
Ca2+/calmodulin-dependent kinase II triggers cell membrane
injury by inducing complement factor B gene expression in the
mouse heart

Madhu V. Singh, … , Peter J. Mohler, Mark E. Anderson

J Clin Invest. 2009;119(4):986-996. https://doi.org/10.1172/JCI35814.

 

Myocardial Ca2+/calmodulin-dependent protein kinase II (CaMKII) inhibition improves cardiac function following
myocardial infarction (MI), but the CaMKII-dependent pathways that participate in myocardial stress responses are
incompletely understood. To address this issue, we sought to determine the transcriptional consequences of myocardial
CaMKII inhibition after MI. We performed gene expression profiling in mouse hearts with cardiomyocyte-delimited
transgenic expression of either a CaMKII inhibitory peptide (AC3-I) or a scrambled control peptide (AC3-C) following MI.
Of the 8,600 mRNAs examined, 156 were substantially modulated by MI, and nearly half of these showed markedly
altered responses to MI with CaMKII inhibition. CaMKII inhibition substantially reduced the MI-triggered upregulation of a
constellation of proinflammatory genes. We studied 1 of these proinflammatory genes, complement factor B (Cfb), in
detail, because complement proteins secreted by cells other than cardiomyocytes can induce sarcolemmal injury during
MI. CFB protein expression in cardiomyocytes was triggered by CaMKII activation of the NF-κB pathway during both MI
and exposure to bacterial endotoxin. CaMKII inhibition suppressed NF-κB activity in vitro and in vivo and reduced Cfb
expression and sarcolemmal injury. The Cfb–/– mice were partially protected from the adverse consequences of MI. Our
findings demonstrate what we believe is a novel target for CaMKII in myocardial injury and suggest that CaMKII is broadly
important for the genetic effects of MI in cardiomyocytes.
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Myocardial	Ca2+/calmodulin-dependent	protein	kinase	II	(CaMKII)	inhibition	improves	cardiac	function	fol-
lowing	myocardial	infarction	(MI),	but	the	CaMKII-dependent	pathways	that	participate	in	myocardial	stress	
responses	are	incompletely	understood.	To	address	this	issue,	we	sought	to	determine	the	transcriptional	
consequences	of	myocardial	CaMKII	inhibition	after	MI.	We	performed	gene	expression	profiling	in	mouse	
hearts	with	cardiomyocyte-delimited	transgenic	expression	of	either	a	CaMKII	inhibitory	peptide	(AC3-I)	or	
a	scrambled	control	peptide	(AC3-C)	following	MI.	Of	the	8,600	mRNAs	examined,	156	were	substantially	
modulated	by	MI,	and	nearly	half	of	these	showed	markedly	altered	responses	to	MI	with	CaMKII	inhibition.	
CaMKII	inhibition	substantially	reduced	the	MI-triggered	upregulation	of	a	constellation	of	proinflammatory	
genes.	We	studied	1	of	these	proinflammatory	genes,	complement	factor	B	(Cfb),	in	detail,	because	complement	
proteins	secreted	by	cells	other	than	cardiomyocytes	can	induce	sarcolemmal	injury	during	MI.	CFB	protein	
expression	in	cardiomyocytes	was	triggered	by	CaMKII	activation	of	the	NF-κB	pathway	during	both	MI	and	
exposure	to	bacterial	endotoxin.	CaMKII	inhibition	suppressed	NF-κB	activity	in	vitro	and	in	vivo	and	reduced	
Cfb	expression	and	sarcolemmal	injury.	The	Cfb–/–	mice	were	partially	protected	from	the	adverse	consequences	
of	MI.	Our	findings	demonstrate	what	we	believe	is	a	novel	target	for	CaMKII	in	myocardial	injury	and	suggest	
that	CaMKII	is	broadly	important	for	the	genetic	effects	of	MI	in	cardiomyocytes.

Introduction
The multifunctional Ca2+/calmodulin-dependent protein kinase 
II (CaMKII) is activated by increased intracellular Ca2+ (1) and 
enhanced oxidant stress (2), both prominent features of myocardi-
al disease. CaMKII inhibition protects against heart failure (3) and 
cardiomyocyte death (4) in response to myocardial infarction (MI). 
These findings suggest that improved understanding of the CaMKII  
pathway may lead to new therapies for structural heart disease. 
However, mechanisms for the beneficial effects of CaMKII inhibi-
tion after MI are not well understood. CaMKII regulates diverse 
cellular functions that are likely to be important for myocardial 
adaptation to stress, including Ca2+ homeostasis (5), membrane 
excitability (6), cell survival (2), and gene transcription (7). We used 
a genetic mouse model of CaMKII inhibition, in which AC3-I, a 
CaMKII inhibitory peptide, is expressed only in cardiomyocytes 
(3), to test the transcriptional consequences of myocardial CaMKII  

inhibition after MI. A second transgenic mouse expressing a 
scrambled, inactive version of AC3-I (AC3-C) in cardiomyocytes 
was used as a genetic control.

Our microarrays contained 8,600 cDNA probes. Only 128 genes 
were substantially upregulated after MI, but approximately half 
of these (54 out of 128) showed marked reduction upon CaMKII 
inhibition. We noticed a group of proinflammatory genes that 
were upregulated after MI in AC3-C mice but not in AC3-I mice. 
Complement factor B (Cfb) was one of the prominent proinflam-
matory genes identified in these experiments. Although inflam-
mation is a recognized consequence of MI and a marker of poor 
patient outcomes in structural heart disease (8–10), the myocardial 
cells are not known to express Cfb. Since our model only expressed 
AC3-I inhibitory peptide in myocardial cells, these results sug-
gested that myocardial cells expressed Cfb after MI and that CFB 
protein could contribute to myocardial injury.

Cfb was identified in our screenings to have markedly augment-
ed expression after MI in AC3-C hearts but reduced expression in 
AC3-I hearts after MI. The potential for differential Cfb expres-
sion by CaMKII after MI was intriguing, because complement 
activation is an inflammatory response and inflammation con-
tributes to myocardial dysfunction after stress, injury, or infec-
tion (11–13). Following cardiac injury, increased deposition of the 
membrane attack complex (MAC) occurs in damaged tissue areas 
(14–18). The complement cascade can be activated by 3 indepen-
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dent pathways: the classical, alternative, and lectin pathways (19). 
Components of the classical complement pathway are activated 
in patients with heart disease (20). However, to our knowledge, 
the alternative complement pathway has not been studied in nor-
mal or injured hearts. Here, we show that (a) Cfb is expressed in 
cardiomyocytes; (b) Cfb expression by cardiomyocytes is required 
for LPS-triggered sarcolemmal injury response; (c) LPS-mediated 
injury is attenuated by CaMKII inhibition; (d) CaMKII inhibition 
reduces NF-κB activity and Cfb expression; and (e) mice lacking 
Cfb have a trend toward improved mortality after MI. These find-
ings identify what we believe to be a previously unrecognized 
mechanism for CaMKII-mediated proinflammatory signaling in 
cardiomyocytes and highlight the immune response capability of 
cardiomyocytes during pathological stress.

Results
Reduced proinflammatory gene expression after MI in mice with CaM-
KII inhibition. We used cDNA arrays representing 8,600 genes to 
measure the steady-state level of mRNAs, as an approach to iden-
tify genes with induced expression after MI by permanent occlu-
sion of the left coronary artery. Three weeks after MI, a total of  
156 genes were modulated in AC3-C control hearts (out of 8,600 
represented on the microarrays), of which 128 genes were induced 
and 28 genes were repressed (Figure 1A and Supplemental Tables 
1 and 2; supplemental material available online with this article; 
doi:10.1172/JCI35814DS1). A 1.8-fold threshold value, based 
on statistical analyses of the results from a total of 21 pairwise 
comparisons, was used to identify differentially expressed genes 
(21). Thus, a small number of the total genes represented on the 
microarray were modulated by MI. To specifically identify the 
CaMKII-regulated genes, we used a set of microarrays to deter-
mine gene expression in post-MI AC3-I hearts compared with 
post-MI AC3-C hearts (Figure 1B). In these experiments, we iden-
tified 71 genes whose expression was reduced in AC3-I hearts 
compared with AC3-C hearts, suggesting that these genes were 
positively regulated by CaMKII. Similarly, expression of 36 genes 
was greater in AC3-I hearts compared with AC3-C hearts, indicat-
ing negative regulation by CaMKII.

To select the genes that are induced by CaMKII after MI, we 
compared the results from the 2 separate microarray experiments 
to identify genes that displayed regulation by CaMKII in both the 
experiments. We imposed the criteria of increased expression after 
MI in AC3-C hearts and reduced expression in infarcted AC3-I hearts 
compared with AC3-C hearts (Figure 1C). Similarly, to identify the 
genes whose expression is inhibited by CaMKII after MI, we select-
ed those genes that were repressed in post-MI AC3-C hearts but 
induced in post-MI AC3-I hearts (Figure 1D). We identified 54 genes 
that are upregulated (42% of all MI-induced genes in AC3-C; Figure 
1C) and 11 genes that are downregulated (39% of all MI-repressed 
genes in AC3-C; Figure 1D) by CaMKII after MI. Thus, a surprisingly 
large proportion of genes that were modulated in hearts after MI 
were also regulated by CaMKII, suggesting that CaMKII is of central 
importance for coordinating transcriptional responses to MI.

Upon inspection of these MI-induced CaMKII-regulated genes, 
we noticed a cluster of genes involved in inflammation (Figure 
1E). We were surprised to find that expression of these genes was 
modulated in our microarray analyses by cardiomyocyte-specific 
CaMKII inhibition. This finding suggested that proinflammatory 
genes are expressed in ventricular myocytes and that Cfb expres-
sion was a myocardial response to MI.

We selected Cfb to study further as CFB is a crucial factor for 
initiating and sustaining activation of the alternative complement 
fixation pathway. Classical complement proteins are associated 
with sarcolemmal injury after MI (14–18), but the origin of these 
complements was attributed to extra-myocardial sources. To the 
best of our knowledge, Cfb expression or activation of the alter-
native complement pathway has not been described after MI. We 
hypothesized that Cfb suppression contributed to the benefits of 
CaMKII inhibition after MI, based on the finding that Cfb was an 
MI-induced, CaMKII-regulated gene and that complement pro-
teins were known to participate in sarcolemmal injury after MI.

Cfb is expressed in cardiomyocytes. We directly measured Cfb mRNA 
and protein expression in myocardium in order to validate our 
gene array results. We extracted RNA from WT hearts and livers 
(positive control) to confirm the expression of Cfb mRNA. RT-PCR 
products from both hearts and livers showed a band of the expect-
ed size for Cfb cDNA on the agarose gels (Figure 2A). We also tested 
the expression of CFB in mouse hearts by Western blot analysis. 
CFB was readily detected in mouse hearts (Figure 2B).

Both mRNA and protein amounts in post-MI AC3-I hearts were 
reduced by approximately 40% when compared with the post-MI 
WT littermate hearts (Figure 2, C and D). However, in the absence 
of MI, we found that Cfb transcript levels were higher in AC3-I 
hearts compared with the WT. On the other hand, CFB protein 
levels were equivalent in AC3-I and WT hearts (Supplemental Fig-
ure 1). RNA derived from whole hearts represents both myocytes 
and non-myocytes. In AC3-I hearts, CaMKII is selectively inhibited 
in cardiomyocytes, because the transgenic expression of the inhibi-
tory peptide is under the control of the myocyte-defining α myosin 
heavy chain promoter (22). Therefore, the proinflammatory genes 
displaying post-MI attenuation in AC3-I hearts were most likely 
expressed in cardiomyocytes. We tested this idea by performing 
RT-PCR analyses on the RNA from isolated adult cardiomyocytes 
and cultured neonatal cardiomyocytes. Cfb transcripts were detect-
ed in both adult and neonatal cardiomyocytes (Supplemental Fig-
ure 2A). Immunoblotting for CFB protein in cell homogenates 
further confirmed the expression of CFB protein in the isolated 
adult and cultured neonatal cardiomyocytes (Supplemental Fig-
ure 2B). Thus, a crucial component of the alternative complement 
pathway, CFB, is expressed in cardiomyocytes.

In order to test if reductions in Cfb mRNA observed in post-
MI AC3-I hearts specifically occurred in cardiomyocytes, we 
performed quantitative RT-PCR (qRT-PCR) on the RNA from 
isolated cardiomyocytes from WT and AC3-I hearts 1 week after 
MI. In cardiomyocytes from post-MI AC3-I mice, expression of 
Cfb was reduced by approximately 60% compared with cardio-
myocytes from post-MI WT mice (Figure 2E; P = 0.008). Taken 
together, these results demonstrated that Cfb mRNA and protein 
are expressed in the heart and that CaMKII inhibition results in 
reduced Cfb expression in cardiomyocytes following MI.

Complement factors are deposited on the sarcolemmal mem-
branes in the ailing myocardium of human and rabbit models, 
in which they are believed to contribute to the MAC and induce 
sarcolemmal damage after MI (23). CFB is a proinflammatory 
protein that participates in the innate immune response and is 
upregulated under inflammatory conditions. To determine if 
inflammatory signals induced Cfb expression and caused mem-
brane damage, we treated cultured cardiomyocytes with a potent 
inflammatory stimulus, bacterial LPS (E. coli). Cfb mRNA was 
strongly induced after LPS treatment (Figure 3A; P < 0.0001, com-
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pared with vehicle control). LPS treatment significantly (P < 0.01) 
increased CFB protein in the cardiomyocyte cultures compared 
with vehicle control (39 ± 10%; Figure 3B). Based on these findings, 
we hypothesized that LPS-triggered increases in CFB protein could 
induce cell membrane injury by participating in the MAC.

Cardiomyocyte cell membrane damage is assayed clinically 
using intracellular proteins as markers of cardiomyocyte death or 
increased cell membrane permeability. One such marker protein is 
the cytosolic enzyme lactate dehydrogenase (LDH). We measured 
LDH enzyme activity released into the culture media from LPS-
treated cardiomyocytes. In immune responsive cells, CFB is secret-
ed and participates in forming the MAC by association with other 
complement factors in the serum (19). Neonatal cardiomyocytes 
grown in serum-free medium were challenged with LPS in the 
presence or absence of freshly prepared mouse serum. Addition of 
LPS in the presence of serum almost doubled the LDH activity in 
the medium, which is likely due to the increase in MAC formation, 
resulting from induced CFB production by the cardiomyocytes 
(Figure 3C; P < 0.001). To test that the increase in LDH activity spe-
cifically required increased CFB protein, we performed the same 
experiment on neonatal cardiomyocytes cultured from Cfb–/– mice 

(24). In these Cfb–/– cultures, treatment with LPS and mouse serum 
did not increase the LDH activity in the culture medium compared 
with treatment with serum and vehicle control (Figure 3C).

To determine whether the LDH release was a result of cell death 
or general cell injury, we measured cardiomyocyte uptake of a cell 
membrane impermeable vital fluorescent dye, propidium iodide 
(PI) (25). In this assay PI is taken up by mortally injured cells. LPS 
treatment did not significantly increase the number of PI-positive 
cells detected by flow cytometry compared with treatment with 
vehicle alone (P = 0.5; Supplemental Figure 3A). We also examined 
apoptosis in cultured cardiomyocytes using TUNEL staining. The 
number of TUNEL-positive cells in LPS-treated cells did not show 
a significant increase over the control cells (Supplemental Figure 
3B). Taken together, our results show that increased Cfb expres-
sion by LPS treatment leads to cell membrane injury but did not 
significantly increase cell death under these conditions.

CaMKII regulates LPS-stimulated Cfb expression in cardiomyocytes. 
MI induces a complex signaling milieu that includes inflamma-
tory and noninflammatory signaling pathways. Our microarray 
results showed that CaMKII regulates the expression of inflam-
matory genes. To delineate the role of CaMKII in cardiomyocyte 

Figure 1
Microarray-based expression analyses of the genes induced by MI and regulated by CaMKII in mouse hearts. (A) Cardiac genes modulated 
by MI. cDNA microarray comparison of healthy versus infarcted hearts expressing scrambled control peptide (AC3-C) identified 128 induced 
and 28 repressed genes out of 8,600 represented on the microarrays. Up, upregulated; Dn, downregulated. (B) Infarcted hearts expressing 
CaMKII inhibitory peptide (AC3-I) in microarray analyses showed repression of 71 genes and induction of 36 genes when compared with 
infarcted control (AC3-C) hearts, indicating CaMKII-regulated genes. (C) CaMKII-regulated genes induced by MI. Venn diagram displaying the 
genes that were induced by MI in AC3-C hearts but were repressed in post-MI AC3-I hearts. A total of 54 (42%) MI-induced genes in AC3-C 
hearts were regulated by CaMKII. (D) Venn diagram showing the genes that are repressed upon MI and are regulated by CaMKII. A total of 11 
(39%) MI-repressed genes in AC3-C hearts were regulated by CaMKII. (E) A subset of proinflammatory genes that were either upregulated in 
AC3-C hearts (red bars) or downregulated in AC3-C hearts after MI (green bars). In CaMKII-inhibited AC3-I hearts, the same genes displayed 
reduced expression (blue bars) or increased expression (purple bars), respectively. Adn, complement factor D; C4a, complement component 4A;  
C2, complement component 2; C1s, complement component 1, s subcomponent; Hmgn3, high mobility group nucleosomal binding domain 3; 
Cyp2f2, cytochrome P450, family 2, subfamily f, polypeptide 2; Stat1, signal transducer and activator of transcription 1; Pam, peptidylglycine 
alpha-amidating monooxygenase; Pttg1, pituitary tumor-transforming gene 1; Pdk4, pyruvate dehydrogenase kinase, isoenzyme 4; Ptgds, 
prostaglandin D2 synthase; Dtx2, deltex 2 homolog.
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inflammatory signaling, we inhibited CaMKII by small molecule 
and genetic methods and quantified Cfb mRNA expression upon 
LPS treatment. We treated neonatal WT cardiomyocytes with a 
pharmacological inhibitor of CaMKII (KN-93) prior to LPS treat-
ment. Cfb transcript levels were strongly induced in LPS-treated 
cardiomyocytes (Figure 4A), whereas pretreatment with water-sol-
uble KN-93 significantly (P < 0.001) blunted the induction of Cfb 
mRNA to 58% ± 4% of the control. We treated cultured neonatal 
cardiomyocytes from AC3-I mice with LPS. Similar to the KN-93–
inhibited WT cells, AC3-I cardiomyocytes also showed a significant 
(P < 0.001) attenuation of Cfb induction (WT, 100.0% ± 12.0% ver-
sus AC3-I, 35.0% ± 0.8%) compared with the WT cells (Figure 4B).  
There were no differences, in either basal or LPS-induced Cfb RNA 
levels, between WT and AC3-C cells that expressed a noninhibi-
tory control peptide (Figure 4B). Finally, we used lentivirus-medi-
ated shRNA to knockdown CaMKII in cultured neonatal cardio-

myocytes prior to LPS treatment. Induction of Cfb transcripts by 
LPS was significantly smaller in cells with CaMKII knockdown 
compared with controls (46% ± 5%; P < 0.001) (Figure 4C). Thus, 
CaMKII inhibition in cardiomyocytes, by a variety of independent 
approaches, consistently and significantly blunted Cfb induction 
in response to LPS. These results strongly support a concept that 
CaMKII is critical for Cfb induction in cardiomyocytes.

CaMKII regulates Cfb expression through the NF-κB pathway. LPS acti-
vates TLR-4 to induce the NF-κB signaling pathway (26–28). We 
used 3 different methods to test whether CaMKII regulates LPS-
mediated Cfb expression in cardiomyocytes through the NF-κB  
signaling pathway. First, we transfected an NF-κB–luciferase report-
er construct into neonatal cardiomyocytes and treated the cells 
with LPS. LPS treatment significantly (3.9- ± 0.1-fold; P < 0.0001)  
induced the luciferase reporter activity in cardiomyocytes (Figure 
5A). Second, we performed EMSAs, using nuclear extracts from 

Figure 2
Cfb expression in heart. (A) RT-PCR analyses using RNA show PCR products for Cfb (137 bp). PCR amplification of hypoxanthine-guanine 
phosphoryltransferase (Hprt) was used as a positive control (165 bp). M, lanes containing the DNA size markers (bp). The + and – indicate 
RT reactions with or without the RT, respectively. (B) Immunoblotting for CFB protein expression in heart and liver. Tissue homogenates were 
immunoblotted for CFB. After immunoblotting the blot was stained with Coomassie blue. (C) Reduced expression of Cfb mRNA in post-MI AC3-I 
hearts compared with WT controls (n = 3). The qRT-PCR results were normalized to Gapdh mRNA expression. (D) Reduced CFB protein in 
post-MI AC3-I hearts compared with WT hearts. Homogenates from WT and AC3-I–infarcted hearts were immunoblotted for CFB (n = 3). Follow-
ing immunoblotting, total protein on the blots was visualized by Coomassie staining. The ratio of the CFB band to the total protein in each lane 
was determined and is presented as mean ± SEM. (E) Reduced Cfb mRNA expression in isolated cardiomyocytes from post-MI AC3-I hearts. 
RNA was prepared from cardiomyocytes isolated from WT and AC3-I hearts 7 days after MI (n = 3) and qRT-PCR was performed. Results were 
normalized to Gapdh mRNA expression.
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LPS-treated cultured cardiomyocytes and oligonucleotides with 
consensus NF-κB binding sites. In these experiments, treatment 
of cardiomyocytes with LPS induced specific binding to the NF-κB 
oligonucleotide probe (Figure 5B). Third, we infected cultured car-
diomyocytes with lentivirus carrying a construct for expression of 
a dominant-negative form of IκB (IκB-DN) to inhibit NF-κB or the 
empty vector. Cfb mRNA induction in cells infected with IκB-DN was 
significantly inhibited compared with the cells infected with empty 
vector lentivirus (control, 103% ± 10% versus IκB-DN, 46% ± 8%;  
P = 0.0008; Figure 5C). Taken together, these results suggest that 
CaMKII regulates LPS-mediated Cfb induction in cardiomyocytes 
through the NF-κB pathway.

To test for an in vivo effect of CaMKII on LPS stimulation of the 
NF-κB pathway, we interbred a transgenic mouse strain that harbors 
an NF-κB–luciferase reporter gene (referred to as HIV–long termi-
nal repeat/luciferase mice [HLL mice]) (29) with mice expressing the 
CaMKII inhibitor peptide (βCaMKIIN mice). These CaMKII inhib-
itor mice (CaMKIIN mice) had α-MHC promoter driven expres-
sion of a minigene encoding the CaMKIIN peptide βCaMKIIN 
(30) that is targeted to the cytoplasmic membranes by addition 
of a palmitoylation signal sequence. We engineered CaMKIIN  
with an HA epitope, and HA immunostaining confirmed that 
βCaMKIIN was expressed in cytoplasm but excluded from the 
nucleus in adult ventricular myocytes (Supplemental Figure 4). 
We measured the luciferase activity in heart extracts 6 hours after 
intraperitoneal injection of LPS. Compared with the HLL controls, 
HLL crossed with CaMKIIN coexpressing hearts showed significant 
reduction in luciferase activity upon LPS induction (141% ± 28%  
increase in HLL versus 40% ± 14% increase in HLL crossed with 
CaMKIIN hearts; P < 0.01; Figure 5D). These data show that the 
NF-κB pathway is critical for Cfb expression in cardiomyocytes and 
that CaMKII inhibition significantly attenuates NF-κB activity in 
response to LPS in myocardium in vivo.

CaMKII regulates TNF-α  induced Cfb  
expression. We reasoned that if NF-κB is a 
key control point for CaMKII effects on 
inflammatory signaling in cardiomyocytes, 
then CaMKII inhibition should also nega-
tively regulate responses to other agonists 
that activate NF-κB. TNF-α is a proinflam-
matory cytokine that activates Cfb through 
NF-κB (28, 31). Furthermore, TNF-α 
expression is increased during MI (32), 
and increased systemic or local expression 
of TNF-α results in cardiomyopathy (33). 
We treated cultured neonatal cardiomyo-
cytes with TNF-α in the presence of the 
CaMKII inhibitor KN-93 and measured 
Cfb induction using qRT-PCR (Figure 6A). 
TNF-α strongly induced Cfb expression 
in these experiments, and this induction 
was significantly blunted by CaMKII inhi-
bition with KN-93 (TNF-α plus KN-93,  
15% ± 3% versus TNF-α alone, 100% ± 20%; 
P < 0.001). We also tested the effect of  
TNF-α on Cfb expression in neonatal car-
diomyocytes from AC3-I transgenic or WT 
mice. As expected, upon treatment with 
TNF-α, the Cfb expression level was signifi-
cantly lower in the AC3-I cardiomyocytes 

(WT treated with TNF-α, 100% ± 4% versus AC3-I treated with 
TNF-α, 66% ± 6%; P < 0.001; Figure 6B). These results support the 
concept that the NF-κB pathway is regulated by CaMKII in cardio-
myocytes in response to LPS and TNF-α stimulation.

Cfb–/– mice are partially protected against MI. CaMKII has multiple 
downstream targets in cardiomyocytes. Therefore, the benefits of 
CaMKII inhibition after MI likely result from effects on a variety of 
protein substrates. In order to measure the functional importance 
of Cfb expression to MI outcomes, we compared the MI respons-
es in Cfb–/– and WT mice. We observed a nonsignificant trend  
(P = 0.06) toward improved survival in Cfb–/– (84% survival) com-
pared with the WT controls (57% survival) 21 days after MI (Figure 
7A). Cfb–/– mice had significantly less cardiac hypertrophy (heart 
weight/tibia length [HW/TL] = 8.9 ± 0.5 mg/mm) compared with 
the WT controls (HW/TL = 11.1 ± 0.6 mg/mm; P = 0.01; Figure 7B). 
The baseline and post-MI ejection fractions (Figure 7C) and cal-
culated LV volume/mass ratio (Figure 7D) did not differ between 
the WT and Cfb–/– mice. Our cellular studies identified increased 
sarcolemmal stress and LDH leak as a consequence of post-MI 
Cfb expression. In order to test if there was reduced complement 
deposition in Cfb–/– hearts after MI, we immunolabeled deposited 
complement C3 in frozen tissue sections. Compared with the WT 
myocardium, Cfb–/– hearts showed significantly reduced number 
of C3 deposits (Figure 7E; P = 0.03). These results show Cfb–/– mice 
have reduced mortality, hypertrophy, and myocardial complement 
deposition compared with WT controls after MI.

Discussion
An unexpected role of CaMKII in myocardial inflammation. MI, like other 
causes of tissue injury, is associated with inflammation (34–37).  
Activation of inflammatory pathways after MI is increasingly rec-
ognized as an important association with adverse patient outcomes 
(35, 38–40). CaMKII inhibition improves myocardial performance 

Figure 3
Cfb is induced by LPS in cardiomyocytes. (A) LPS induces Cfb transcripts in neonatal cardio-
myocytes. RNA from cultured mouse neonatal cardiomyocytes was isolated after 12 hours of 
treatment with 10 μg/ml LPS, and qRT-PCR was performed to detect Cfb RNA expression. 
Results were normalized to Hprt, and the relative abundance of Cfb RNA is displayed. (B) 
LPS-induced increase in CFB protein in cultured neonatal cardiomyocytes. Cells were grown 
in serum-free medium and treated with LPS (10 μg/ml) for 24 hours. (C) Membrane damage 
caused by complement fixation in neonatal cardiomyocyte cultures from WT and Cfb–/– mice 
was determined by LDH leakage in the culture medium after LPS treatment. LDH activity after 
LPS treatment (control) or LPS treatment in the presence of mouse serum (serum) was com-
pared. Ratios of background subtracted LDH activity in the culture medium and total cellular 
content (Triton X-100 lysates) were determined after 24 hours of LPS treatment. All experi-
ments were done with at least 3 samples.
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and protects against adverse structural effects after MI in mice (3), 
suggesting that CaMKII inhibition may be a successful approach 
for treating MI patients. However, a role of CaMKII in myocardial 
inflammation had not been previously suspected. Here, we provide 
new evidence that (a) cardiomyocytes express the inflammatory 
gene Cfb and that Cfb expression increases with pathological stress, 
while lack of Cfb improves the response to MI; (b) induction of Cfb 
results in sarcolemmal injury; (c) CaMKII inhibition reduces both 
Cfb expression and sarcolemmal injury; and (d) CaMKII is an acti-
vator of the NF-κB pathway in cardiomyocytes in vitro and in vivo. 
Because the CaMKII inhibitory peptide βCaMKIIN is targeted to 
cytoplasmic membranes in the CaMKIIN transgenic mice, our in 
vivo data suggests that CaMKII inhibition can suppress NF-κB 
independent of direct actions in the nucleus.

CaMKII regulates the activity of key proteins involved in cardiac 
excitation-contraction coupling (41). In addition, CaMKII regu-
lates expression of hypertrophic genes by directly altering tran-
scription activators or through histone-modifying enzymes (42). 
However, to our knowledge, a role of CaMKII in inflammatory 
gene regulation after cardiac injury was unprecedented. Using gene 
expression profiling, we confirmed that in response to MI, CaMKII 
increases the expression of inflammatory molecules in heart (Fig-
ure 1). Thus, our findings reveal what we believe to be a novel and 
unexpected role of CaMKII in favoring inflammatory responses in 
heart and highlight a specific pathway whereby CaMKII increases 
CFB and induces sarcolemmal injury in cardiomyocytes.

Calmodulin-activated protein kinases regulate NF-κB activity in 
neurons and T cells (43–46). In this report, we have demonstrated 
that CaMKII inhibition reduces Cfb responses to LPS, both in cul-
tured cardiomyocytes and in vivo through regulation of NF-κB  
signaling pathway (Figures 4 and 5). These regulatory effects were 
also exerted on TNF-α–mediated gene expression (Figure 6, A 
and B), demonstrating a role of CaMKII in secondary effects on 
myocardial cytokine amplification upon injury (9). We observed 
a surprisingly large number of MI-regulated mRNAs (a total 65 
modulated genes out of 156 genes modulated by MI) that were 
responsive to CaMKII inhibition. The possible preeminence of 

CaMKII as a regulator of post-MI gene changes, at least as detected 
in our microarray experiments, suggests that CaMKII participates 
in a wide range of transcriptional responses to myocardial injury.

Complement proteins in myocardial injury and inflammation. Clas-
sical complement proteins, secreted from extra-myocardial tis-
sue, are known to participate in myocardial injury responses to 
pathological stress, including MI. However, the involvement of the 
alternative pathway complement proteins and the possibility that 
complements were produced by myocardial cells under stress con-
ditions was not previously considered. Our results do not discount 
the concept that inflammatory responses are amplified by blood-
borne non-cardiac cells. However, our results do show that myocar-
dium is capable of initiating and sustaining a defined local inflam-
matory response that leads to sarcolemmal injury in the absence of 
enabling non-cardiac cells. In the present study, we identified Cfb 
as a proinflammatory signal expressed in cardiomyocytes after MI 
and defined a new role for CaMKII in regulating the expression of 
a crucial component of the alternative complement pathway. Our 
experiments showed increased cell membrane damage upon LPS 
induction of CFB in WT cells but not in Cfb–/– cells (Figure 3C), 
consistent with the concept that the alternative complement path-
way was required for sarcolemmal damage. However, cell death 
did not correspond to the increased membrane damage following 
complement activation (Supplemental Figure 3, A and B). Thus, 
cultured cardiomyocytes appear to resist cell death by complement 
fixation. CFB protein initiated MAC may cause cell lysis or form a 
sublytic complex; the latter stimulates cells to amplify the inflam-
matory response through cytokine induction (47–49).

Using Cfb–/– mice in our studies, we demonstrated that Cfb is 
a determinant of MI outcome. Cfb–/– mice showed significantly 
reduced myocardial complement deposition and hypertrophy 
after MI and had a trend toward improved survival compared with 
WT mice (Figure 7). These results directly demonstrate for what 
we believe is the first time a role of the alternate complement path-
way in exacerbating myocardial injury. However, the beneficial 
effects of Cfb ablation on post-MI responses are smaller than the 
benefits globally attributed to CaMKII inhibition (3), consistent 

Figure 4
CaMKII regulates Cfb expression in cardiomyocytes by LPS stimulation. (A) Neonatal cardiomyocytes were treated with LPS in the presence 
or absence of the CaMKII inhibitor KN-93 (2.5 μM). Twelve hours after LPS treatment, RNA was extracted and qRT-PCR was performed to 
determine Cfb RNA expression. KN-93 was added an hour prior to LPS induction. (B) Cfb RNA expression after LPS treatment of CaMKII-
inhibited transgenic AC3-I cardiomyocytes. Neonatal cardiomyocytes from AC3-I mice and AC3-C and WT controls were induced with LPS, 
and Cfb transcripts were quantified using qRT-PCR. (C) Cultured cardiomyocytes were infected with empty vector control or shRNA lentivirus 
particles against CaMKII, followed by LPS treatment for 12 hours. RNA was isolated and qRT-PCR was performed to quantify the Cfb mRNA. 
Cell homogenates were analyzed to monitor knockdown of CaMKII by immunoblotting with CaMKII-specific antibodies (left panel).
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with the idea that reduced CFB expression is only one of many 
downstream CaMKII targets involved in pathological outcomes 
after MI. Although Cfb ablation did not result in gross phenotypic 
differences compared with WT littermates (24), it is possible that 
loss of Cfb causes uncharacterized effects.

In our experiments, LPS stimulation of CFB in cardiomyocytes 
increased cell membrane leakage, as determined by increased LDH 
activity in the culture supernatants (Figure 3C). Although the 
causes of initial injury and induction of inflammatory response in 
the myocardium are not well understood, TLR-4 has been implicat-
ed in several tissue injury models, including LPS infusion. TLR-4– 
deficient mice are resistant to myocardial ischemia/reperfusion 
injury and display reduced inflammatory response, including 
reduced myocardial complement fixation (50). In addition, block-
ing MyD88, the downstream adapter of TLR-4 signaling, displays 
similar protection against myocardial injury (51). Moreover, several 
studies have underlined the role of the NF-κB pathway in cardiac 
hypertrophy and inflammation (52–55). Since the NF-κB pathway 
is one of the major proinflammatory pathways to be induced by 
TLR activation, it is likely that a subgroup of inflammatory genes, 
including Cfb, is induced by TLR-4 activation upon myocardial 
injury. We have demonstrated that LPS-stimulated increase in Cfb 

expression is related to CaMKII activation of the NF-κB pathway, 
both in vitro and in vivo (Figure 5). Because the CaMKII inhibitory 
peptide βCaMKIIN is targeted to cytoplasmic membranes in the 
CaMKIIN transgenic mice, our in vivo data suggests that CaMKII  
inhibition can suppress NF-κB independent of direct actions in 
the nucleus. Our findings suggest an exciting new hypothesis 
that these inflammatory response pathways will be regulated by 
CaMKII. As the role of TLR-4 in sensing tissue injury is becoming 
evident, a broader role of CaMKII as a regulator of inflammatory 
responses to ischemia, infarction, and sepsis may emerge.

How many targets are needed to treat MI? Patient outcomes after 
MI almost certainly depend upon the combined activation of sev-
eral distinct but potentially interrelated signaling pathways. The 
plethora of deleterious signals activated during MI suggests that 
specific treatments exclusively targeted toward any single pathway 
will not be successful. Our results from post-MI cardiac functions 
suggest that although Cfb alone does not seem to be the determi-
nant of the complex phenotype arising after MI, it certainly con-
tributes adversely to the disease. On the other hand, CaMKII par-
ticipates in several different downstream pathological outcomes in 
MI, by activating hypertrophic gene programs (56, 57), inducing 
proarrhythmic electrical remodeling (3, 58), stimulating cell death 

Figure 5
CaMKII regulates LPS-stimulated Cfb expression through the NF-κB pathway. (A) Cultured neonatal cardiomyocytes were transfected with the 
NF-κB–luciferase reporter gene plasmid and treated with either PBS or LPS for 6 hours. Luciferase activity was measured and normalized to 
activity from a cotransfected Renilla luciferase plasmid. The data represent the mean ± SEM (n = 3). (B) EMSA showing NF-κB induction in car-
diomyocytes upon LPS treatment. Cardiomyocytes were treated for 45 minutes with LPS and nuclear extracts were prepared. The specific NF-κB 
band is marked by the arrow. The lanes contain no nuclear extract (lane 1), untreated cells (lanes 2 and 3), LPS-treated cells (lanes 4 and 5), LPS-
treated cells and 50- and 100-fold WT unlabeled competitor oligonucleotides (oligo) (lanes 6 and 7), and LPS-treated cells and 50- and 100-fold  
mutated unlabeled oligonucleotides (mut) (lanes 8 and 9). (C) A dominant-negative form of IκB (IκB-DN) attenuates LPS-induced Cfb mRNA 
expression. Control or dominant-negative IκB–expressing lentivirus particles were infected in cultured cardiomyocytes, followed by LPS induction 
for 12 hours. RNA was isolated and qRT-PCR performed. (D) In vivo CaMKII inhibition affects LPS-induced NF-κB activation. Luciferase activity 
of HLL or HLL crossed with CaMKIIN (HLL x CaMKIIN) hearts was measured 6 hours after intraperitoneal injection of LPS (2 μg/g body weight). 
Luciferase activity was normalized to the total protein concentration; at least 6 animals in each group were used in these experiments.
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pathways (4, 59), and disturbing cellular Ca2+ homeostasis (60). 
CaMKII activity increases are initiated by a variety of upstream sig-
nals that lead to increased cellular Ca2+ and/or increased oxidation 
(2). Our finding that LPS activates a CaMKII pathway to induce 
Cfb contributes new evidence to illustrate the multifunctional 
capacity of CaMKII as a nodal signal for integrating and transduc-
ing upstream signals into diverse downstream pathological con-
sequences in heart disease. The emerging concept that CaMKII 
participates in multiple critical disease processes raises hope that 
further exploration and understanding of the CaMKII pathway 
and CaMKII inhibition could provide an improved, “broad spec-
trum” therapy for MI patients.

Methods
Cell cultures. All animal experiments were approved by the Institutional Animal 
Care and Use Committee of University of Iowa. Mouse neonatal cardiomyo-
cytes were isolated from 1- to 3-day-old newborn mice, according to an estab-
lished protocol in our laboratory, and detailed in Supplemental Methods.

Myocardial CaMKIIN mice. Targeting of βCaMKIIN to cytoplasmic 
membranes in transgenic mice was achieved by fusion of tandem Cys 
residues from GAP-43 (neuromodulin). These Cys are palmitoylated, 
which causes the CaMKIIN to partition into detergent-resistant cellular 
membranes (61). The details of the generation of transgenic mice are 
provided in Supplemental Methods.

Pharmacological reagents. Aqueous solutions of LPS from E. coli (Sigma-
Aldrich), TNF-α (BD Biochemicals), and water-soluble KN-93 (Calbio-
chem) were used at 10 μg/ml, 300 pg/ml, and 2.5 μM final concentrations, 
respectively. In this study, we only used the water-soluble form of KN-93, 
because a water-soluble form of the KN-93 control drug, KN-92, is not 
available. We did not use the DMSO-soluble forms of KN-93 or KN-92, 
because DMSO at a concentration necessary to dissolve KN-92 markedly 
affected transcript levels in our experiments (data not shown).

cDNA microarray analysis. Gene expression profiles were determined 
from cDNA microarrays, containing 8,600 elements derived from clones 
isolated from normalized cDNA libraries or purchased from ResGen 
(Invitrogen), as described in detail previously (62). Differential expres-

sion values were expressed as the ratio of the median of background-sub-
tracted fluorescence intensity of the experimental RNA to the median 
of background-subtracted fluorescence intensity of the control RNA. In 
the present study, a 1.8-fold threshold value was used to identify differ-
entially expressed genes. For ratios that were greater than or equal to 1.0, 
the ratio was expressed as a positive value. For ratios of less than 1.0, the 
ratio was expressed as the negative reciprocal (i.e., a ratio of 0.5 = –2.0). 
Median ratios were normalized to 1.0 using 2 pools of 3,000 randomly 
chosen cDNAs in each pool. Six replicates of each of the 2 pools were 
printed in 4 evenly distributed blocks of the array. A statistically signifi-
cant differential expression threshold value was empirically determined 
according to the method of Yang et al. (21).

MI surgery and echocardiography. Mouse hearts were infarcted by opening 
the thoracic cavity and placing a ligature on the left descending coronary 
artery, as described previously (3). Both male and female mice were infarct-
ed and at 3 weeks after infarction, RNA was isolated from cardiac tissue 
using RNeasy kit (QIAGEN).

Transthoracic echocardiograms were recorded in conscious sedated 
mice, as described previously (63). Images were acquired and analyzed by 
an operator blinded to mouse genotype.

NF-κB reporter mice. For evaluating NF-κB activation in mouse hearts in 
vivo, we used transgenic mice that were engineered to possess proximal 5′ 
HIV-1 long terminal repeat, driving the expression of Photinus luciferase 
cDNA (referred to as HLL mice) in each tissue (29). Both CaMKIIN and 
HLL mice have the same B6D2 background.

RNA isolation and qRT-PCR. Total RNA was isolated from mouse tissues 
and cardiomyocytes using RNeasy RNA Isolation Kit (QIAGEN). A 500-ng 
aliquot of each RNA sample was used for cDNA synthesis in a 50 μl reac-
tion mix, using oligo dT16 as primer and SuperScript III Reverse Transcrip-
tase (Invitrogen). SYBR Green–based quantitative real-time PCR reactions 
were performed as described in Supplemental Methods.

CaMKII knockdown. Cultured neonatal cardiomyocytes were infected 
with FIV, lentivirus containing shRNA against CaMKIIδ, as previously 
described (2). The shRNA were targeted to the conserved sequence of the 
mouse CaMKIIδ transcript. RNA isolation and cell lysates preparations 
were done 48 hours after viral infection.

Immunoblotting. Tissue samples were homogenized in modified RIPA buf-
fer (50 mM HEPES, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% v/v NP-40, and 
0.5% w/v deoxycholate), containing a mixture of protease and phosphatase 
inhibitors. Equal amounts of protein were fractionated on NuPAGE gels 
(Invitrogen) and transferred onto PVDF membranes (Bio-Rad). After 
blocking nonspecific binding with 10% w/v non-fat milk powder in TBS-T 
(50 mM Tris-HCl, pH 7.6, 150 mM NaCl, and 0.1% v/v Tween-20), blots 
were incubated in primary antibodies (rabbit anti-CFB, Atlas Antibodies; 
rabbit anti-actin, Sigma-Aldrich) overnight at 4°C. Antibodies to CaMKIIδ 
were a gift from Harold Singer (Albany Medical College, Albany, New York, 
USA). Blots were washed in TBS-T and incubated with appropriate HRP-
conjugated secondary antibodies. Protein bands were detected using ECL 
reagent (Lumi-Light, Roche), and loading was routinely monitored by coo-
massie staining of the blots after antibody probing. For quantification, 
Quantity One software (Bio-Rad) was used.

Immunofluorescence labeling. Cardiomyocytes from HLL, CaMKIIN, or HLL 
crossed with CaMKIIN interbred mice were fixed in 4% paraformaldehyde, 
and cells were permeabilized by PBS-0.1% Tween20. To visualize the  
HA-tagged peptide, a monoclonal anti-HA antibody (Covance) and Alexa 
Fluor 568–conjugated goat anti-mouse IgG (Molecular Probes) second-
ary antibody were used. The control labeling experiments were performed 
under identical conditions except the anti-HA Mab was omitted.

For C3 deposition in myocardium, frozen heart sections were labeled using 
specific antibody. Twenty-five randomly selected fields for each of the WT 

Figure 6
TNF-α–mediated Cfb expression is regulated by CaMKII. (A) Neonatal 
cardiomyocytes were treated with TNF-α (100 pg/ml) in the presence 
or absence of KN-93 (2.5 μM) and RNA was isolated after 12 hours.  
Cfb transcripts were quantified by qRT-PCR and normalized to Hprt. 
(B) Cultured AC3-I and WT neonatal cardiomyocytes were treated 
with TNF-α and qRT-PCR was performed on RNA isolated after  
12 hours of treatment.
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and Cfb–/– post-MI heart sections were scored for positive or negative signal 
in a blind experiment. Four WT and Cfb–/– mouse hearts were assessed, and 
the percentage of positive fields for C3 deposition are presented.

ELISA. To determine the secreted CFB from neonatal cardiomyocytes, 
flat-bottom polystyrene plates (Costar Corning) were coated with 100 μl 
of culture medium for 18 hours at 4°C. Skim milk (2%) in PBS solution 
was used as a blocking reagent. After washing the wells with PBS contain-
ing 0.05% v/v Tween-20, a 1:1,000 dilution of affinity-purified antibody 
to CFB was added to each well (100 μl per each well). After washes, bioti-
nylated anti-rabbit IgG (goat anti-rabbit IgG, Jackson ImmunoResearch 
Laboratories Inc.), at a 1:2,000 dilution, was incubated, and new washes 
were performed. An affinity-purified biotin-conjugated secondary anti-
body (1:2,000 dilution, goat anti-rabbit IgG, Sigma-Aldrich) was added to 
the wells. A second conjugate, Streptavidin-alkaline phosphatase (1:2,000 
dilution, Jackson ImmunoResearch Laboratories Inc.), was incubated.  
p-Nitrophenyl phosphate tablets (SigmaFast, Sigma-Aldrich) in Tris-HCl 
buffer (200 mM, pH 8.0) were used as chromogen substrate. The chromo-
genic reaction was monitored by measuring the absorbance at 405 nm in a 
plate reader (Molecular Devices).

LDH assays. A 100-μl aliquot of culture medium was used for LDH detec-
tion, using a commercial LDH assay kit (Clontech). The total LDH was 
determined after removing the culture medium and replenishing the wells 
with medium, containing 1% Triton X-100 to lyse the cells. The activity of 
released LDH in culture medium was normalized to the total cellular LDH 
activity to determine the effect of treatments.

TUNEL and PI assays. TUNEL assays were performed using In Situ Cell Death 
Detection Kit, TMR red (Roche), according to the manufacturer’s recommend-
ed protocol, as described in Erickson et al. (2). To assay the cell death, we used 
the fluorescent vital dye PI (Molecular Probes), according to the manufactur-
er’s protocol. Cells were grown in serum-free medium, and control (serum) 
or treated (serum and LPS) cultured neonatal cardiomyocytes (24-hour treat-
ment) were trypsinized and mixed with aqueous PI solution (1 μg/ml, final 
concentration). After 30 minutes of incubation on ice, cells were sorted by flow 
cytometry, using a 610-nm/20-nm band-pass filter (LSR II, BD).

EMSA. EMSA experiments were performed using [32P]-labeled duplex 
oligodeoxynucleotides (probe), representing the binding sites for NF-κB 
(5′-AGTTGAGGGGACTTTCCCAGGC-3′) (Promega). Neonatal cardio-
myocytes were treated with LPS for 45 minutes and nuclear extracts were 
prepared by a method described by Dignam and Roeder (64). Labeled 
probe was incubated with nuclear extracts in the presence of poly(dI-dC) to 
prevent nonspecific protein-DNA interactions. Bound DNA-protein com-
plexes were separated by polyacrylamide gel electrophoresis and visualized 
by autoradiography. The specificity of protein-DNA interaction was tested 
by addition of 50- and 100-fold molar excess of unlabeled duplex WT or 
mutated oligos (5′-AGTTGAGTTGACTTTCCCAGGC-3′).

Statistics. Statistical significance was determined by a Student’s t test  
(2-tailed) or ANOVA, as appropriate. Post-hoc analyses from multiple 
group comparisons were performed using the Bonferroni method. A  
P value of less than 0.05 was considered statistically significant. All results 
are presented as mean ± SEM.

Figure 7
Improved cardiac function in Cfb–/– mice after MI. (A) Kaplan-Meier graph of survival of Cfb–/– and WT mice after inducing MI. Cfb–/– mice showed a 
trend toward improved survival (84% survival, n = 14) compared with the WT mice (57% survival, n = 8) on 21 day after MI (P = 0.06). (B) Cardiac 
hypertrophy at 21 day after MI was measured as the ratio of heart weight to tibia length (HW/TL). (C) LV function was indexed as ejection fraction 
(EF). (D) The volume/mass ratio of LVs after MI was determined by echocardiography after MI (21 days). WT-MI, WT mice after MI; Cfb–/–-MI, 
Cfb–/– mice after MI. (E) Reduced complement (C3) deposition in myocardium of Cfb–/– mice 1 week after MI (original magnification, ×400).
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