentioned in the previous section, 

TNFα induces inflammatory gene induction (VCAM-1, ICAM-1) through canonical NF-

κB signaling 38. The mechanism of NF-κB signaling in ECs appears to be a conserved 

signaling route as major inflammatory stimulators LPS (mentioned previously) and 

angiotensin II (AngII) use this route39, 40. Likewise, the importance of conserved NF-κB 

signaling in ECs and downstream pathology is highlighted by the fact that endothelial-

specific inhibition of NF-κB activity prevents atherosclerosis in mice41. NF-κB inhibition 

using a EC-specific targeted therapy also blocks peritonitis and arthritis in mice42, and 

IKKβ knockout is embryonically lethal in mice which is associated with decreased NF-

κB activity43. 

Both AngII and TNFα have been implicated in the hypertensive response and 

end-organ damage44, 45, however until the early 2000’s AngII was not considered to be an 

instigator of inflammation, as AngII was primarily investigated for its role in 

vasonctriction, proliferation, ECM synthesis and hypertrophy46. In 1999 Pueyo et al and 

Tummala et al discovered AngII could stimulate VCAM-1 induction through AT1R-

dependent activation of the NF-κB cascade in ECs and VCAM-1 protein and mRNA 

induction in AngII-infused rat aortas, respectively47, 48. Since then, the area of AngII and 

EC activation has expanded to involve mechanisms related to ROS production, 
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specifically mitochondrial mechanisms of ROS production and EC activation. AT1R-

dependent NOX2 activation increases mitochondrial H202 release which exacerbates 

NOX2-induced superoxide production. NOX2-derived superoxide participates in NO 

inactivation, peroxynitrite formation and endothelial nitric oxide synthase (eNOS) 

uncoupling, which are collectively involved in EC activation and inflammation49-51.  

Mitochondria, NF-κB and Endothelial Activation 

 As mentioned in the previous section, mitochondrial ROS (mitoROS) production 

has been extensively researched in the endothelium and is a contributor to cardiovascular 

diseases including hypertension, atherosclerosis and diabetes52.  MitoROS contributes to 

high-glucose-induced eNOS uncoupling 
53 in addition to changes in mitochondrial 

calcium control 54. Furthermore, suppression of EC mitoROS prevents segmental 

glomerularsclerosis-induced podocyte loss and renal failure55, 56. In general, mitoROS has 

been implicated as an activator of the NF-κB cascade and can trigger NLR family pyrin 

domain containing 3 (NLRP3) inflammasome activation57., which partly explains why 

mitoROS is associated with inflammatory-based diseases58
 
59. However, other areas 

relating to the mitochondria have been largely unexplored, especially in vascular 

diseases. One of these areas is mitochondrial dynamics. While mechanisms remain 

elusive, changes in mitochondrial dynamics have been associated with some 

inflammatory diseases.  High-glucose-treated ECs show increased mitochondrial fission 

associated with increased mitoROS production and inhibition of DRP1 blocks both 

responses54. Conversely, low-glucose also increases mitochondrial fission which is also 

suppressed by DRP1.  In addition, suppression of palmitate-induced mitochondrial fission 

reduces mitoROS and downstream ER stress and NLRP3 inflammasome activation60. 
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Senescent ECs exhibit impaired autophagic flux and angiogenic function which is partly 

explained by a reduction in DRP1 and an increase in mitoROS61. These findings are 

controversial as typically increased mitochondrial fission is associated with increased 

mitoROS, however in the case of senescent ECs, mitochondrial fission is reduced but 

mitoROS increased.  While numerous reasons could explain this phenomenon the studies 

mentioned highlight the role mitochondrial morphology might play in cellular 

dysfunction and diseased states, as changes in morphology appear to precede organellular 

stress and downstream endothelial dysfunction. Because of these findings, investigation 

into mechanisms that may mediate morphological changes in mitochondrial structure and 

how these changes contribute to cardiovascular disease is warranted. This is especially 

true in regards to inflammatory-based diseases as changes in mitochondria (fission, 

mitoROS) are highly-correlated and directly connected to NF-κB signaling suggesting a 

conserved role for the mitochondria in inflammatory diseases.  Thus, this brings up the 

focus of this dissertation, which is to investigate the fundamental role of mitochondrial 

fission and dynamics in vascular inflammation. 

Hypothesis 

 Due to the potential role mitochondria morphology may play in the vascular 

inflammatory response, and our preliminary data indicating inflammatory stimuli 

including TNFα and LPS induce endothelial mitochondrial fission, we came up with the 

central hypothesis canonical inflammatory signaling regulates mitochondrial fission, 

and this mitochondrial fission response is required for endothelial activation and 

downstream vascular inflammation. To fully address our central hypothesis, we 

developed three specific aims.  Specific Aim 1: Explore the mechanisms underlying 
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inflammatory-induced mitochondrial fission within the endothelium.  Within this specific 

aim we will test the contribution of mitochondrial fission mediators DRP1 and MFF and 

canonical signaling components (IKKβ, IκBα, and NF-κB translocation) to TNFα and 

LPS-induced mitochondrial fission. Specific Aim 2: Explore the contribution of 

inflammatory-induced mitochondrial fission to endothelial activation and leukocyte 

adhesion in vitro. This aim will test the effect of mitochondrial fission inhibition, through 

DRP1 and MFF inhibition, on the endothelial activation marker VCAM-1 and the 

downstream physiological response of leukocyte adhesion in rat aortic endothelial cells. 

Specific Aim 3: Explore the contribution of inflammatory-induced mitochondrial fission 

to vascular inflammation in vivo. Specifically, we will evaluate if inflammatory stimuli 

including TNFα and AngII promote mitochondrial fission in the mouse aortic 

endothelium, and whether suppression of mitochondrial fission alleviates endothelial 

activation and leukocyte adhesion in a transient model of vascular inflammation.  In 

addition, a chronic model of AngII infusion will be employed to explore the role of 

mitochondrial fission in a model of chronic low-grade inflammation and whether 

suppression of mitochondrial fission is preventative against AngII-induced vascular 

remodeling. 
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In Vitro Experiments 

Sprague-Dawley rat aortic endothelial cells (RAECs) were purchased from Cell 

Biologics and were cultured in DMEM with 10% fetal bovine serum, penicillin and 

streptomycin.  For all experiments, RAECs from passage 4-8 were used. For signal 

transduction experiments, RAECs were serum starved for 24-48h prior to stimulation 

with TNFα (10 ng/mL) or LPS (1 ug/mL). In the case of pharmacological intervention, 

RAECs were pre-treated with indicated drugs 30 minutes to 1 hour prior to TNFα or LPS 

treatment. 

Human embryonic kidney cells (HEK 293) were cultured and maintained in High-

glucose (4.5 g/L) DMEM with 10% fetal bovine serum, 1% L-Glutamine and penicillin 

and streptomycin. 

Mitochondrial Morphology Analysis 

 For quantitative analysis of mitochondrial fission, the ImageJ Mito-Morphology 

plugin was used 62. RAECs were cultured on coverslips and treated as indicated in the 

results.  Cells were than stained with 100 nM Mitotracker Red CMXRos (Invitrogen), 

washed (DMEM, 2 x 5 minutes per wash) and fixed in 3.7% paraformaldehyde (Electron 

microscopy sciences) for 15 minutes at 37ºC. Cells were washed in PBS (3 x 2 minutes 

per wash) and permeabilized with 0.2% Triton X-100 (Sigma) in PBS for 10 minutes. 

Cells were washed in PBS (3 x 2 minutes) and mounted on glass slides using prolong 

diamond (Invitrogen).  Pictures of mitochondria were acquired on a 60x oil objective lens 

with a 1.5x adjustment attached to an Olympus IX81 inverted fluorescent microscope 

with a Photometrics Cool SNAP HQ camera.  Images were acquired using Metamorph 

software. Images were imported into ImageJ, processed using iterative deconvolution 

followed by rolling ball background subtraction and conversion to a color image for 
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analysis using the Mito-Morphology plugin.  Mitochondrial Fission Count (MFC) is 

defined as the number of mitochondria per cell (numerator) divided by the total 

mitochondrial area of a given cell (denominator). Increasing ratio means more 

mitochondria per given area suggesting increased fission. In total, 40-60 cells per 

condition per experiment from 4 independent experiments were used for analysis. 

Pharmacological Intervention 

 For all pharmacological interventions, RAECs were pre-treated with indicated 

drugs 30 minutes to 1 hour prior to TNFα or LPS treatment. Drugs included Bay 11-7805 

(10 µM, TRC), Mdivi-1 (50 µM, Cayman), Sodium Salicylate (50 mM, Santa Cruz), 

MitoTempo (25 nM, ENZO)  and TPCA1 (5 µM, Cayman). 

Genetic Manipulation 

For gene silencing or overexpression, RAECs were transduced with adenoviruses 

in serum-free DMEM in the presence of 0.5 ug/mL pol-L-lysine for 2 hours followed by 

the addition of fresh serum-free media for another 24 hours.  The next day, cells were 

washed and fresh serum-free media was added and cells rested for another 24 hours 

before stimulation.  Prior to stimulation, cells were given fresh media and allowed to sit 

for 1 hour. Adenoviruses were generated as previously described 63. Constructs included 

siRNA targeting DRP1 (50 MOI) and overexpression constructs included human 

dominant-negative DRP1 (K38A), human MFF double phosphorylation mutant targeting 

serines 155 and 172 (S155/172A) (100 MOI), IκBα dominant-negative phosphorylation 

mutant (Ser32/36A, Vector Biolabs) (100 MOI) and IKKβ dominant-negative mutant 

(100 MOI, Cell Biolabs). To confirm genetic manipulation in analyzed cells, 

immunoblotting was performed, or in the case of immunofluorescence, genetic 
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intervention was confirmed via dual expression of GFP along with indicated vector or 

immunofluorescence was performed for indicated vector. 

Immunoblotting 

 Cells were lysed in 1X SDS lysis buffer as subjected to SDS-PAGE gel 

electrophoresis as previously described 
64. Antibodies used included phosphorylated 

DRP1 on Ser616 (Bioss 11249R) and Ser637 (Cell Signaling 4867), total DRP1 (BD 

611112), IκBα (Santa Crus, C-20), p65 (Santa Cruz, C-21), phosphorylated MFF 

(Ser172, Cell Signaling 49281s), total MFF (Proteintech 17090-1-AP) (Santa Cruz B2), 

IKKα/β (Abcam) and VCAM-1 (Abcam ab134047). 

Immunofluorescence 

 Cells were cultured on coverslips and treated as mentioned in results. After 

treatment, cells were washed twice in HIBSS and fixed in 3.7% paraformaldehyde win 

HBSS for 10 minutes at room temperature.  Cells were washed 3 times in PBS and 

permeabilized in PBS containing 0.2% Triton X-100 for 10 minutes followed by 3 

washes of PBS for 2 minutes each.  Blocking was then performed with 0.5% BSA in PBS 

for 30 minutes followed by primary antibody incubation (1:500, in blocking buffer) 

overnight (rocking). The next day, cells were rinsed in blocking buffer ( 3 washes, 5 

minutes each) followed by incubation with Alexa305, 488 or 568 secondary antibodies 

(1:500, 1 hour, Invitrogen) depending upon primary antibody host species. Cells were 

then washed 3 times with PBS for 5 minutes each. Coverslips were then mounted on 

glass slides using prolong diamond antifade reagent. 

Colocalization Analysis 

 Colocalization analysis was conducted using the JACoP ImageJ plugin. Pictures 
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were acquired with a 60x oil objective lens with a 1.5x adjustment attached to an 

Olympus IX81 inverted fluorescent microscope with a Photometrics Cool SNAP HQ 

camera. Images were imported into ImageJ and were processed using iterative 

deconvolution followed by rolling ball background subtraction. The JACoP plugin was 

used to determine a thresholded Mander’s coefficient defining the colocalization and 

overlap of green to red pixels. A total of 40 cells were analyzed per condition for each 

experiment. 4 Independent experiments were conducted. 

 In addition to quantitative colocalization analysis using the JACoP program, the 

Colocalization Finder plugin was used to highlight colocalized pixels. Pictures were 

imported, converted to 8-bit images and processed using the plugin. Representative 

images are shown with JACoP analysis. 

Co-Immunoprecipitation 

 RAECs from a confluent 10 cm2 dished were harvested on ice in 700 uL of Co-IP 

buffer (20 mM Tris, pH 7.4, 137 mM NaCl, 2 mM EDTA, 1% Triton X-100, 10% 

glycerol, 10 mM sodium pyrophosphate, 1 mM sodium orthovanadate, 100 mM sodium 

fluoride, 1 ug/mL aprotinin, 1 ug/mL leupeptin and 1mM PMSF). Harvested cells were 

passed through a 25 gauge syringe 15 times and were placed on ice for 20 minutes. 

Lysates were cleared by centrifugation (12,000 rpm, 5 min, 4˚C). 1 µg of antibody for 

IκBα (SC-21), MFF (Proteintech) or Rabbit control IgG (SC-2027) was incubated with 

cleared lysates for 2-4 hours, rotating at 4˚C. 50 µL of dynabeads pre-conjugated with 

sheep anti-rabbit secondary (Thermo, M-280) was then added and incubated overnight at 

4˚C with rotation. The next day lysates were placed on a magnet and washed 3 times in 

Co-IP buffer. After the final wash, 20 µL of 1 x SDS lysis buffer was added to the beads. 
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Samples were then boiled and then processed for immunoblotting. 

Mitochondrial Subfractionation 

 Cells were lysed in subfractionation buffer (250 mM Sucrose, 20 mM HEPES, 10 

mM KCL, 1.5 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 mM DTT, PMSF, 1 ug/mL 

aprotinin and leupeptin and phosphatase inhibitors) and homogenized using a 25 gauge 

needle and syringe. Cells were passed through syringes 20 times and were then left on ice 

for 20 minutes.  Initial clearing of nuclear and cellular debris was conducted by 

centrifugation (700 x g, 5 minutes, 4 C).  Supernatants were collected and spun at 10,000 

x g for 20 minutes, 4ºC yielding a dense pellet which contained mitochondria. The 

mitochondrial pellet was re-suspended in subfractionation buffer and protein 

concentration was normalized.  Lysates were then diluted in 5 x SDS sample buffer (250 

mM Tris pH 6.8, 10% SDS, 30% glycerol, 5% β-mercaptoethanol, .02% bromophenol 

blue) and water and were then subjected to SDS-PAGE gel electrophoresis. 

HEK 293 Secreted NF-κB Luciferase Assay 

 HEK cells were seeded one day prior at a density of 7.5 x 10^5 cells per well in a 

24-well dish.  24 hours later cells were transfected using lipofectamine and OPTI-DMEM 

with addition of genetic constructs along with an luciferase reporter under the control of 

an NF-κB inducible promoter. Genetic constructs used included DRP1 K38A dominant 

negative, MFF S155/172A dominant negative, MFF S155A dominant negative and MFF 

172A dominant negative. MFF mutants were purchased from addgene and have 

previously been described 13. Transfections were perfomed at a ratio of 1 (NF-κB 

reporter): 3 (MFF or DRP1 constructs).  2 hours after transduction, 10% FBS HEK 

growth media was added to the wells. 20-24 hours later, media and transfectant was 

washed out and replaced with 2% FBS HEK media.  Cells were allowed to sit for 1 hour 
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before stimulation with TNFα (10 ng/mL) for 24 hours.  Media was then collected and 

measured for luciferase expression. 

Measurement of mitoROS 

 RAECs were transduced with the mitoTimer adenovirus as previously described.  

48 hours after transduction, cells were stimulated with TNFα for 3 hours. Cells were then 

fixed in 3.7% PFA in HBSS at room temperature for 10 minutes.  Cells were then washed 

in PBS and mounted in prolong gold.  Fluorescent pictures of the red channel were then 

taken and measured. 

THP-1 Leukocyte Adhesion 

 To observe leukocyte attachment to RAECs, THP-1 monocytes cultured in RPMI 

with 10% FBS, penicillin and streptomycin were suspended in serum-free DMEM with 

0.2% BSA and 5 µg/mL Hoechst 33342 (ThermoFisher) for 30 min at 37ºC.  THP-1 cells 

re-suspended in DMEM with 0.2% BSA (104 cells per cm2) were incubated with RAECs 

for 30 min at 37ºC.  Cells were then washed in PBS and fixed in 3.7% paraformaldehyde 

for 10 min at room temperature.  Fixed cells were washed in PBS and subsequently 

imaged using a fluorescent inverted microscope. Three separate pictures were taken per 

condition using a 10x objective lens. Images were imported into imageJ where the 

background was subtracted and an image threshold was generated. Stained THP-1 nuclei 

were counted using the analyze particles function to evaluate adhesion to RAECs.  

Animal Experiments 

 All animal procedures were performed with prior approval of the Temple 

University Institutional Animal Care and Use Committee and in accordance with 

National Institutes of Health Guide for the Care and Use of Laboratory Animals.  8-10 
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week old C57BL/6J mice were obtained from the Jackson Laboratory and housed under 

barrier conditions.  Standard sterilized laboratory diet and water were available ad 

libitum.   

Intravital Microscopy 

 Experimental mouse groups consisted of Saline, TNFα (20ng/g), TNFα + 

mitochondrial division inhibitor 1 (Mdivi-1, 25 mg/kg), TNFα + Sodium salicylate (200 

mg/kg), AngII (2ng/g)  and AngII + Mdivi-1 and TNF.  For in vivo analysis of leukocyte 

adhesion, mice were given i.p. injections of saline, TNFα or AngII 6 hours prior to 

analysis.  Mice belonging to the TNFα + Mdivi-1 and AngII + Mdivi-1 groups were 

given a single i.p. injection of Mdivi-1 18-24 hours prior to TNFα or AngII injection.  

Sodium salicylate was administered via i.p. 30 minutes prior to TNFα injection. Mice 

were anesthasized using 80 mg/kg pentobarital. Intravital microscopy was performed as 

previously described65. Mean arterial blood pressure was measured throughout the 

duration of analysis using a polyethylene catheter inserted into the right carotid artery. A 

midline laparotomy was performed to expose ileal tissue. Four distal loops were 

superfused with 37ºC Krebs-Henseleit buffer in a plexiglass chamber attached to the 

stage of an Eclipse FN1 Physiostation Microscope (Nikon Corp, Japan). For analysis, a 

randomly selected, straight and unbranched postcapillary venule of at least 100 µms in 

length and a diameter between 25-40 µms was used. Leukocytes were stained using 

Rhodamine 6G and a mercury bulb was used to illuminate. Mesenteric microcirculation 

observation was conducted with a 20x salt water-immersion lens.  A XR Mega-10 EX 

ICCD video camera (Stanford Photonucs INC) with a Multican 200-sf (Sony) video 

monitor were used to capture real-time leukocyte interaction.  Video and images were 
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recorded on a WIN XP imaging workstation.  Data was analyzed using imaging software 

(Micro-Manager). Leukocyte rolling is defined as the number of leukocyte rolling past a 

fixed point per minute and leukocyte adhesion is defined as the number of leukocyte 

attached to the endothelium for at least 30 seconds. 

Aortic Lysate Immunoblotting 

 Mouse aortas were dissected, frozen immediately in liquid nitrogen and stored at -

80 C until further processing.  Aortas were homogenized using the Qiagen Tissue Lyser. 

For aortic homogenization, aortas were submerged in ice-cold RIPA buffer (150 mM 

NaCl, 5 mM EDTA pH 8.0, 50 mM Tris pH 8.0, 1% NP-40, 0.5% sodium deoxycholate, 

0.1% SDS plus protease and phosphatase inhibitors) and minced with small scissors in 2 

mL round bottom tubes. Following mincing, steel beads (2 per tube, pre-chilled on dry 

ice) were added and samples were homogenized at 50 Hz for 5 minutes, followed by an 

additional 50 Hz for 2 minutes.  Samples were then centrifuged for 5 minutes at 16,000 x 

g, 4ºC. Following centrifugation, supernatants were collected and put into new tubes. 

Supernatants were then centrifuged for 20 minutes at 16,000 x g, 4ºC.  Supernatants were 

collected and protein concentration was determined using a BCA assay (Peirce). Samples 

were then normalized and diluted with ultrapure water and 5x SDS samples buffer (250 

mM Tris pH 6.8, 10% SDS, 30% glycerol, 5% β-mercaptoethanol, .02% bromophenol 

blue).  Samples were subjected to SDS-PAGE gel electrophoresis and electrophoretically 

transferred to a nitrocellulose membrane as previously described 64.  The membranes 

were then exposed to primary antibodies overnight at 4 °C.  After incubation with the 

peroxidase linked secondary antibody for 1 h at room temperature, immunoreactive 

proteins were visualized using chemiluminescence. 
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In Vivo Analysis of Mitochondrial Size 

 Small sections of mouse aortic tissue were dissected, placed in mitochondrial 

subfractionation buffer (see above recipe) and minced with small scissors and 

homogenized using a 25 gauge needle and syringe.  Homogenates were left on ice for 20 

minutes followed by initial clearing of nuclear and cellular debris by centrifugation (700 

x g, 5 minutes, 4 C).  Supernatants were collected and spun at 10,000 x g for 20 minutes, 

4ºC yielding a dense pellet which contained mitochondria.  Supernatants were discarded 

and mitochondrial pellets were re-suspended in 1 mL of ultra-pure H20 and size was 

measured immediately using the nanosight NS300. 

 In addition to nanosight analysis, aortas were sent to the University of 

Pennsylvania electron microscopy core where tissues were fixed and processed followed 

by transverse sectioning to observe the aortic endothelium. Mouse aortic endothelium 

was viewed via transmission electron microscopy for mitochondria.  Mitochondria were 

identified by the presence of a double-membrane and cristae. Aspect ratio was calculated 

for each mitochondria to observe changes in endothelial mitochondria morphology. 

2 Week Animal Protocol 

 8-10 week C57Bl6 mice were split into three treatment groups. Group 1 consisted 

of sham-operated mice, group 2 mice were infused with AngII (Bachem 1 µg/kg/min) via 

implanted osmotic mini-pump and group 3 received AngII infusion in addition to i.p. 

injections of Mdivi-1 (25 mg/kg every other day starting 1 day before AngII infusion).  

Analysis of blood pressure and heart rate were evaluated in conscious mice at day 14 by 

telemetry (DSI equipped with ADInstrument 6 software) via carotid catheter (PA-C10).  

Evaluation of cardiac morphology and function was conducted with echocardiogram 

using the VisualSonics Vevo 2100.  Extracted hearts, kidneys and aortas were fixed and 
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used for histological assessment. 

In Vivo Vascular Hypertrophy and Perivascular Fibrosis 

 Vascular hypertrophy and perivascular fibrosis in heart and kidney samples were 

evaluated with Sirius Red (EMS, Hatfield OA) staining.  Briefly, after de-paraffinization 

and re-hydration, sections (5 µm thick) were stained in equal parts Weigart’s Iron 

Hematoxylin A and B (EMS, Hatfield PA) for 10 min at room temperature.  Sections 

were washed twice in distilled water for 3 min per wash.  Sirius Red was added for 1 h at 

room temperature.  Slides were washed twice in 0.01N HCL for 3 min per wash.  

Sections were then dehydrated and penetrated using ethanol and xylene, respectively.  

Thoracic aortas were stained with Masson’s trichrome to distinguish media area from 

adventitia.  Briefly, after de-paraffinization and re-hydration, sections were incubated 

with Bouin’s fluid for 1 h at 56ºC.  Sections were washed three time in distilled water for 

3 min per was and incubated with working HE solution for 7.5 min followed by washing 

in distilled water for 30 sec.  Sections wer then incubated with Biebrich Scarlet-Acid 

Fuchsin solution for 5 min.  After incubation with phosphotungstic-phosphomolybdic 

acid solution for 5 min, sections were stained with Aniline Blue stain solution for 5 min.  

Sections were washed in 1% acetic acid for 30 sec and distilled water for 30 sec.  

Sections were dehydrated and penetrated using ethanol and xylene, respectively.  Images 

were visualized on an Olympus IX81 inverted microscope using an Olympus SC30 high 

resolution camera and were acquired with Olympus CellSens Entry 1.11 software.  

Analysis was conducted using ImageJ 1.50f software (http://rsb.info.nih.gov/ij). 

To calculate vascular hypertrophy in the heart and kidney, the value of medial 

area was divided by the true area of the vessel.  True area was calculated by vessel outer 
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perimeter2 divided by 4π.  The value generated was the area of the vessel in true circular 

form.  To calculate perivascular fibrosis, the value of fibrosis area was subtracted from 

vessel area and divided by the true area of the vessel.  In total, 6-8 randomly selected 

samples per group were used for analysis.  Three representative vascular images were 

analyzed per sample.  Medial hypertrophy of thoracic aorta was quantified by 

measurements of medial thickness in 4 randomly-selected locations per slide.  Three 

representative vascular images were analyzed per sample.  Adventitia of the aorta was not 

quantified as the area was occasionally damaged or removed during the dissection.   

For immunohistochemistry (IHC), serial cross-sections were deparaffinized and blocked 

in 5% goat serum and 1% BSA for 1h at room temperature, incubated with primary 

antibody in PBS containing 1% BSA and 0.1% Tween 20 for 18 h at 4 °C, followed by 

biotinylated secondary antibody for 90 min at room temperature.  Slides were incubated 

with avidin–biotin peroxidase complex for 30 min at room temperature and staining was 

visualized with the substrate diaminobenzidine (Vector) producing a brown color and 

counterstained with haematoxylin.  An equal concentration of control IgG was used side-

by-side with each antibody to ensure staining specificity.  All images were visualized on 

an Olympus SC30 high resolution camera and were acquired with Olympus CellSens 

Entry 1.11 software using the same exposure time. 

Statistical Analysis 

 Unless otherwise indicated experiments were conducted with a n=4 and a presented as 

mean ± SD. Student’s T-test was used to compare two groups and one-way ANOVA with 

Bonferroni post-hoc test was used to compare differences between 3 or more groups. 
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Chapter 3: Results 
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I. TNFα and LPS Induce EC Mitochondrial Fission Through DRP1 and MFF 

 To first understand the relation between EC inflammatory activation and 

mitochondrial fission we performed a time-course analysis of  the effect of TNFα on 

mitochondrial morphology in cultured RAECs Mitochondrial fission was measured by 

total count of mitochondria divided by total mitochondrial area per cell.  At 1 and 3 

hours, TNFα increased mitochondrial fission with 3 hours being the maximum (Figure I-

1). To investigate the contribution of DRP1 in mediating a TNFα-induced fission 

response we inhibited DRP1 function via adenoviruses encoding siRNA for DRP1 

(siDRP1) or a GTPase activity deficient dominant negative mutant of DRP1 (DRP1K38A) 

and measured mitochondrial morphology. Both genetic silencing and dominant negative 

overexpression of DRP1 were confirmed via western (Figure I-2). Overexpression of 

DRP1K38A results in a higher molecular weight band of DRP110 (indicated in figure). 

DRP1 inhibition prevented the TNFα-induced mitochondrial fission response (Figure I-

2). Likewise, overexpression of a double phosphorylation mutant (isoform 5, 

S155A/S172A) of the mitochondrial DRP1 receptor MFF (MFF S155/172 or 

MFFS155/172A) suppressed TNFα-induced mitochondrial fission (Figure I-3). 

Overexpression was confirmed via western.  Depending upon the species, MFF is 

predicted to have multiple isoforms, which explains multiple banding observed with 

immunoblotting.  However, RAECs exhibit strong antibody binding for an isoform 

around 31 kDA.  Overexpression of the isoform 5 mutant produces an additional band 

around 27 kDa (Figure I-3B). In addition, we found LPS induced maximal mitochondrial 

fission at 3 hours (Figure I-4A). LPS-induced fission was also blocked by the DRP1K38A 

and  MFFS155/172A mutants (Figure I-4B). These data suggest that both TNFα and LPS 
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induce a mitochondrial fission response in RAECs that depends upon classical fission 

machinery of DRP1 and its receptor MFF. 
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II. Signal Transduction of Inflammatory Agonist-Induced Mitochondrial Fission in 

Endothelial Cells. 

 DRP1 phosphorylation at Ser616 or Ser637 has been implicated in regulation of 

DRP1-dependent mitochondrial fission. However, we did not notice a change in these 

DRP1 phosphorylation sites in response to TNFα up to 6 hours in RAECs (Figure II-1).  

In contrast, we found TNFα induced a time-dependent increase in MFF phosphorylation 

at Ser172 in RAECs (Figure II-2).  While we did not observe any change in DRP1 

phosphorylation, immunofluorescent analyses of DRP1 showed TNFα-induced a time-

dependent increase in DRP1 localization with the mitochondria as well as co-localization 

with MFF (Figure II-3). Together, these data suggest that while TNFα does not affect 

DRP1 phosphorylation at Ser616 or 637, DRP1 recruitment is increased in response to 

TNFα most likely due to DRP1 GTPase activation together with MFF phosphorylation. 

 TNFα and LPS have both distinct and conserved signaling mechanisms in order to 

mediate inflammation.  Given that in our studies TNFα and LPS both induce 

mitochondrial fission through DRP1 and MFF, we hypothesized that there may be a 

common (or shared) mechanism by which these two distinct inflammatory agents 

mediate mitochondrial fission. As illustrated in introduction Figure 4, both TNFα and 

LPS initiates the canonical NF-kB cascade via IKK-dependent IkBα degradation.  

Therefore, we tested if inhibition of IKK or IKKβ could block TNFα-induced 

mitochondrial fission. Strikingly, we found TPCA-1, a potent and relatively selective 

IKKβ inhibitor, decreased MFC in control RAECs and abolished mitochondrial fission 

induced by TNFα in RAECs. A similar response was observed when RAECs were treated 

with the NSAID salicylate, which is known to inhibit IKK activity (Figure II-4A) 66. In 
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addition, genetic inhibition of IKK activity using IKKβ dominant negative K44M 

adenovirus induced a phenotype in RAECs of elongated and interconnected mitochondria 

as illustrated by a suppression in MFC compared to basal and TNFα-treated cells with a 

control adenovirus (Figure II-4B). 

 IKKβ phosphorylates IκBα leading to its degradation and release of p65.  Due to 

this, we tested whether or not IκBα played a role in TNFα-induced mitochondrial fission. 

Using BAY 11-7085 and an adenovirus encoding a dominant negative S32/36A IκBα 

mutant we found both pharmacologic and genetic inhibition of IκBα phosphorylation and 

degradation suppressed TNFα-induced mitochondrial fission (Figure II-5).  However, 

the p65 translocation inhibitor JSH23, while effective in attenuating TNFα-induced 

VCAM-1, was unable to prevent TNFα-induced mitochondrial fission in RAECs (Figure 

II-6).  These data suggest that TNFα-induced mitochondrial fission does not require p65-

dependent nuclear NF-kB activation in RAECs. 

Previous studies have found that IκBα can exist in both the mitochondrial matrix 

and mitochondrial outer membrane where it regulates matrix gene expression and 

mitochondrial apoptosis, respectively 
67, 68. Using immunofluorescent labeling, a portion 

of IκBα was found to colocalize with MFF in RAECs (Figure II-7A). In addition, 

mitochondrial subfractionation of RAECs revealed  IκBα was present within the 

mitochondria and TNFα induced a time-dependent degradation of mitochondrial IκBα 

(Figure II-7B). To further confirm interaction between IκBα and MFF we performed co-

immunoprecipitation (co-IP) in RAECs for both IκBα and MFF.  In lysates co-IP’d for 

IκBα, we were able to detect both p65 and MFF.  However, unlike whole-cell lysates 

which express multiple isoforms of MFF, it appears IκBα interacts with a specific MFF 
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isoform with a molecular weight slightly below 31 kDa. In addition, RAECs co-IP’d for 

MFF expressed IκBα but not p65 suggesting that MFF interacts with IκBα independent of 

p65 and possibly NF-κB (Figure II-7C). 

 We hypothesized that IκBα may block mitochondrial fission by preventing DRP1 

recruitment to the mitochondria. As mentioned previously, TNFα increased 

mitochondrial DRP1 localization at 3 hours, however, dominant negative IκBα exhibited 

a reduction in basal and TNFα-stimulated DRP1 localization at the mitochondria 

suggesting that IκBα inhibits DRP1 recruitment to the mitochondria thereby preventing 

mitochondrial fission (Figure II-8). In addition, similar to previous experiments, RAECs 

expressing either dominant negative IKKβ or dominant negative IκBα exhibited a 

decreased MFC compared to control or LPS-treated cells (Figure II-9). Cumulatively, 

our data suggest that inflammatory-mediated mitochondrial fission requires IKKβ and 

IκBα-dependent signaling where IKKβ-dependent IκBα degradation on the mitochondrial 

outer membrane facilitates DRP1 recruitment and potentially IKKβ dependent MFF 

phosphorylation (see discussion section). 
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III. TNFα-induced VCAM-1 and Leukocyte Adhesion Requires DRP1 and MFF 

 In RAECs, TNFα increased VCAM-1 protein expression in a time-dependent 

manner, with 6 hours showing a maximum response (Figure III-1). To investigate the 

role mitochondrial fission might play in the endothelial inflammatory response we 

transduced RAECs with either siDRP1 or DRP1K38A(Figure III-2) and MFFS155/172A 

(Figure III-3A) and treated with TNFα. Genetic inhibition of DRP1 and MFF blocked 

TNFα-induced VCAM-1 expression.  Likewise, MFFS155/172A blocked LPS-induced 

VCAM-1 expression (Figure III-3B). To investigate if DRP1 or MFF silencing affected 

VCAM-1 gene transcription, we utilized qPCR to detect VCAM-1 mRNA and an NF-κB 

responsive secreted luciferase reporter. At 3 hours, TNFα increased VCAM-1 mRNA 

expression which was attenuated in RAECs expressing siDRP1 (Figure III-4A). In 

addition, HEK293 cells transfected with an NF-κB-responsive secreted luciferase reporter 

exhibited increased luciferase expression in response to TNFα.  Transfection of cells with 

DRP1K38A reduced this response (Figure III-4B). Furthermore, MFFS155/172A mutant 

transfected cells exhibited a decreased luciferase activity in response to TNFα and 

transfection of single phosphorylation mutants of MFF (S155A and S172A) showed a 

similar response as the MFF double mutant (Figure III-5). However, siDRP1 did not 

block TNFα-induced IκBα degradation or p65 nuclear translocation in RAECs (Figure 

III-6). Cumulatively, these data suggest that DRP1, MFF and presumably mitochondrial 

fission contribute to endothelial VCAM-1 induction due to interference with NF-kB-

dependent transcriptional activation.  Likewise, both phosphorylation sites (Ser155 and 

172) of MFF appear to be essential for TNFα-induced NF-kB activation in RAECs. 
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 VCAM-1 is a cell adhesion molecule vital to the inflammatory response; 

specifically leukocyte adhesion.  In response to TNFα, THP-1 leukocyte adhesion to 

RAECs was greatly increased and this response was suppressed in cells pretreated with 

mdivi-1, a pharmacological inhibitor of DRP1 activity and mitochondrial division 

(Figure III-7A) or expressing DRP1K38A (Figure III-7B) or MFFS155/172A (Figure III-8). 

Since mitoROS has been implicated in the inflammatory response, we investigated the 

affect TNFα has on mitoROS production and what contribution mitoROS might play in 

the inflammatory response in RAECs.  Using adenovirus encoding the mitoTimer protein 

64, we found that TNFα increased mitoROS production at 3 hours and this response could 

be attenuated with the mitochondrial ROS scavenger, MitoTempo (25 nM) in RAECs 

(Figure III-9A). Furthermore, we observed RAECs expressing siDRP1 demonstrated a 

decrease in TNFα-induced mitoROS production which suggests that TNFα-induced 

mitochondrial fission contributes to mitoROS production (Figure III-9B). However, 

MitoTempo could not block TNFα-mediated increases in VCAM-1 expression (Figure 

III-10A) but could partially suppress TNFα-induced leukocyte adhesion (Figure III-

10B). These data suggest that while mitochondrial fission may mediate increases in 

mitoROS, mitoROS does not fully account for TNFα-induced mitochondrial fission-

dependent inflammatory responses, especially VCAM-1 induction. 
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IV. Mdivi-1 Blocks Mitochondrial Fission and Leukocyte Adhesion In Vivo 

 Transmission electron microscopy analysis of endothelial mitochondria from 

mouse aorta revealed that compared to saline treated mice, a bolus injection of TNFα 

increased the circularity of endothelial mitochondria (represented by a decrease in aspect 

ratio), which is suggestive of mitochondrial fission, and pre-treatment of mice with 

mdivi-1 before TNFα infusion rescued this response (Figure IV-1A). Likewise, aortic 

lysates from mice were also subjected to mitochondrial subfractionation and size 

measurement using the Nanosight NS300.  Measurement of mitochondrial size showed 

TNFα treatment caused a leftward shift in the modal distribution of mitochondrial size 

compared to the saline treated group.  Mdivi-1 pre-treatment before TNFα stimulation 

caused a drastic rightward shift in mitochondrial size distribution (Figure IV-1B).  The 

cumulative TEM and nanosight evidence indicates TNFα promotes mitochondrial fission 

in vivo and mdivi-1 blocks this response. 

 Bolus injection of TNFα or AngII increased leukocyte adhesion in mouse 

mesenteric postcapillary venules at 6 hours.  Similar to in vitro analysis, pre-treatment of 

mice with mdivi-1 attenuated TNFα- or AngII- induced leukocyte adhesion in vivo 

(Figure IV-2A and B). In addition, mdivi-1 pre-treatment reduced TNFα-mediated 

increased aortic VCAM-1 expression (Figure IV-2C). These data suggest that increased 

leukocyte adhesion elicited by TNFα and AngII can be reduced by suppressing 

mitochondrial fission. 

 We also performed TEM analysis on mice pre-treated with sodium salicylate 

before they were injected with TNFα.  Strikingly, salicylate treated mice showed a rescue 

of the TNFα-dependent decrease in mitochondrial aspect ratio within the aortic 
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endothelium.  We also confirmed salicylate can suppress TNFα-induced leukocyte 

adhesion in vivo and can suppress VCAM-1 expression in RAECs treated with TNFα 

(Figure IV-3).  In summary, inflammatory stimuli such as TNFα promote mitochondrial 

fission in vivo and suppression of this response can attenuate markers of vascular 

inflammation.  In addition, suppression of IKKβ with the pharmacological inhibitor 

salicylate not only blocks leukocyte adhesion, but it also is protective against TNFα-

induced mitochondrial fission in vivo. 
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V. Mdivi-1 Blocks AngII-induced Vascular Remodeling and VCAM-1 Expression 

 In addition to the acute response elicited by inflammatory mediators (TNF and 

AngII) as described in section IV, we also tested the role of mitochondrial fission in a 

chronic low-grade inflammation mouse model.  AngII is a primary mediator of the 

hypertensive response and prolonged infusion of AngII elicits vascular inflammation 

coupled with extreme vascular remodeling within target organs including the aorta and 

heart. We first used TEM to observe the effect of 2 weeks of AngII infusion on 

mitochondrial morphology in mouse aortic endothelium.  Compared to saline treated 

mice, the endothelium of AngII-infused mice showed mitochondria with increased 

circularity, which is suggestive of increased fission. In contrast, AngII-infused mice 

treated every other day with mdivi-1 contained extremely elongated mitochondria with 

no noticeable signs of fission (Figure V-1A).  Thus, AngII appears to increase 

mitochondrial fission in the aortic endothelium in vivo and mdivi-1 attenuates this 

response. Furthermore, AngII increased endothelial VCAM-1 expression as measured by 

IHC and total aortic VCAM-1 expression as measured through immunoblotting (Figure 

V-1A and 1B).  In both cases, treatment of mice with mdivi-1 blocked these responses. 

In addition, mice treated with mdivi-1 showed a suppression of AngII-induced increases 

in coronary vascular medial area and perivascular fibrosis along with a reduction in 

medial aortic thickness (Figure V-2A).  AngII-induced cardiac hypertrophy as evaluated 

with heart weight body weight ratio as well as echo-cardiogram parameters of 

interventricular septal and posterior wall thickness during diastole (IVSd and IVPWd, 

respectively) was attenuated by mdivi-1 treatment.  However, AngII still caused 

hypertension in mice treated with mdivi-1 (Figure V-2B).  Taken together, these data 
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suggest a strong translational relevance for prevention of mitochondrial fission in 

cardiovascular inflammation and end organ damage such as in hypertension and 

atherosclerosis. 
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Changes in the Paradigm 

Inflammation is a hallmark of chronic diseases, and these diseases exhibit 

consistent patterns of mitochondrial alteration, whether it be changes in morphology, 

respiration status or ROS production.  However, separate from basic contributory 

mechanisms of mitochondrial dysfunction in inflammation58, 69, there are remaining 

questions to how inflammatory conditions affect the mitochondria and what is the larger 

role of mitochondria within inflammation; is it a cause of inflammation or a by-product? 

Using both in vitro and in vivo tools we have hopefully begun to elucidate this role.  We 

have shown that frequently utilized inflammatory stimuli such as TNFα and LPS elicit a 

common signaling response whereby the canonical NF-κB initiation signaling mediates 

mitochondrial fission through an IKKβ/IκBα-dependent mechanism.  Moreover, this 

common cascade appears to be required for endothelial VCAM-1 induction and 

subsequent leukocyte adhesion in vitro as well as in vivo. These findings shift the current 

paradigm of classical transcriptional regulation of inflammatory signaling by 

demonstrating a new and essential mitochondrial branch. Specifically, our data indicate 

mitochondrial fission is required for inflammatory-dependent gene transcription, possibly 

through NF-κB regulation. 

Our data presented here suggest the presence of two different regulatory cascades 

for canonical NF-κB signaling; one cytoplasmic and the other mitochondrial.  The 

cytoplasmic portion consists of classic IKKβ-dependent phosphorylation of IκBα leading 

to its degradation and translocation of NF-κB p65 to the nucleus. However, it appears this 

arm of the cascade is insufficient for overall NF-κB transcriptional activity.  Activation of 

NF-κB-dependent transcription appears to require additional signal transduction from the 
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mitochondria. In this novel portion of NF-κB signaling, our data suggest that activation 

of IKKβ induces Drp1 activation and recruitment to Ser 155/172 phosphorylated MFF 

via degradation of IκBα, which most likely occurs at the mitochondrial outer membrane.  

The MFF phosphorylation and IκBα degradation precedes or concurrently signals, 

through a yet to be identified mechanism, DRP1 recruitment to the mitochondria (Figure 

D-1). 

 

Inflammatory Signaling and Mitochondrial Fission 

In regards to classic mitochondrial fission machinery, our data indicates that while 

typical enhancement of DRP1 phosphorylation does not occur with TNFα, inflammatory 

signaling mediates DRP1s recruitment to the mitochondria where its GTPase activity is 

still needed for mitochondrial fission since inhibition of this activity halts mitochondrial 
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fission. Further tests should be to measure DRP1s GTPase activity in response to TNFα 

and other inflammatory stimuli. However, we saw constitutive phosphorylation of Ser616 

and 637 in non-stimulated control RAECs. ERK2 can phosphorylate DRP1 on Ser616 
70. 

TNFα does not stimulate ERK activity in RAECs (Eguchi Lab unpublished data), 

however, basal activity of ERK may maintain the basal phosphorylation level required 

for activity.  There may be other phosphorylation sites within DRP1 that could have 

regulatory roles, which we can test with immunoprecipitation combined with phospho-

Ser/Thr or Tyr antibodies together with creating an alanine or phenylalanine mutant, 

respectively.  In addition, DRP1 can be nitrosylated 
71 leading to its activation.  S-

nitrosylation of Drp1 at Cys646 has been shown to contribute DRP1 dimerization and 

increased GTPase activity 71.  It has been demonstrated that TNFα induces S-nitrosylation 

in cultured ECs 72.  However, lack of contribution of the S-nitrosylation for 

oligomerization or GTPase activity has been presented recently 
73.   

Drp1 can also be sumoylated as well 74, 75.  It has been recently demonstrated that 

desumoylation of DRP1 via SUMO2/3 specific protease SENP3 during oxygen/glucose 

deprivation increases its MFF binding, mitochondrial fragmentation and cytochrome C 

release in HEK293 cells 
76, 77.  In contrast, desumoylation by a SENP5 mutant causes 

hyperfusion in COS7 cells 
78

.  TNFα is known to cause protein sumoylation in ECs 
79.  

Therefore it will be interesting to further test if sumoylation of DRP1 plays a role in 

mitochondrial fission in response to inflammatory agents. 

Similar to DRP1, our data demonstrates the requirement of MFF in TNFα-as well 

as LPS- dependent mitochondrial fission in RAECs.  While MFF is needed for DRP1 

recruitment and blockade of both suppresses fission, regulation of MFF is still unclear.  
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There is currently only one identified kinase, AMPK, which appears to phosphorylate 

MFF and induce fission 
13.  In our preliminary studies we found no consistent 

phosphorylation of AMPK in response to TNFα suggesting that TNFα does not activate 

AMPK in ECs.  Recent studies have also demonstrated that AMPK activation decreases 

TNFα-induced EC VCAM-1 induction 
80 and monocyte adhesion 

81. Likewise, we have 

not seen any depression in mitochondrial ATP production by TNFα, but instead we have 

noted increases in mitochondrial respiration which may rule out a need for AMPK 

activation.   

Our data suggest that IKKβ may mediate this phosphorylation response, and 

given that inhibition of this cascade increases mitochondrial elongation and network 

formation, this pathway should be explored further.  In silico analysis of the MFF amino 

acid sequence (human isoform 1) suggests that IKKβ may mediate this phosphorylation 

response, specifically at Ser155 and 172 (Figure D-2).  Indeed, we are in the process of 

confirming direct phosphorylation of MFF by IKKβ through in vitro phosphorylation 

assays with recombinant and activated IKKβ, in addition to testing total or 

immunoprecipitated MFF Ser-phosphorylation with genetic as well as pharmacological 

IKKβ manipulation.  Additional beneficial experiments to explore would be the creation 

and use of a mitochondrial targeted dominant negative mutant of IKKβ. 
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We have also observed compelling evidence that IκBα may exist on the 

mitochondrial outer membrane where it functions to inhibit inflammatory agent-induced 

DRP1 recruitment.  The functional relevance of the presence of IκBα in the 

mitochondrial outer membrane has also been reported 
67.  Future experiments to further 

explore and confirm this mechanism could include the use of a mitochondrial outer 

membrane targeted IκBα dominant negative mutant and potential in vitro and in vivo 

association assays (duolink).  It could also be possible that NF-κB transcriptional activity 

may regulate mitochondrial morphology.  However, our data indicates this may not occur 

since inhibition of NF-κB translocation does not block changes in mitochondrial 

morphology elicited by TNFα. 
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Mitochondrial Fission and NF-κB 

Questions remain regarding how mitochondrial fission may regulate NF-κB-

dependent gene transcription such as VCAM-1 induction seen in our study. 

Mitochondrial fission, and in particular DRP1, has been shown to induce NF-κB 

signaling through mitoROS and p53-related pathways in other cell and tissue types 
82

 
83.  

Our data point out that TNFα-induced increases in mitoROS appears to be dependent on 

mitochondrial fission and possibly results from an increase in mitochondrial respiration. 

However, our data also indicate that fission induced mitoROS contributes to leukocyte 

adhesion but did not play a role in VCAM-1 induction. Thus, mitoROS may contribute to 

non-NF-κB-dependent pathways of inflammation.  

While DRP1 and MFF are required for NF-κB activation, the question remains as 

to how mitochondrial fission may feed into transcriptional gene regulation independent of 

mitoROS production. It is currently unknown how mitochondrial fission, DRP1 or MFF 

regulates nuclear gene transcription, however, one report indicates DRP1 can localize to 

the nucleus in patients who have lung adenocarcinomas and is associated with poor 

prognosis 
84. In addition, retrograde signaling from the mitochondria to the nucleus is an 

active field of research in yeast and is an emerging field in mammalian physiology. 

Interestingly, the mitochondrial unfolded protein response (UPR) has been found to 

signal CHOP induction in the nucleus, which is a known ER stress gene involved in 

inflammatory gene activation 
85.  Thus, mitochondrial-specific signal transduction elicited 

by increased fission may regulate nuclear gene expression via ER stress. Alternatively, 

mitochondrial fission may regulate super enhancer complex formation in ECs to drive 

inflammation. Super enhancer formation and activity is NF-κB-dependent and this is 
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required for endothelial inflammatory leukocyte adhesion86.  Thus, decreased NF-κB 

activity due to a decrease in mitochondrial fission may suppress super enhancer function. 

In addition, NF-κB can be epigenetically regulated through acetylation and deacetylation 

and mitochondrial fission may regulate this response.  Future studies would be to assess 

if DRP1 or MFF-driven mitochondrial fission could regulate epigenetic modification of 

NF-κB. 

In addition, we also acknowledge that mitochondrial fission may regulate vascular 

inflammation through other non-NF-κB-dependent pathways such as the AP-1 signaling 

cascade, especially in regards to VCAM-1 regulation. Given that our data only show 

reductions in VCAM-1, leukocyte adhesion and HEK293 NF-κB transcriptional activity, 

further studies should be performed to assess if mitochondrial fission facilitates NF-κB 

activity.  Future studies should probe for the ability of mitochondrial fission to regulate 

other NF-κB responsive genes such as ICAM-1 and E-selectin, or an NF-κB-responsive 

cytokine array may be performed. However, it should be noted that in our early analysis 

of TNFα-mediated signaling in ECs, we observed TNFα was unable to stimulate ERK 

activity in RAECs, which suggests AP-1 activity may not be increased.  Likewise, it has 

been reported that TNFα induces VCAM-1 and ICAM-1 through TNFR1, and this 

response is due to NF-κB transcriptional regulation and is independent of p38, ERK or 

JNK activity 34. This evidence suggests VCAM-1 and ICAM-1 gene regulation may be 

specifically dependent upon NF-κB activity, which gives support to our hypothesis that 

mitochondrial fission may regulate NF-κB activity as its primary mechanism of action, 

although we do not rule out any other potential avenue whereby mitochondrial fission 

may regulate vascular inflammation. 
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Mitochondrial Fission and Vascular Remodeling 

Our data gives compelling evidence for a role of mitochondrial fission in the 

process of pathological vascular remodeling.  Inhibition of DRP1 is known to prevent 

VSMC proliferation 
9, neointima formation 

10, and ischemia/reperfusion-related injury 
87. 

As well, basal DRP1 activity protects from cardiac energy stress 
88.  In our study, we 

found suppression of mitochondrial fission can significantly blunt the AngII-induced 

pathological vascular remodeling. We speculate that this response is largely a result of 

our findings regarding suppression of inflammatory responses by inhibiting 

mitochondrial fission machinery.  AngII is a known instigator of the inflammatory 

response89 and AngII-induced inflammatory signaling is known to participate in vascular 

remodeling 
90

 
91. Likewise, inflammation and vascular fibrosis are directly tied to one-

another 
92. Based on our data that suppression of mitochondrial fission attenuates short-

term TNFα and AngII-induced leukocyte adhesion in vivo we believe that suppression of 

the transient inflammatory response by inhibiting mitochondrial fission prevents the 

development of chronic and long-term low-grade inflammation and downstream vascular 

remodeling. In addition, given that the mitochondria and ER are connected to and signal 

to one-another, suppression of mitochondrial fission may also prevent ER stress, as ER 

stress has also been implicated in hypertensive vascular remodeling 
93. 

While we are confident of the role of mitochondrial fission in facilitating vascular 

inflammation and remodeling in vivo, this study is not without weaknesses.  For one, our 

in vivo investigation was conducted using the pharmacological agent mdivi-1, and thus 

we cannot rule out other tissue-dependent signaling that may contribute to the blunted 

remodeling response.  In addition to the endothelium, vascular remodeling is also 
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affected by the vascular smooth muscle layer and the adventitial fibroblast layer and it is 

currently unknown how suppression of mitochondrial fission might affect the function of 

these tissues. However, it should be noted that mitochondrial fission appears to be 

essential for NLRP3 inflammasome activation and suppression of fission in macrophages 

augments inflammasome activation and downstream inflammation 
94. Likewise, 

macrophage-specific DRP1 knockout mice exhibit decreased apoptotic clearance in 

advanced atherosclerosis 
95. Thus, our findings of a decrease in endothelial/leukocyte 

interaction may be primarily due to the effects of mitochondrial fission inhibition in the 

endothelium. To highlight this, we have preliminary data showing tamoxifen-inducible 

EC-specific DRP1 knockout mice are resistant to TNFα-induced leukocyte adhesion in 

mesenteric capillaries. 

Conclusion 

All in all, we have identified that mitochondrial fission is at the crux of vascular 

inflammation and EC activation and started to fill in the gaps regarding the common link 

between mitochondrial dysfunction and inflammatory-based diseases. The conserved 

signaling of IKKβ and IκBα-directed mitochondrial fission may be a common trait 

observed in inflammatory diseases and this mitochondrial fission response appears to 

regulate NF-κB activation and downstream vascular inflammation and remodeling. 
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