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Abstract

Mitochondrial dynamics is a morphological balance between fragmented and elongated shapes, 

reflecting mitochondrial metabolic status, cellular damage, and mitochondrial dysfunction. The 

anaphylatoxin C5a derived from complement component 5 cleavage, enhances cellular responses 

involved in pathological stimulation, innate immune responses, and host defense. However, the 

specific response of C5a and its receptor, C5a receptor (C5aR), in mitochondria is unclear. 

Here, we tested whether the C5a/C5aR signaling axis affects mitochondrial morphology in 

human-derived retinal pigment epithelial cell monolayers (ARPE-19). C5aR activation with the 

C5a polypeptide-induced mitochondrial elongation. In contrast, oxidatively stressed cells (H2O2) 

responded to C5a with an enhancement of mitochondrial fragmentation and an increase in 

the number of pyknotic nuclei. C5a/C5aR signaling increased the expression of mitochondrial 

fusion-related protein, mitofusin-1 (MFN1) and −2 (MFN2), as well as enhanced optic atrophy-1 

(Opa1) cleavage, which are required for mitochondrial fusion events, whereas the mitochondrial 

fission protein, dynamin-related protein-1 (Drp1), and mitogen-activated protein kinase (MAPK)-

dependent extracellular signal‑regulated protein kinase (Erk1/2) phosphorylation were not 

affected. Moreover, C5aR activation increased the frequency of endoplasmic reticulum (ER)-

mitochondria contacts. Finally, oxidative stress induced in a single cell within an RPE monolayer 

(488 nm blue laser spot stimulation) induced a bystander effect of mitochondrial fragmentation 
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in adjacent surrounding cells only in C5a-treated monolayers. These results suggest that C5a/

C5aR signaling produced an intermediate state, characterized by increased mitochondrial fusion 

and ER-mitochondrial contacts, that sensitizes cells to oxidative stress, leading to mitochondrial 

fragmentation and cell death. s

Graphical Abstract

C5a/C5aR signaling induced mitochondrial fusion and increased ER-mitochondrial contacts 
to sensitize against oxidative stress to trigger mitochondrial fission. Under baseline conditions, 

C5a-C5aR-Gαi signaling induces mitochondrial fusion together with an increase in mitochondrial-

ER contact sites, involving an increase in the expression of the mitochondrial fusion-proteins, 

MFN1, MTF2 and OPA1, and the promotion of OPA1 cleavage. The C5aR-mitochondria 

signaling cascade includes PI3K activation and Akt phosphorylation [45], followed by Gsk-3β 
phosphorylation at Ser9. Increased mitochondrial fusion sensitizes the mitochondrial network to 

a secondary stressor, such that C5a-treatment in the presence of oxidative resulted in excessive 

mitochondrial fission, ultimately leading to cell death. Abbreviations: Akt, protein kinase B; C5a, 

complement component 5a; C5aR, complement C5a receptor; ER, endoplasmic reticulum; MFN1, 

mitofusin-1; MFN-1, mitofusin-2; OPA1, optic atrophy 1; p-Akt, phosphorylated Akt; PI3K, 

phosphoinositide 3-kinase.
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Introduction

The complement system is an essential part of the immune system involved in eliminating 

foreign antigens and pathogens as part of the normal host defense response [1]. The 

complement system is activated by various stimuli, such as oxidative stress, inflammatory 

factors, and ischemia [2]. Depending on the pathogen-associated molecular patterns 

(PAMPs) or damage-associated molecular patterns (DAMPs), the complement system can 

activate three distinct pathways: the classical pathway (CP), lectin pathway (LP), and 

alternative pathway (AP). The three pathways all participate in forming C3 convertases 

that will catalyze the proteolytic cleavage of complement component 3 (C3) into C3a 

and C3b. C3b subsequently participates in the formation of C5 convertases that cleave 

complement component 5 (C5) into C5a and C5b. As the final step of the complement 

cascade, C5b initiates the formation of the membrane attack complex (MAC) on membranes 

together with C6, C7, C8, and C9 to promote sublytic cell signaling or cell lysis [1]. The 

anaphylatoxins C3a and C5a have multiple roles in vasodilation and enhancing vascular 

permeability, as well as the mediation of chemotaxis and inflammation and the generation of 

cytotoxic oxygen radicals, which are mediated by their receptors C3a-, C5a-, and C5a-like 

receptor 2 (C3aR, C5aR, and C5L2) [2]. C3aR, C5aR, and C5L2 are members of the 

G-protein-coupled receptor (GPCR) families. C5aR is expressed widely on many cell types, 

but has mostly been studied in cells of myeloid origin, including monocyte/macrophages 

and microglia. Additionally, C5aR is expressed on endothelial and epithelial cells in tissues 

including the lung, liver, kidney, and brain [2].

The mitochondrion is an organelle that plays an essential role in producing bioenergetic 

adenosine triphosphate (ATP) through the respiratory metabolism process of oxidative 

phosphorylation (OXPHOS). Also, mitochondria regulate cell fate by releasing cell death 

signaling activating caspase activity, through an event of mitochondrial outer membrane 

permeabilization (MOMP), responding to extra- and intra-mitochondrial changes and 

signaling [3]. Mitochondrial network morphology represents the cellular status of respiration 

and damage. Mitochondrial morphology is a dynamic change and a balance between 

fission and fusion. The ratio between lengthened and fragmented mitochondria is altered 

flexibly, responding to mitochondrial metabolic status and extra-mitochondrial signaling. 

Specifically, mitochondrial morphology is regulated with intracellular signaling linked to 

GTPase-dynamin-related proteins.

Regarding complement signaling and mitochondrial function, we previously reported that 

mitochondria in mouse retinal pigment epithelial (RPE) cells in vivo are localized at 

a higher density along the basal rather than the apical side. However, AP activation 

triggered with long-term passive inhalation of cigarette smoke perturbed that gradient and 

increased mitochondrial size [4]. More recently, we reported that plasma membrane C3aR 

was found to be transported to mitochondria (mtC3aR) in response to oxidative stress 

induced by H2O2 treatment; and mtC3aR activation enhanced mitochondrial Ca2+ uptake 

and inhibited mitochondrial electron transport chain activities, resulting in reduced state 

III-ATP production and maximal respiratory capacity in isolated mitochondria [5].

Ishii and Rohrer Page 3

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



C5aR activation has been shown to enhance protein kinase B (Akt) phosphorylation via 

phosphatidylinositol-3-kinase (PI3K) in ARPE-19 cells [6] and in neutrophils [7]. Also, 

C5aR activation enhanced Gsk-3β phosphorylation via Akt phosphorylation on platelet [8]; 

and, C5a-treatment induced an inhibition of oxygen consumption in PC12 cells, increased 

mitochondrial stress, and reduced cell growth [9]. Further, C5aR-deficiency in mice altered 

oxygen consumption if exposed to a high fat or high sucrose diet [10]. However, to date it is 

unclear how C5a/C5aR signaling might alter the physiological phenotype of mitochondria.

In the present study, we addressed the overall question of whether C5a/C5aR signaling 

enhances and/or protects cells from cellular damage. Specifically, we investigated C5a/C5aR 

signaling associated with mitochondrial dynamics, and the effects of oxidative stress in 

that process. Surprisingly, we found that C5aR activation induced mitochondrial fusion, 

increased mitochondrial fusion-related protein levels, and increased the mitochondrial-

endoplasmic reticulum (ER) contact frequency in ARPE-19 cells grown as polarized 

cells. However, exogenous oxidative stress in C5a-treated cells promoted the formation of 

pyknotic nuclei and enhanced mitochondrial fragmentation. Likewise, endogenous oxidative 

stress produced by blue laser spot stimulation of a single cell within an ARPE-19 

monolayer induced mitochondrial fragmentation in their neighboring cells faster in C5a- 

when compared to the untreated monolayers. These results suggested that mitochondrial 

fusion and increased levels of ER-mitochondrial contacts induced by C5aR activation 

represent an intermediate state between healthy (partially fused) and fission, with increased 

fission ultimately leading to cell death. These studies will have significant implications in 

epithelial cell biology and the future development of anti-complement therapeutics.

Materials and Methods

Cells

ARPE-19 cells (immortalized human RPE cells, passage 22–40; ATCC, Manassas, VA), 

expanded in DMEM including 10% fetal bovine serum (FBS) with 1% antibiotic–antifungal 

(AA) agents (Thermo Fisher, Waltham, MA), were chosen, as, when grown as monolayers, 

they express many of the signature genes of primary human RPE cells, develop tight, 

adherence and gap junctions, and resemble an aged RPE phenotype over time [11].

Preparation of cells for imaging or immunocytochemistry.

ARPE-19 cells were dissociated with Trypsin-EDTA, plated on 35 mm glass-bottom 

dishes (MatTek, Ashland, MA) and matured for 2 weeks in DMEM (with phenol red) 

and 1 % AA, containing 1% FBS to enable the development of tight junctions. Culture 

medium was changed to phenol-red and FBS free DMEM containing 1 mM HEPES 

(pH 7.4) 3 hour prior to imaging. Cells were labeled with the following fluorescence 

dyes: 0.5 μM MitoTracker Deep Red (MTDR; Molecular Probes, Eugene, OR) to detect 

mitochondria; 4 μM ER-Tracker Green (ERTG; Molecular Probes, Eugene, OR) to identify 

the endoplasmic reticulum (ER), and 1 mM Hoechst33342 (Thermo Fisher, Waltham, MA) 

to label the nuclei. Labeling was performed in phenol-free DMEM (Invitrogen, Waltham, 

MA) containing 1 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 

buffered to pH 7.4. In some monolayers, a highly specific full antagonist of the C5aR 
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(W-54011, 100 nM; Millipore-Sigma, Burlington, MA, PMID: 12384495, [12]), 100 nM 

Tat-GPR (G-protein αi inhibitor, kindly provided by Yuri Peterson, MUSC, [13]), 10 μM 

3F8 (Gsk-3β inhibitor, R&D Systems, Minneapolis, MN, [14]) were added to culture 

medium 2 hours before imaging. C5a peptide at 52 nM (Complement Technology, Tyler, 

TX [15]) was added to the culture medium at 1 hour before imaging.

Immunocytochemistry

Immunocytochemistry was performed on cells grown for >2 weeks post confluency on 

glass bottom dishes and glass bottom 96-well microplates (Mattek, Ashland, MA). Cells 

were labeled with MTDR, ERTG and Hoechst33342 prior to fixation. For immunolabeling, 

monolayers were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer for 30 

minutes. To block the nonspecific immunoreactivity, 30% Bovine Serum Albumin (BSA) 

and 1% Normal Goat Serum (NGS) in 0.1 M PBS was used. Antibodies in this paper were 

listed in Table 1. Primary antibodies included a specific antibody against C5aR (1:1000), 

anti-Mitofusion-1, and −2 (1:300). Alexa Fluor 488 anti-rabbit IgG secondary antibody was 

used at 1:200.

Western Blotting

ARPE-19 cells were homogenized in radioimmunoprecipitation assay buffer (RIPA, 5 M 

sodium chloride, 1 M Tris-HCl, 1 % Nonidet P-40, 10 % SDS) supplemented with protease 

inhibitor cocktail, and 10 mM phenylmethylsulfonyl fluoride (Sigma-Aldrich, St. Louis, 

MO). The homogenates were centrifuged (800 × g for 10 min) to separate nuclei and 

supernatant to eliminate nuclear proteins. 30 μg proteins measured by NanoDrop (Thermo 

Scientific, Waltham, MA) were loaded per well. Following separation, the protein was 

transferred to PVDF membranes (iBlot system; Invitrogen, Waltham, MA) and probed with 

antibodies (see Table I) at 1:1000, followed by HRP-conjugated secondary IgG antibodies 

(Cell Signaling, Danvers, MA). Chemiluminescent substrate for HRP (Pierce ECL Western 

Blotting Substrate; Thermo Scientific, Waltham, MA) was used, and the chemiluminescent 

signals captured with ImageQuant LAS 4000 Gel Imaging System (GE Healthcare Bio-

Sciences, Pittsburgh PA). After capturing the immunoreactive band, the membranes were 

treated with ReBlot medium (Millipore-Sigma, Burlington, MA) for 10 minutes and re-

probed for β-actin. The intensity of the specific bands was measured with ImageJ software 

(NIH, Bethesda, MD).

Confocal imaging

We have previously reported the method for live cell imaging of ARPE-19 monolayers 

grown on a 35 mm glass-bottom dishes (Mattek) [16]. The monolayers were prepared as 

described above (Preparation of cells for imaging or immunocytochemistry). Fluorescence 

images of mitochondrial dynamics and live cell imaging were captured with a spinning-disk 

confocal microscope (Ultraview, Perkin Elmer, Waltham, MA) with a Nikon Ti microscope 

(Tokyo, Japan) controlled by the Volocity Imaging software (Perkin Elmer, Waltham, MA) 

on the Dell Workstation computer as published [5]. Fluorescence images captured by z-stack 

(0.2 μm per slice) tracked signals from the basal to the apical surface, collecting images with 

a ×40 (apoptosis) and a ×60 lens (all other imaging). For image acquisition, and to prevent 

artifacts based on repeated laser excitation during image acquisition, laser power was set 
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at a maximum intensity of 0.5% for the 488, and 640 nm laser lines (all at 50 mW raw 

laser power). Likewise, the duration of laser excitation during image acquisition was set at 

200 ms to prevent sampling bias and retain good image contrast. Under these conditions, 

long-term imaging did not induce photo-oxidative stress (i.e., no alternations in ROS levels 

as determined by CRG) or changes in mitochondrial membrane potential (as determined by 

TMRM).

Blue laser stimulation

488 nm spot laser stimulation on a single ARPE-19 cell within a cellular network, which 

induced a bystander effect in neighboring cells, was previously reported by us [16]. 

Specifically, a single cell was stimulated repeatedly within the location of the mitochondrial 

network with a blue spot laser (488 nm, spot size setting of ‘small circle’, 0.32 μm diameter) 

using the built-in photo-bleaching device of the Ultraview VoX system, using a 20 ms, 

10-cycle pulse stimulation every 1 s (1 Hz) at 10% laser intensity (38 kw/cm2). These 

parameters have been shown by us previously to result in reproducible effects on ROS and 

mitochondrial membrane potential, triggering a response in both the stimulated (primary) 

followed by connected (secondary, tertiary and quaternary) cells [16].

Data analysis

Mitochondrial morphology, focusing on mitochondrial length (mean and median), number 

of branches per mitochondrion, and overall footprint was analyzed quantitatively by MiNA 

(Mitochondrial Network Analysis) plugin [17] in Fiji software (NIH, Bethesda, MD). The 

data was analyzed with GraphPad Prism (GraphPad Software, Inc.) and SPSS (IBM), and 

statistical significance was determined with Student’s t-test, parametric One-way ANOVA, 

Nonparametric Mann-Whitney U-test and Kruskal-Wallis test, and presented as p < 0.05, 

0.01, 0.001. 0.0001.

Antibodies

Antibodies for immunolabeling and western blotting in this study are listed (Table I).

Results

C5aR activation induced mitochondrial fusion

We have previously reported C5 and C5aR mRNA and protein expression in ARPE-19 

cells [6]. First, we followed up this observation to confirm the presence of C5aR protein 

in fully differentiated ARPE-19 cell monolayers by Western blot analysis (Figure S1) and 

immunolabeling. First, we confirmed antibody specificity with Western blot analysis. The 

antibody recognized a band of ~43 kDa, the expected molecular weight of C5aR [18], 

which was reproduced in cellular protein samples from three different culture dishes (Figure 

S1). C5aR-Alexa Fluor 488 immunoreactive particles (green) were identified on the WGA-

labeled plasma membrane in 3D-images reconstructed from acquired z-stacks (0.2 μm/image 

slice) (Figure 1A) and the orthogonal, confirming their presence in clusters on the apical 

membrane (red, colocalization identified as yellow particles) (Figure B).
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Also, We previously reported that 52 nM C5a polypeptide activated C5aR-Akt signaling 

and resulted in the elevation of intracellular calcium [6]. Here we adopted the same C5a 

concentration of 52 nM throughout the experiments in this study. Surprisingly, confocal 

microscopy for MTDR mitochondria-related fluorescence demonstrated that 52 nM C5a-

treatment induced mitochondrial fusion (Figure 1C, second panel) compared with the no-

treatment control (Figure 1C, first panel). While oxidative stress triggered by the exposure 

of cells to 0.5 mM H2O2 triggered mitochondrial fragmentation when compared to control, 

H2O2-exposure following C5a-treatment resulted in mitochondrial fragmentation in a dose-

dependent manner (Figure 1D), resulting in maximal fragmentation at 0.5 mM H2O2 (Figure 

1C, panel 3). The mitochondrial networks were analyzed using the MiNA plugin on Fiji/

ImageJ software to quantify mean branch length, median branch length and the number 

of branches of individual mitochondria (Figure 1D). Specifically, this analysis indicated 

that mean mitochondrial branch length (Figure 1D, left panel) was 50% longer in C5a-

treatment than in controls (C5a-treatment 2.03±0.21 μm, control 1.51±0.15 μm mean±stdev, 

**p< 0.01). Exposure of the cells to C5aR-antagonist prior to C5a-treatment prevented 

the elongation compared with the C5a-treatment (****p<0.0001). Interestingly, 0.2 mM 

H2O2 treatment on C5a-pretreated ARPE-19 cells inhibited the C5a-induced mitochondrial 

elongation close to the untreated controls, whereas 0.5 mM H2O2 treatment induced 

mitochondrial hyperfragmentation. Median mitochondrial branch length (Figure 1D, middle 

panel) was affected the same way. Mitochondrial branch analysis or branching of individual 

organelles (Figure 1D, right hand panel) demonstrated that the C5a-treatment alone as 

well as 0.5 mM H2O2-treatment prior to C5a-treatment reduced mitochondrial network 

complexity when compared to the controls, 0.2 mM H2O2-treatment, and C5aR-antagonist 

pre-treatments.

C5aR activation increased mitochondrial fusion proteins and signaling

Intracellular signaling and dynamin-like GTPase proteins, OPA1, MFN1, and MFN2 

regulate mitochondrial dynamics by increasing fusion whereas Drp1 controls fission. OPA1 

is associated with the inner mitochondrial membrane (IMM), with OPA1 cleavage to long- 

(l-OPA1) and short-chain (s-OPA1) being required for the fusion event. MFN1 and MFN2, 

on the other hand, are required for outer mitochondrial membrane (OMM) fusion. Thus, we 

further tested whether C5a-treatment affected the mitochondrial fusion protein levels using 

Western blot analysis. ARPE-19 protein was collected 1 hour after C5a treatment. Western 

blot analysis demonstrated that total OPA1 protein of s- and l-OPA1 in C5a-treated cells was 

elevated by 1.7-fold when compared to the control cells (*p<0.01), as were s-OPA1 (2-fold; 

**p<0.01) and l-OPA1 (1.5-fold; **p<0.01) (Figure 2A). The critical s-OPA1/l-OPA1 ratio 

was also elevated by 1.6-fold when compared to controls (**p<0.01). Furthermore, MFN1 

protein showed a 1.7-fold (*p<0.05), MFN2 a 1.25-fold higher (**p<0.01) expression level 

when compared to the control.

Mitochondrial fusion can occur in the presence or absence of changes in the pro-fission 

protein Drp1 [19]. However, Drp1-deficiency has been shown to induce mitochondrial 

fusion [20]; and mdivi1, an inhibitor of Drp1, inhibited mitochondrial fragmentation in 

H2O2-treated, subconfluent ARPE-19 cells [21]. Tyrosine phosphorylation of Erk1/2 at 

Thr202 and Tyr204 mediated by MAPK activation, leads to phosphorylation of Drp1 
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at Ser616, which has been reported to enhance mitochondrial fragmentation. Thus, we 

tested whether C5a-treatment inhibited p-Erk1/2 and p-Drp1 levels using Western Blotting 

analysis. However, C5a application to activate C5aR signaling did not change p-Erk1/2 

(Thr202/Tyr204) or p-Drp1 (Ser616) levels (Figure 2B).

Next in the cascade, since C5aR activation on mouse platelet enhances Gsk-3β 
phosphorylation [8], and Akt-Gsk-3β signaling enhances OPA1 cleavage and mitochondrial 

fusion in osteoblast cells [22], we tested whether C5aR activation altered p-Gsk-3β level 

in ARPE-19 cells with Western blot analysis. The p-Gsk-3β (Ser9)/Gsk-3β ratio upon 

C5a-treatment was elevated 2.5-fold when compared to controls, and C5aR-antagonist 

treatment prior to C5a-treatment inhibited the increase (Figure 2C). To confirm that Gsk-3β 
phosphorylation contributes to mitochondrial fusion induced by C5a-treatment, we tested 

whether Gsk-3β inhibition using 3F8 (1 μM) treatment prior to C5a-exposure affected 

mitochondrial fusion. 3F8 inhibited C5a-induced mitochondrial branch length elongation 

both at mean (*p< 0.05) and median comparisons (*p<0.05) (Figure 3). Furthermore, 

we tested Gai-specific inhibitor Tat-GPR [13]to confirm the C5aR- G-protein associated 

signaling effecting on C5a-induced mitochondrial elongation. Tat-GPR pre-treatment 

inhibited C5a-induced mitochondrial elongation in mean and median, the level was same 

as the control (Figure 3).

Mitochondrial fusion in response to C5a is not affected by mitochondrial redox status.

Severe oxidative stress has been shown to induce mitochondrial fragmentation, ultimately 

promoting the release of cell death signals such as cytochrome c, leading to 

apoptosis. However, lower oxidative stress enhances mitochondrial elongation and inhibits 

mitochondrial fission by inhibition of Drp1 [23]; and mitochondrial elongation is assumed to 

be a protective mechanism to dilute mitochondrial ROS [24]. Therefore, we tested whether 

mitochondrial fusion induced with C5a treatment depended on mitochondrial ROS. To 

monitor ROS, CellRox Green was utilized, which detects ROS in the form of superoxide 

anions and hydroxyl radicals in mitochondria [25]. C5a-treatment increased CellRox Green 

fluorescence, particularly in mitochondria, and NAC treatment prior to C5a exposure 

inhibited the fluorescence increase (Figure 4A, B). However, NAC did not affect C5a- 

induced mitochondrial fusion and mean mitochondrial branch length (Figure 4A, B). This 

result suggests that C5a-induced mitochondrial fusion is independent of mitochondrial ROS 

levels.

C5a-treatment sensitized the mitochondrial network against oxidative stress.

Following the results of C5a-induced mitochondrial fusion, we addressed the question 

whether mitochondrial fusion is overall protective or sensitizes the cell to cell death 

when exposed to a second stressor. Thus, we tested whether C5a-treatment promoted cell 

death in oxidatively stressed ARPE-19 cell monolayers using confocal microscopy. The 

formation of pyknotic nuclei was monitored over a four-hour period, using Topro-3 [26]. 

Nucleus status were categorized to 3 status, viable (weak, arrow), early (intermediate, yellow 

arrowhead), and late apoptotic pyknosis (solid red arrowhead) by Topro-3 fluorescencce 

intensity corelating nucleus shapes (Figure S2). Untreated controls, cells treated with C5a 

alone, or those exposed to 0.5 mM H2O2 showed little change in the number of pyknotic 
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nuclei over the observation period (Figure 5A, B). However, C5a-exposure followed by 

0.5 mM H2O2-treatment increased the number of early and late pyknotic nucleus over the 

four hour period to 40 %, late pyknotic nucleus were increased to 30% of total nucleus 

(Figure 5 A, B). These results suggest that the C5a-treatment sensitized the cells to H2O2, 

ultimately leading to cell death. Furthermore, the C5a-induced cell death sensitization might 

be associated with mitochondrial calcium level, we tested mitochondrial calcium uniporter 

blocker Ru360. Ru360 pre-treatment folloing by C5a and H2O2 treatment inhibited nucleus 

pyknotic change (Figure 5 A, B).

C5aR activation increased the number of ER-mitochondrial contacts

MFN2 is distributed not only on the OMM but also on the ER membrane and plays 

a crucial role in ER-mitochondrial contact formation. Following up on the results that 

C5aR activation increased mitochondrial elongation and elevated intracellular MFN2 levels 

(Figures 1, 2), we hypothesized that C5a-treatment might enhance mitochondrial elongation 

to promote ER-mitochondrial contact formation. Thus, we tested whether C5a-treatment 

increased the frequency of ER-mitochondrial contacts in C5a-treated ARPE-19 monolayers. 

ER was labeled with ERTG (green, Figure 6A), and mitochondria with MTDR (magenta) 30 

minutes before adding 52 nM C5a. After addition of C5a-peptide, the cells were fixed with 

4% PFA for 15 minutes in intervals of 30 minutes, up to 2 hours. Monolayers were imaged 

by confocal microscopy, assaying for colocalization of the two signals (white). In short, the 

3D-ERTG and MTDR network images were converted to skeleton images with the skeleton 

3D plugin, followed by the application of the colocalization plugin, and the quantification of 

the colocalized dots (Fiji/ImageJ, Figure 6B). The number of ER-mitochondrial contact sites 

did not change over the 2 hour observation period in untreated cells (control) (Figure 6C). In 

contrast, C5a-treatment increased the number of ER-mitochondria contacts by 200% at 120 

minutes, or the end of the observation period (***p<0.001) (Figure 6C). C5aR-antagonist 

pretreatment prior to the exposure to C5a prevented the increase in contact sites (Figure 6C).

C5aR activation enabled a bystander effect, triggering mitochondrial fragmentation in 
neighboring cells.

Thus far we have investigated the effects of C5aR activation in the presence of oxidative 

stress throughout the entire RPE network. We previously reported blue laser spot stimulation 

on a single cell of ARPE-19 cell within a monolayer as a method to induce local oxidative 

stress. And importantly, this locally induced oxidative stress triggered a bystander effect 

mediated by H2O2 and Ca2+, spreading from the stimulated to the adjacent surrounding 

cells [27]. Here, as the final experiment of this study, we tested whether photo-oxidative 

stress induces mitochondrial fission in the stimulated (false colored in red) and neighboring 

cells, and whether C5a-pretreatment enhances either one of those effects. Mitochondrial 

network dynamics were analyzed in MTDR-stained cells and determined for the direct 

neighbors of the stimulated cell (primary neighbors; false colored in green) and those 

surrounding the primary cells (secondary neighbors; false colored in white). Blue laser 

spot stimulation on a single cell induced mitochondrial fragmentation and ultimately 

destroyed the stimulated cell over the 10-minute recording period in control, C5a-treated, 

and C5aR-antagonist and C5a-treated cells (Figure 7A). At time point zero, as expected, the 

mitochondrial network exhibited greater fusion (branch length) in the C5a treated cells when 
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compared to controls. Interestingly, mitochondrial fragmentation was seen in the primary 

adjacent cells in C5a-treated cultures (green) as early as the 2 minute timepoint, and in 

the secondary cells by 6 minutes. Overall, mitochondrial length was reduced to almost 

half by minute 10, or the end of the stimulation and recording period (middle panels in 

Figure 7A). In contrast, mitochondrial fragmentation on the primary and the secondary 

adjacent cells in untreated control cells did not show any obvious changes (upper panels 

in Figure 7A). C5aR-antagonist treatment prior to C5a-exposure prevented the bystander 

effect (lower panels in Figure 7A). Quantitative analysis with MiNa plugin in Fiji/ImageJ 

to examine the mitochondrial length changes supported the visual images. In C5a-treated 

cell, the mean mitochondrial length of the primary adjacent cells was shortened by the 

2nd minute (***p<0.001) and continued shortening to end of the experiment in comparison 

with the control cells (***p<0.001) (Figure 7B). Likewise, in the secondary cells of the C5a-

treated monolayer, mitochondrial length was shortened by the 6th minute (***p<0.001) and 

continued shortening to the 10th minute (***p<0.001) (Figure 7B). Effects on both primary 

and secondary cell mitochondrial fission was prevented by C5aR-antagonist pretreatment 

prior to C5a exposure (Figure 7B).

Discussion

Here we set out to further contribute to the analysis of complement signaling in epithelial 

cells and assess effect of anaphylatoxin receptor signaling in regulating cellular damage 

associated with mitochondria. Our key findings in this study were: 1. C5aR activation 

regulated mitochondrial dynamics and induced fusion events in resting cells; 2. the C5a/

C5aR signaling axis increased mitochondrial fusion-related proteins MFN1 and MFN2, 

and induced OPA1 cleavage required for mitochondrial fusion events; 3. mitochondrial 

fusion induced by C5aR activation was independent of mitochondrial ROS levels; 4. 

C5aR-activation enhances Gsk-3β-phosphorylation at Serine 9; 5. C5aR activation increased 

the number of mitochondria-ER contact sites; 6. treatment of cells with C5a prior to 

H2O2 exposure enhanced mitochondrial fragmentation and promoted nuclear pyknosis; 6. 

Induction of oxidative stress in a single cell using spot blue laser stimulation induced a 

bystander effect of mitochondrial fragmentation in adjacent surrounding cells only in the 

presence of C5a (see Graphical Abstract).

In many diseases of barrier dysfunction, the cells are exposed to complement and oxidative 

stress [28]. Our results suggest that in cells exposed to both C5a/C5aR stimulation and 

oxidative stress, C5a produces an intermediate state characterized by mitochondrial fusion 

and ER-mitochondrial contacts which then sensitizes the cells to oxidative stress, leading to 

mitochondrial fragmentation and cell death.

C5a/C5aR – G-protein signaling to induce mitochondrial fusion.

The C5a receptor is a seven transmembrane receptor coupled with G-proteins that are 

associated with two distinct Gα subunits: Gαi, which is pertussis toxin (PTX) sensitive, 

and the PTX-insensitive Gα15 (Gα16 in humans) [29, 30]. There are previous reports of 

GPCR-activity affecting mitochondrial dynamics such as those involving the β2-adrenergic 

receptor and the P2YR2 purinoceptor. Specifically, activating β2-adrenergic receptor-Gαi 
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signaling promoted mitochondrial fusion in mouse skeletal muscle [31]. In contrast, P2YR2 

purinoceptor-Gαs signaling induced mitochondrial fission in ischemic brain tissue [32]. 

However, the exact pathway by which Gαi or Gαs signaling led to mitochondrial fusion and 

fission, respectively, was not investigated by the authors.

In our results, we showed that C5a/C5a-Gαi signaling induced mitochondrial fusion and 

increased the amount of mitochondrial fusion proteins MFN1 and MFN2 as well as 

OPA-1 cleavage. The C5aR-antagonist, as well as the Gai-specific inhibitor Tat-GPR, 

inhibited mitochondrial fusion induced by C5aR activation. We previously reported that 

C5aR activation enhance PI3K phosphorylation following by protein kinase B (Akt) 

phosphorylation [6]. Therefore, these results strongly suggested that C5a/C5aR, followed 

by PI3K-Akt signaling provide the link to mitochondrial fusion. Important to note in this 

context, p-Akt has been shown to activate Bcl-2, which inhibits the release of cell death 

signaling molecules from mitochondria, promoting cell survival [6, 33].

To complete the signaling pathway from C5aR activation to mitochondrial fission/fusion, 

we explored other known activators in the PI3K-Akt signaling pathway. C5aR activation 

has been shown to enhance Akt phosphorylation [6], while p-Akt enhances Gsk-3β 
phosphorylation [34]. Phosphorylated-Gsk-3β (p-Gsk-3β) at serine 9 is known to interact 

with the mitochondrial fission protein Drp1, regulating mitochondrial motility [35]. 

Also, Gsk-3β in mitochondria (mtGsk-3β) has been shown to regulate the mitochondrial 

permeable transition pore (mPTP) opening via cyclophilin-D, assumed to prevent 

mitochondrial calcium overload in mitochondria and thereby promoting cell survival [36]. 

In contrast, Akt-Gsk-3β signaling has been shown to enhance fusion, and phosphorylated 

Gsk-3β has been shown to promote OPA1 cleavage and mitochondrial fusion in murine 

osteoblast MC3T3-E1 cells [22]. Interestingly, Gsk-3β has been reported to be distributed on 

ER-mitochondria contact sites where it was involved in regulating 1,4,5-trisphosphate (IP3) 

receptors (IP3R) and mediated calcium release from mitochondria in myocardiac cells in 

ischemia-reperfusion injury [37]. Our results demonstrated that Gsk-3β-inhibition inhibited 

C5a-induced mitochondrial fusion in resting RPE monolayers. Thus, Gsk-3β regulation of 

mitochondrial dynamics might be associated with multiple signaling cascades and crosstalk, 

depending on whether the mechanisms are investigated in a disease model or in naïve cells.

C5aR activation has also been shown to enhance signaling, involving p38/MAPK activity 

and Erk1/2 phosphorylation. This mechanism is involved in upregulating protein expression 

of inflammatory factors, interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α) in 

primary cultures of mouse microglial cells [38]. In confluent cultures of ARPE-19 cells, C5a 

stimulated the production of TLR-4-induced IL-6 or IL-8, which required phosphorylated 

Erk1/2 but not p38/MAPK activity [12]. However, the C5aR activation mediated Erk1/2 

phosphorylation at Ser543 in ARPE-19 only in the presence of lipopolysaccharide (LPS) 

treatment, a severe proinflammatory state [12]. Here we showed that C5aR activation in 

naïve ARPE-19 did not affect MAPK/Erk1/2 signaling, nor did it increase Erk1/2-mediated 

phosphorylation on Drp1 at Serine 9. Indeed, C5aR activation did not induce any change 

in Erk1/2 phosphorylation. Thus, as with Gsk-3β regulation, the involvement of Erk1/2-

mediated signaling also seem to depend on whether the mechanism is investigated in a 

disease model or in naïve cells.
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C5aR activation increased ER-mitochondrial contacts

MFN2 is distributed not only on OMM but also on the ER membrane and plays a crucial 

role in ER membrane tethering to mitochondria [39]. Overall, ER-mitochondrial contacts 

are thought to facilitate calcium homeostasis, phospholipid transfer to mitochondria that are 

synthesized within the ER, promote mitochondrial fission at the contact sites and ultimately 

trigger apoptosis by increasing calcium transfer and release of cytochrome c from the 

mitochondria [40]. In Western Blots, both MFN1and MFN2 protein levels were increased by 

C5a-treatment. In addition, C5a-treatment induced mean and median mitochondrial branch 

elongation,reduced the number of network branches and increased ER-mitochondrial contact 

sites. These results suggested that C5a-induced mitochondrial fusion might promote the 

formation of ER-mitochondria contacts. Further, we obtained a result that exogenous H2O2 

treatment on C5a-pretreated ARPE-19 cells enhanced mitochondrial fission and resulted 

in the formation of pyknotic nuclei, leading to cell death (Figure 3). The formation of 

pyknotic nuclei could be completely inhibited by pretreatment with the mitochondrial 

calcium uniporter blocker, Ru360, which demonstrated that calcium transfer from ER 

to mitochondrial at ER-mitochondrial contact sites is involved in C5a+H2O2 mediated 

cell death. Taken together, our results suggest that increasing ER-mitochondrial contact 

frequency by C5aR activation contributes to enhanced mitochondrial fission in the presence 

of oxidative stress generated by H2O2 exposure or by the generation of endogenous H2O2 

produced by blue laser spot stimulation.

Summary

Here we tested the question whether complement activation via the C5a receptor 

together with oxidative stress modulates mitochondrial dynamics. In aging and many 

diseases, oxidation-inflammation are the underlying causes of impairment of function. 

And mitochondria are not only the source of reactive oxygen species, but they are the 

integrators of the cell’s metabolic status and cellular damage, and ultimately the decision 

makers over cell survival or cell death. We analyzed retinal pigment epithelial cells, 

which in the eye are part of the blood retina barrier, and part of the innate immune 

system that separates the neural retina from the blood stream and potentially damaging 

components. These cells express many complement components [41], are the target of 

complement activation [42], exhibit impaired mitochondrial function and oxidative stress 

with aging [43], and undergo excessive mitochondrial fission with aging and disease [44]. 

We showed that in a human RPE cell line, C5aR activation induced mitochondrial fusion and 

increased ER-mitochondrial contact frequency. In the context of oxidative stress, whether 

delivered exogenously via H2O2 exposure, or endogenously via blue light stimulation of the 

mitochondrial network [16] C5a-mediated fusion promoted excessive mitochondrial fission, 

ultimately leading to cell death. These results suggest that mitochondrial fusion induced 

by C5aR activation shifted the mitochondrial physiological status to an intermediate status; 

and when exposed to a secondary damaging stimulus, accelerated mitochondrial fission, 

that could lead to cell death. Thus, in the context of aging and disease, mitochondrial 

fusion triggered by C5aR activation might be an early protective response to potentially 

dilute ROS or mix damaged and normal DNA; but in the context of excessive ROS 

accumulation, C5aR activation tips the balance towards mitochondrial fission. Hence, the 
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analysis of C5aR activation and components of the C5aR signaling axis might provide 

clues to novel therapeutic approaches in complement-dependent diseases such as age-related 

macular degeneration and other diseases involving barrier epithelial cells, many of which are 

complement signaling-related human diseases.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• C5aR activation regulated mitochondrial dynamics and induced fusion events 

in resting cells.

• C5aR signaling increased mitochondrial fusion-related proteins MFN1 and 

MFN2, and OPA1 cleavage

• Mitochondrial fusion induced by C5aR activation was independent of 

mitochondrial ROS.

• C5aR-activation enhanced Gsk-3β-phosphorylation

• C5aR activation increased the number of mitochondria-ER contact sites.

• Treatment of cells with C5a prior to H2O2 exposure enhanced mitochondrial 

fragmentation and promoted nuclear pyknosis.

• Induction of oxidative stress in a single cell induced mitochondrial 

fragmentation in adjacent surrounding cells only in the presence of C5a.

• Mitochondrial fusion induced by C5aR activation sensitized the cell to a 

secondary damaging stimulus.

Ishii and Rohrer Page 16

Biochim Biophys Acta Gen Subj. Author manuscript; available in PMC 2024 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 1. C5a receptor distribution and C5a-induced mitochondrial fusion.
(A) 3D-rendering of immunolabeling for C5aR (green) on cells labeled with Wheat Germ 

Agglutinin (WGA, red) for the identification of the apical cellular surface. (B) Orthogonal 

image reconstructed from x-y Z-stack images. C5aR fluorescence (green) colocalized with 

WGA fluorescence labeling the plasma membrane. Locations of the 3 sections are indicated 

in the x-y projection (arrows). (C) MitoTracker Deep Red (MTDR; red) was used to 

identify the mitochondrial network, Hoechst33342 (blue) labeled the nuclei for live-cell 

imaging. Stimulation of the C5aR with 52 nM of C5a induced mitochondrial fusion (second 

panel), addition of 0.5 mM H2O2 after C5a exposure enhanced fission (third panel), and 

pretreatment with C5aR-antagonist inhibited C5aR-induced fusion (fourth panel). Scale bar 

represents 10 μm. (D) Mitochondrial branch length mean (left graph) and median (middle 

graph) and the number of branches (right graph) per mitochondrion was analyzed using the 

MiNA (Mitochondrial Network Analysis) plugin, confirming the visual observations from 
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1C. Boxplots depict the 25th to 75th percentiles and Whiskers show the 5–95th percentiles. 

Statistical analysis was performed using One-way ANOVA, ** 0.01, **** 0.0001.
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Figure 2. C5a-treatment altered levels of mitochondrial fission/fusion proteins analyzed using 
Western blotting.
(A) Western blots probed for mitochondrial fusion proteins, including the OPA1 cleavage 

products short chain (s-OPA1) and long chain OPA1 (l-OPA1), Mitofusin-1 (MFN1) 

and Mitofusin-2 (MFN2), and quantitative analysis of the blotting results documenting a 

significant increase in total OPA1 (=l-OPA1 + s-OPA1), l-OPA1 and s-OPA1 individually, 

as well as the s-OPA/l-OPA ratio together with an increase in MFN1 and MFN2 in response 

to C5a stimulation. Pre-treatment with the C5a antagonist normalized these proteins back to 
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control levels. (B) Levels of the mitochondrial fission protein Drp1 and phosphorylated Drp1 

at Ser616 (p-Drp1), together with its activator p-Erk1/2 (Thr202/Tyr204) were unaffected by 

C5a treatment, and quantitative analysis for the blotting results of 2C. (C) The activator of 

mitochondrial fusion, GSk-3β and phosphorylated Gsk-3β (p-Gsk-3β) at Ser9 was increased 

upon C5a treatment, and the quantification is provided. Across all experiments, the band 

intensity values were normalized with β-actin, and results compared with One-way ANOVA, 

* p<0.05, ** <0.01. Values in the charts represent mean ± S.E.M.
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Figure 3. Examination of C5aR signaling in mitochondrial fusion, analyzing its G-protein, and 
downstream GSK-3β signaling.
(A) Confocal microscopy images comparing mitochondria-related fluorescence using 

MitoTracker Deep Red (MTDR) in control (upper left) and C5a-treated cells (upper right) 

document mitochondrial fusion in live-cell imaging. Pretreatment with the Gαi-specific 

inhibitor Tat-GPR (bottom left) and the Gsk-3β inhibitor 3F8 (bottom right) prevented C5a-

induced mitochondrial fusion. (B) Quantification of mitochondrial mean (left graph) and 

median (middle graph) length as well as the mean number of branches per network (right 

graph) confirmed the visual observations. Box plot analysis was performed as described in 
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Figure legend 1D. One-way ANOVA was applied for statistical analysis. p, *<0.05, **** < 

0.0001. Scale bar in (A) represents 10 μm.
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Figure 4. C5a-induced mitochondrial fusion is independent of mitochondrial reactive oxygen 
species (ROS) levels.
(A) Cells were labeled with CellRox Green (CRG, green) to detect ROS in mitochondria 

labeled with MitoTracker Deep Red (MTDR, red) for live-cell imaging. Mitochondrial ROS 

(mtROS) is defined by the colocalization of CRG and MTDR (yellow). C5a stimulation 

increased mtROS, which was prevented using the anti-oxidant NAC. (B) Quantitative 

analysis of mtROS, and mitochondrial branch length mean and median, and well as 

the number of branches per mitochondrion was assessed. While NAC prevented the C5a-

induced rise in mtCRG, NAC had no effect on C5a-induced changes in mitochondrial 

network complexity. mtCRG level was normalized with mean of the control, and dots 
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represent individual values, and error bars depict their SEM. Mitochondrial mean and media 

length and number of branches per mitochondrion are shown as box and whiskers as 

described in Figure legend 1D. One-way ANOVA was applied for statistical analysis, ** p< 

0.01, **** < 0.001. Scale bar in 3A represents 10 μm.
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Figure 5. C5a-treatment sensitized the cells to exogeneous oxidative stress, leading to cell death.
(A) Nuclei were labeled with the nucleic acid stainToPro-3 for live cell imaging. Confocal 

images for are shown for control cells at 0 hour (first panel), and cells treated with 52 

nM C5a (second panel), 0.5 mM H2O2 (third panel), C5aR-antagonist treatment prior to 

C5a exposure (fourth panel), and Ru360 treatment prior to C5a and H2O2 exposure, all 

at 4 hours. Nuclei were categorized based on fluorescence intensity into healthy (lowest 

intensity; blue arrows), early (intermediate; yellow arrow head), and late pyknosis (intense 

staining; red arrowhead) as documented in Figure S2. (B) Quantification for the number 

of early and late pyknotic nuclei as a fraction of all cells detected with ToPro-3 within an 

image over time (n=3 images each group). The values were analyzed with 2-way ANOVA in 

treatment and time factors **** p<0.0001. Scale bar in (A) represents 10 μm.
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Figure 6. C5a-treatment increased the number of ER-mitochondrial contacts.
(A) Representative images of ER-mitochondria contacts in control cells and after C5a-

treatment, collected at 0, 30, and 120 minutes in fixed monolayers. The endoplasmic 

reticulum (ER) was labeled with ERTracker Green (green), mitochondria were labeled 

with MitoTracker Deep Red (MTDR, false-colored in magenta), the nuclei were labeled 

with Hoechst33342 (blue). ER-mitochondria co-localizations between ERTR and MTDR 

was identified in white. The number of ER-mitochondria contact sites (yellow arrowheads) 

increased in the presence of C5a. The number of ER-mitochondria contact sites remained 
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the same as in controls, if the cells are pretreated with C5aR antagonist prior to C5a 

exposure at 0, 30 and 120 minutes. (B) MTDR and ERTR images were converted to 

skeleton images and binarized using ImageJ plugins. Colocalization between MTDR and 

ERTR skeletons defined as ER-mitochondrial contacts loci were detected using the ImageJ 

colocalization plugin in ImageJ and quantified. (C) Changes of ER-mitochondrial contacts 

over time document the C5a effect. The raw values were normalized with the mean of the 

control at the zero time point. One-way ANOVA was used to analyze changes over time, *** 

p< 0.001. Scale bar in 6A represents 5 μm.
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Figure 7. Blue spot laser stimulation on a single cell to trigger local oxidative stress induces 
mitochondrial fission in bystander cells in the presence of C5a.
(A) A 10% (38 kw/cm2), 0.32 μm diameter 488 nm laser spot was used to stimulate a single 

cell (red) in an ARPE-19 monolayer network at 1 Hz for 10 minutes using live-cell imaging. 

The mitochondria in the surrounding cells in the monolayer were identified as primary 

surrounding cells (green), secondary surrounding cells (white) and others (yellow). Control 

cells, those exposed to C5a, and cells treated with C5aR antagonist + C5a were compared. 

C5a induced mitochondrial fission in primary and secondary surround cells, which could be 
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inhibited by the C5aR antagonist. (B) Quantitative analysis of mean mitochondrial length 

in images captured every 120 seconds for primary surrounding (left graph) and secondary 

surrounding cells (right graph). Data are shown as box and whiskers as described in Figure 

legend 1D. While both primary and secondary surrounding cells treated with C5a at time 

point zero started with longer mitochondria, they rapidly fragmented when the center cell 

was stimulated with the blue laser. Mitochondria remained stable in control cells as well as 

those pretreated with C5aR antagonist. 2-way ANOVA was used to examine changes over 

time * p<0.05, **<0.01, ***<0.001. Scale bar in (A) represents 10 μm.
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Table 1.

Antibodies for immunolabeling and western blotting used in this study

TARGET SOURCE IDENTIFIER Dilution

OPA1 Cell Signaling Technology Cat# 80471, D6U6N 1:1000

Mitofusin-1 Cell Signaling Technology Cat# 14739, D6E2S 1:1000

Mitofusin-2 Cell Signaling Technology Cat# 11925, D1E9 1:1000

β-Actin Cell Signaling Technology Cat# 4970, 13E5 1:5000

p44/42 MAPK (Erk1/2) Cell Signaling Technology Cat# 4895, 137F5 1:1000

Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Cell Signaling Technology Cat# 4370, D13.14.4E 1:1000

GSK-3β Cell Signaling Technology Cat# 9315, 27C10 1:1000

Phosphor-Drp1 (Ser616) Cell Signaling Technology Cat# 4494, D3A4 1:1000

Drp1 Cell Signaling Technology Cat# 8570, D6C7 1:1000

Phosphorylated-GSK-3β (Ser9) Cell Signaling Technology Cat# 9322, D3A4 1:1000

Goat Anti-rabbit IgG HRP-conjugate Cell Signaling Technology Cat# 7074 1:1000

C5a receptor Biolegend Cat # 344302 s1/2
1:1000 for WB

1:100 for
ICC

Alexa fluor 488 anti-mouse Goat Antibody Thermo Fisher Cat # A32723 1:200
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