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Patients with primary (AL) cardiac amyloidosis suffer from pro-
gressive cardiomyopathy with a median survival of less than 8
months and a 5-year survival of <10%. Contributing to this poor
prognosis is the fact that these patients generally do not tolerate
standard heart failure therapies. The molecular mechanisms under-
lying this deadly form of heart disease remain unclear. Although
interstitial amyloid fibril deposition of Ig light chain proteins is a
major cause of cardiac dysfunction in AL cardiac amyloidosis, we
have previously shown that amyloid precursor proteins directly
impair cardiac function at the cellular and isolated organ levels,
independent of fibril formation. In this study, we report that amy-
loidogenic light chain (AL-LC) proteins provoke oxidative stress,
cellular dysfunction, and apoptosis in isolated adult cardiomyo-
cytes through activation of p38 mitogen-activated protein kinase
(MAPK). AL-LC–induced p38 activation was found to be independ-
ent of the upstream MAPK kinase, MKK3/6, and instead depends
upon transforming growth factor-β-activated protein kinase-1
binding protein-1 (TAB1)-mediated p38α MAPK autophosphoryla-
tion. Treatment of cardiomyocytes with SB203580, a selective p38
MAPK inhibitor, significantly attenuated AL-LC–induced oxidative
stress, cellular dysfunction, and apoptosis. Our data provide a
unique mechanistic insight into the pathogenesis of AL-LC cardiac
toxicity and suggest that TAB1-mediated p38α MAPK autophos-
phorylation may serve as an important event leading to cardiac
dysfunction and subsequent heart failure.
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The amyloidoses represent a group of protein misfolding dis-
eases that share a common pathology of extracellular fibril

deposition. Amyloidoses can be either localized or systemic
diseases (1, 2). Primary amyloidosis, now termed AL (amyloi-
dogenic Ig light chain) amyloidosis, is the most common form of
systemic amyloidosis in the United States. AL amyloidosis is
distinguished by the clonal production of Ig light chain proteins
and subsequent multiorgan amyloid deposition and dysfunction
(2, 3). More than 50% of AL amyloidosis patients suffer from
cardiac involvement, developing a rapidly progressive form of
cardiomyopathy and heart failure with a medium survival of less
than 8 months and a 5-year survival of less than 10% (4). Patients
with AL cardiac amyloidosis generally do not tolerate standard
heart failure medications including digoxin, β-blockers, and
angiotensin converting enzyme inhibitors. Despite recent
advances in diagnostic and treatment modalities, prognosis with
AL cardiac amyloidosis remains exceedingly poor, highlighting
the importance of elucidating the underlying mechanisms and
identifying novel therapeutic strategies for this group of patients.
Our previous work has challenged the long-standing notion that

interstitial amyloid fibril deposition is the sole cause for cardiac

dysfunction. Using isolated cardiomyocytes and heart prepara-
tions, we have demonstrated that amyloidogenic Ig light chain
proteins (AL-LC) directly cause oxidative stress and dysfunction
independent of fibril deposition (5, 6). These observations agree
with the concept that amyloid precursor proteins, not amyloid
fibrils, cause organ dysfunction and contribute to the pathophysi-
ology and progression in various amyloid-related diseases (7, 8).
Among the multiple key mediators involved in the regulation of
redox status, stress-responsive p38 mitogen-activated protein
kinases (MAPK) have been reported to be activated in other types
of amyloid disease such as Alzheimer’s disease (9–12). Our prior
findings have implicated oxidative stress in AL-LC–induced cel-
lular dysfunction.We, therefore, set out to determine whether p38
MAPKcould be an importantmediator in the pathogenesis ofAL-
LC–induced cardiac dysfunction.
Herein, using human light chain proteins isolated from

patients with AL cardiomyopathy and nonamyloid myeloma
patients, we demonstrate that p38 MAPK is immediately and
differentially activated by AL-LC but not by light chains obtained
from nonamyloid myeloma patients (Con-LC). We further dis-
cover that the AL-LC–induced p38 MAPK activation is not
mediated via canonical MAPK kinases but rather through a
recently identified novel p38α autophosphorylation mechanism
(13, 14). Importantly, inhibition of p38 MAPK by either the
selective inhibitor SB203580 or overexpression of a dominant
negative p38α, but not a dominant negative p38β, prevented AL-
LC–induced oxidative stress, cardiomyocyte dysfunction, and
apoptosis, suggesting that activation of p38α through autophos-
phorylation may play a pivotal role in triggering AL-LC–induced
cellular dysfunction and potentially contribute to the subsequent
pathogenesis of AL cardiac amyloidosis.

Results
Isolation of Human AL-LC Proteins. AL-LC used in the experiments
were isolated and purified from urine specimens collected from
patients referred to the Amyloid Research and Treatment Pro-
gram at Boston University School of Medicine. To complement
our experimental group, we employed two essential controls for
all our experiments: vehicle control (vehicle) and nonamyloid
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control light chain (Con-LC) proteins isolated from patients with
multiple myeloma. A brief summary of the types of LC and
clinical symptoms of the patients when the samples were col-
lected are detailed in Table S1.

AL-LC Activates p38 MAPK in Isolated Adult Cardiomyocytes. Our
previous findings have indicated that AL-LC increases oxidative
stress in isolated cardiomyocytes and suggested that redox-
sensitive signaling pathways may be involved in AL-LC–induced
cellular dysfunction. Therefore, we measured phosphorylation
levels of p38, JNK, and ERK in isolated adult rat cardiomyocytes
treated with AL-LC (20 μg/mL), Con-LC (20 μg/mL), or vehicle
(ultrapure water). Immunoblot analysis showed that there was a
relatively low basal level of p-p38, p-JNK, and p-ERK in isolated
adult cardiomyocytes. Fifteen minutes exposure of isolated car-
diomyocytes to AL-LC significantly enhanced p38 phosphor-
ylation as compared to Con-LC and vehicle-treated cells (Fig.
1A), without affecting the phosphorylation state of ERK and
JNK (Fig. 1A). A time course revealed that the phosphorylation
of p38 by AL-LC occurred as early as 5 min, peaked at 15 min,
and then returned to basal levels in 60 min (Fig. 2B). To test
whether AL-LC–induced p38 MAPK activation was specific to
protein isolated from one human sample, we examined p38
phosphorylation after exposure of cardiomyocytes to seven other
AL-LC and one more Con-LC. We observed elevated p38
phosphorylation in all eight AL-LC treated, but not in Con-
LC-treated cardiomyocytes (Fig. 1C). These data suggest that
activation of p38 MAPK may represent an initial event media-
ting AL-LC effects on isolated cardiomyocytes.

Inhibition of p38 MAPK Activation Prevents AL-LC–Induced
Cardiomyocyte Dysfunction. To test our hypothesis that p38 acti-

vation mediates AL-LC–induced cardiomyocyte dysfunction, we
treated cardiomyocytes with AL-LC, Con-LC, or vehicle in the
absence or in the presence of 5 μM SB203580, a selective p38
MAPK inhibitor, and examined reactive oxygen species (ROS)
production and cell contractility. AL-LC but not Con-LC sig-
nificantly enhanced ROS production as determined by increased
DCF (dichloroflorocine) fluorescence, a fluorescent dye sensitive
to H2O2, (Fig. 2A), and significantly impaired cardiomyocyte
contractility as revealed by reduced percent cell shortening (%CS)
(Fig. 2B) measured by an edge detection technique (6). Strikingly,
inhibition of p38 MAPK by SB203580 completely prevented AL-
LC–induced ROS production (Fig. 2A) and impairment of cell
contractility (Fig. 2B). These data strongly support the notion that
activation of p38 MAPK pathway plays a critical role in AL-
LC–induced oxidative stress and cardiomyocyte dysfunction.

AL-LC Induces TAB1-Mediated p38 Autophosphorylation. We next
examined whether AL-LCmay activate MKK3/6, well-known p38
MAPK upstream kinases. Immunoblot using antibody against
phosphorylatedMKK3/6 revealed a basal level of phosphorylation
in vehicle-treated cells. However, the phosphorylation state of
MKK3/6 was unchangedwithAL-LC treatment (Fig. 3A), strongly
suggesting that AL-LC–induced p38 activation is via MKK3/6-
independent mechanisms.
Emerging data suggest that TAB1 may recruit activated p38,

which can result in p38 autophosphorylation. This pathway
serves an alternative means for p38 MAPK to be phosphory-
lated/activated in a noncanonical fashion under certain con-
ditions (13, 15). Note that in contrast to upstream MKK-
mediated p38 MAPK phosphorylation, autophosphorylation
requires p38 MAPK intrinsic kinase activity. We therefore

Fig. 1. AL-LC activates p38 MAPK in isolated adult rat cardiomyocytes. (A)
Immunoblots showing phospho- and total p38, JNK, and ERK MAPKs in iso-
lated cardiomyocytes incubated with vehicle, Con-LC (20 μg/mL), or AL-LC
(20 μg/mL) for 15 min. Bar graphs summarize the data from three inde-
pendent experiments, with vehicle control set as 1-fold. *, P < 0.05 vs. vehicle;
#, P < 0.05 vs. Con-LC. (B) Phosphorylation of p38 in cardiomyocytes under the
same treatment conditions as above for designated times. Immunoblots are
representatives of two separate experiments. (C) Bar graph summarizing the
ratio of phospho- to total p38 expression in cardiomyocytes incubated for 15
min with Con-LC and AL-LC isolated from two myeloma patients (code no. :
96–100 and 00–161) and eight AL patients (code no.: 00–131, 00–127, 01–003,
99–145, 00–112, 01–091, 02–131, and 01–052), respectively, with vehicle
control set as 1-fold. The experiments were repeated three times. Detailed
information for the human samples is summarized in Table S1.

Fig. 2. Pharmacological inhibition of p38 MAPK activity prevents AL-LC–
induced oxidant stress and contractile dysfunction in isolated adult car-
diomyocytes. Inhibition of p38 MAPK with SB203580 (5 μM) attenuated AL-
LC–induced reactive oxygen species (ROS) production as determined by DCF
fluorescence (A) and contractile dysfunction indicated by the decreased
percent cell shortening (%CS) as measured by edge detection methodology
(B). Bar-graph data are from three independent experiments. For B, data are
means ± SE from three independent experiments, with each individual
experiment average values taken from 8 to 12 cell measurements for each
group. Representative tracings of single cell shortening at respective con-
ditions are displayed above the bar graph. *, P < 0.05 vs. vehicle and #, P <
0.05 vs. Con-LC in the presence or absence of SB203580; †, P < 0.05 vs. AL-LC
in the absence of SB203580.
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examined whether inhibition of p38 MAPK activity by SB203580
could abolish p38 MAPK phosphorylation induced by AL-LC.
As shown in Fig. 3B, the enhancement of p38 MAPK phos-
phorylation by AL-LC treatment was significantly attenuated by
the presence of SB203580 (5 μM); however, inhibition of p38
MAPK activity by SB203580 did not change the basal level of
p38 phosphorylation, suggesting that constitutive activation of
MKK3/6 may contribute to the basal level of p38 MAPK acti-
vation that is independent of AL-LC–triggered p38 MAPK
phosphorylation. We further tested three additional AL-LC from
AL patients described in Table S1 and observed a similar
inhibitory effect of SB203580 on AL-LC–induced p38 MAPK
phosphorylation (Fig. 3C). Using immunoprecipitation of TAB1
with TAB1-specific antibody from total cell lysate followed by
immunoblotting with anti-TAB1 and anti-p38 antibodies, we
found an increase in endogenous TAB1 and p38 MAPK inter-
action in cells treated with AL-LC in comparison with Con-LC
and vehicle-treated groups (Fig. 3D). Taken together, these
results suggest that TAB1-mediated p38 autophosphorylation

rather than canonical p38 MAPK activation is an early event in
AL-LC–induced cellular stress and dysfunction.

Activation of p38α, but not p38β, Contributes to AL-LC–induced
Impairment of Cardiomyocyte Contractility. Recent data have sug-
gested that p38α but not p38β is capable of associating with TAB1
for autophosphorylation (16). To further dissect the role of p38
autophosphorylation in mediating the AL-LC–induced car-
diomyocyte stress and dysfunction, we infected cardiomyocytes
with adenoviruses overexpressing LacZ, dominant negative p38α
(p38αDN), or dominant negative p38β (p38βDN) for 24 h (Fig.
4A) followed by exposure to vehicle, Con-LC, or AL-LC. In
agreement with the data obtained from the inhibition of p38
MAPK by SB203580, overexpression of p38αDN completely
prevented AL-LC–induced impairment of cell shortening (Fig.
4B). In contrast, overexpression of LacZ or p38βDN did not ren-
der any protection to AL-LC–induced cellular dysfunction (Fig.
4B). These data provide unambiguous evidence that the activation
of p38α but not p38β plays a predominant role in mediating the
deleterious effect of AL-LC on cardiomyocyte contractility.

AL-LC Induces Cardiomyocyte Apoptosis Through Activation of p38α
MAPK. Emerging evidence suggests that excess ROS production
and TAB1-mediated p38α autophosphorylation may lead to
cellular apoptosis (17, 18). Therefore, we examined whether AL-
LC–induced p38α autophosphorylation might induce car-
diomyocyte apoptosis. Using a TUNEL assay, we observed a
significantly higher percentage of TUNEL positive cells in car-
diomyocytes treated with AL-LC for 48 h than those in Con-LC
or vehicle groups (Fig. 5 A and 5B), suggesting a strong cytotoxic
effect of AL-LC. The AL-LC–induced cell apoptosis was sub-
stantially inhibited by the presence of either antioxidant
MnTMPyP (50 μM) (Fig. 5A) or SB203580 (5 μM) (Fig. 5B).
Consistent with the TUNEL data, immunoblot analysis of Bax
and Bcl2 protein expression showed that AL-LC enhanced Bax
expression but reduced Bcl2 expression, leading to an increased
Bax/Bcl2 ratio. Similarly, the increase in Bax to Bcl2 ratio was
prevented by treatment with SB203580 (Fig. 5C). Furthermore,
AL-LC–induced apoptosis was prevented by overexpression of
p38αDN, but not by overexpression of LacZ or p38βDN (Fig.

Fig. 3. AL-LC activates p38 MAPK via autophosphorylation but not MKK3/6
activation. (A) Immunoblot shows no difference in MKK3/6 phosphorylation
among the cardiomyocytes incubated with vehicle, Con-LC (20 μg/mL), or AL-
LC (20 μg/mL) for 15 min. (B) AL-LC–induced p38 phosphorylation was
inhibited in cardiomyocytes by SB203580 (5 μM) that was added 30 min
before the addition of vehicle, Con-LC, or AL-LC. (C) The inhibition of AL-LC–
induced p38 phosphorylation was further demonstrated with three more
AL-LC isolated from AL patients (code no.: 01–052, 00–112, and 02–131). The
experimental conditions were the same as described in B. (D) Co-IP assay on
isolated cardiomyocytes incubated with vehicle, Con-LC, or AL-LC for 15 min
demonstrated an increased interaction of p38 MAPK and TAB1 after incu-
bation with AL-LC. Cardiomyocyte extract IP with anti-TAB1 antibody was
followed by immunoblotting with anti-p38 antibody (Upper) and anti-TAB1
antibody (Lower, served as loading control). Each bar graph data are from
three independent experiments. *, P < 0.05 vs. vehicle and #, P < 0.05 vs.
Con-LC in the presence or absence of SB203580; †, P < 0.05 vs. AL-LC in the
absence of SB203580.

Fig. 4. AL-LC–induced cellar dysfunction is prevented by adenovirus medi-
ated overexpression of dominant negative p38α but not dominant negative
p38β. (A) Immunoblot of total p38 MAPK expression in isolated adult car-
diomyocytes infected with adenovirus (MOI of 50) expressing LacZ, domi-
nant negative p38α (p38αDN), or dominant negative p38β (p38βDN). Arrows
indicate endogenous p38 (Lower), p38αDN (Middle), and p38βDN (Upper),
respectively. (B) Overexpression of p38αDN, but not p38βDN, prevents AL-
LC–induced contractile dysfunction in isolated cardiomyocytes as shown by
percent cell shorting. Data are means ± SE from three independent experi-
ments, with each individual experiment average values taken from 8 to 12
cell measurements for each group. * and #, P < 0.05 vs. corresponding
vehicle and control-LC, respectively; † and ‡, P < 0.05 vs. AL-LC–treated cells
overexpressing LacZ and without adenovirus infection, respectively.
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5D), supporting a distinct role for p38α in mediating AL-LC–
induced apoptotic signaling pathways.

AL-LC Induces p38α MAPK-Dependent Apoptosis in Vivo. To deter-
mine whether AL-LC induces programmed cell death in cardiac
tissue in vivo, LC were introduced into wild type (WT) and
transgenic mice with cardiac-specific overexpression of dominant
negative p38α (DNp38αTG) by initial tail vein injection (300 μg
of LC per mouse) followed by systemic i.v. infusion via osmotic
minipump (420 μg of LC infused per mouse over 7 days). Infu-
sion of AL-LC in WT mice resulted in an increase in the Bax/
Bcl2 ratio as determined by Western blot analysis (Fig. 5E) in the
hearts relative to Con-LC infusion, as well as an increase in
cellular apoptosis as determined by TUNEL staining (Fig. S1).
Cellular apoptosis was independent of amyloid fiber deposition,

as evidenced by the lack of any Congo Red staining in AL-LC
hearts. Importantly, similarly to as observed in vitro in a cell
culture system, in vivo AL-LC–induced apoptosis was prevented
in mice overexpressing p38αDN MAPK (Fig. 5E and Fig. S1).
Taken together, our data suggest that AL-LC–induced apoptosis
occurs in vivo after short-term exposure to circulating LC and is
mediated by p38α MAPK-dependent mechanisms.

Increased Apoptosis in Heart Tissue from Patients with AL
Cardiomyopathy. To determine whether apoptosis also is pres-
ent in humans with AL cardiomyopathy, we measured apoptosis
in human heart tissues obtained by biopsy from six nonfailing
human hearts and four hearts from patients with AL cardiomy-
opathy (AL). Consistent with what we observed in our in vitro rat
cardiomyocyte model and in vivo in mice, a significantly higher
percentage of TUNEL-positive cells was observed in the AL
group compared with nonfailing hearts (Non-FH) (Fig. 6A). In
addition, caspase 3/7 activity was significantly higher in AL
samples compared to Non-FH samples (Fig. 6B), as was Bax/
Bcl2 expression and an increase in p53 expression (Fig. 6 C and
D). Our data suggest an involvement of apoptosis in human
AL cardiomyopathy.

Discussion
AL amyloidosis, the most common form of systemic amyloidosis,
frequently results in cardiac involvement with impairment of
diastolic and, eventually, systolic function. When present, cardiac
dysfunction rapidly leads to symptomatic heart failure and death.
To date, treatment options are limited for patients with AL
cardiac amyloidosis, as a lack of understanding of the funda-
mental molecular basis of this disease, in part, has precluded the
development of effective agents. Clinical observations have
suggested that patients with AL cardiac amyloidosis who achieve
hematologic remission (defined as normalization of circulating
free light chain levels) with anti-plasma cell chemotherapy
improve in terms of heart failure symptoms, in spite of minimal
or no change in echocardigraphically measured wall thickness.
These clinical observations have led to the concept that mono-
clonal Ig light chain proteins directly provoke cytotoxicity in
cardiomyocytes, in addition to the damage caused by extrac-

Fig. 5. AL-LC activates programmed cell death through a p38α MAPK-
dependent mechanism. (A) Increased apoptosis as determined by TUNEL
assay in isolated cardiomyocytes incubated with AL-LC for 48 h relative to
vehicle or Con-LC treatment. Coincubation of AL-LC with MnTMPyP (50 μM),
a MnSOD mimetic, reduced cellular apoptosis. (B) AL-LC–induced apoptosis
was prevented by inhibition of p38 MAPK with SB203580 (5 μM). (C) AL-LC
enhanced Bax/Bcl2 expression ratio, which was prevented by treatment with
SB203580. (D) AL-LC–induced apoptosis was inhibited by adenovirus-
mediated overexpression of dominant negative p38α (p38αDN) but not
dominant negative p38β (p38βDN). Bar graph data are means ± SE, each
from three independent experiments. * and #, P < 0.05 vs. corresponding
vehicle and Con-LC, respectively; †, P < 0.05 vs. AL-LC treated cells without
MnTmPyP (A), SB203580 (B and C), as well as with vehicle or LacZ (D). (E) i.v.
administration of AL-LC for 7 days increased cardiac tissue Bax/Bcl2 expres-
sion ratio in wild-type (WT) mice but not in DNp38αTG mice. n = 3 for each
group, *, P < 0.05.

Fig. 6. Increased apoptosis is observed in explanted human myocardium
obtained from patients with primary cardiac amyloidosis as compared to
myocardium obtained from nonfailing human hearts. Nonfailing heart (Non-
FH) samples (n = 6) were obtained fromNDRI and explanted AL heart samples
(n = 4) were obtained from patients with AL cardiac amyloidosis undergoing
cardiac transplantation. Apoptosis was evaluated by TUNEL assay (A), cas-
pase3/7 activity (B), and ratio of Bax/Bcl2 protein expression and p53 expres-
sion normalized with GAPDH (C and D). Corresponding immunoblots of Bax,
Bcl2, p53, and GAPDH are shown in C, where GAPDH serves as a loading
control. Data are presented as means ± SE. *, P < 0.05 vs. Non-FH.
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ellular deposition of amyloid. This clinical observation is con-
cordant with our data that AL-LC alone can induce oxidative
stress and cellular dysfunction in isolated cardiomyocytes and
hearts (5, 6). In this study, we reveal that human AL-LC rapidly
and differentially activates TAB1-mediated p38α phosphor-
ylation in isolated adult cardiomyocytes. More importantly, the
activation of this stress activated protein kinase leads to sub-
sequent redox stress, cellular dysfunction, and apoptosis, which
can be prevented by inhibition of p38 via pharmacological
inhibitors and/or adenovirus mediated gene transfer of dominant
negative p38. It is noteworthy that the rapid activation of p38 by
AL-LC has been confirmed with AL-LC isolated from eight AL
patients, thus substantiating the significance of our findings.
The p38 MAPK signaling pathway is known to play a critical

role in cell stress response, apoptosis, cytoskeletal reorganization,
and transcriptional regulation of genes involved in differentiation,
proliferation, and inflammation (19, 20). The p38MAPK contains
four family members, p38α, p38β, p38γ, and p38δ, and all share a
conserved Thr-Gly-Tyr (TGY) dual-phosphorylation motif in the
activation loop that can be phosphorylated by upstream MAPK
kinases (MAPKK). Activation of p38 MAPK is thought to be
mediated by a cascade of phosphorylation events involving
upstream MAPKK, such as MKK3 and/or MKK6, as well as fur-
ther upstreamMAPKKkinases, such as TAK1 andASK1 (21, 22).
This mechanism, by far, is the most widely studied and recognized
canonical means to phosphorylate and activate p38 MAPK.
Recently, alternative pathways to activate p38 MAPK via the
intermolecular autophosphorylation that can be initiated by either
T cell antigen receptor (TCR) (23) or the scaffold protein TAB1
have been reported (13). Interestingly, we observed increased p38
MAPK phosphorylation occurred within a time frame in which
MKK3/6 were not activated. These data led us to question the
mode of p38 phosphorylation in isolated cardiomyocytes under
the context of AL-LC–mediated activation.
It is known that the activities of p38α and p38β can readily be

inhibited by a selective p38MAPK inhibitor, SB203580. SB203580
exerts its inhibitory effect by binding to the ATP binding pocket of
p38 MAPK, thus inhibiting its ability to undergo autophosphor-
ylation, but not affecting the capacity of p38 MAPK to be phos-
phorylated by upstream MAPKK, MKK3/6. Taking advantage of
this chemical property, SB203580 has been used to identify the p38
MAPK autophosphorylation in cultured cells in several prior
published studies (13–15, 17, 24). In this report, we found that AL-
LC–induced p38 phosphorylation was SB203580-sensitive and
that TAB1–p38 interaction was dramatically increased in cells
treated with AL-LC, suggesting that AL-LC–augmented p38
phosphorylation occurs through TAB1-mediated autophosphor-
ylation. The involvement of TAB1-mediated autophosphorylation
was further supported by evidence that overexpression of a dom-
inant negative p38α MAPK prevented elevated ROS, car-
diomyocyte contractile dysfunction, and apoptosis induced byAL-
LC, whereas overexpression of a dominant negative p38β MAPK
had no significant effect. This result is consistent with the notion
that the noncanonical TAB1-mediated pathway targets only p38α
MAPK but not p38β MAPK for autophosphorylation (13, 16).
Whether TAB1-mediated and MKK3/6-mediated p38 MAPK
activation may have different functions due to the involvement of
different p38 MAPK isoforms remains unclear. However,
emerging evidence suggests that activation of p38αMAPK, either
through MKK3/6-mediated phosphorylation or through TAB1-
mediated autophosphorylation, may be particularly critical in
inducing cellular apoptosis, whereas activation of p38β may have
an opposite role (13–15, 17, 24–26). Moreover, specifically tar-
geting p38α for activation by AL-LC through a noncanonical
pathway in cardiomyocytes may change the functional balance of
different p38 MAPK isoforms and may, ultimately, lead to cell
dysfunction and death.

Although other amyloid precursor proteins or oligomers, most
notably Aβ from Alzheimer’s disease, have been shown to acti-
vate a programmed cell death pathway and contribute to the
pathology of the disease state, our data demonstrates that AL-
LC from patients with primary amyloidosis can also trigger such
programmed cell death. Moreover, our data show that AL-LC–
induced cardiomyocyte apoptosis is associated with an increase
in the Bax/Bcl2 expression ratio. Blocking of p38 MAPK activity
with the pharmacological inhibitor, SB203580, effectively pre-
vented the change in Bax/Bcl2 ratio. Heart samples from patients
with primary cardiac amyloidosis provided further evidence to
support the involvement of Bax/Bcl2 ratio change in apoptosis in
heart tissues. We do, however, recognize that the potential
caveats associated with using explanted human heart tissue,
despite the significant efforts put forth to ensure the quality and
consistency of the human samples obtained. Nonetheless, these
results are consistent with previous reports by others (26), sug-
gesting that the p38α MAPK autophosphorylation may trigger
cell apoptosis by differentially regulating the expression and/or
activities of pro- and anti-apoptotic Bcl2 family proteins. Given
that the inhibition of p38 MAPK activity by SB203580 prevented
excess ROS generation induced by AL-LC and that an anti-
oxidant MnTMPyP rescued cardiomyocytes from apoptosis, it is
clear that ROS are involved in the AL-LC–induced p38 MAPK
signaling cascade, eventually leading to cell apoptosis. Addi-
tionally, AL-LC–induced cellular apoptosis was observed in vivo
in mice after delivery of LC into the systemic circulation via
osmotic pump for 7 days and, importantly, these effects were
prevented in mice with cardiac-specific overexpression of domi-
nant negative p38α. These in vivo data suggest the exciting
possibility of using p38α specific inhibitors for the treatment for
AL cardiomyopathy. Further studies investigating the detailed
molecular events underlying the AL-LC–induced cardiac dys-
function/cell death and the functional significance of TAB1-
mediated p38α MAPK autophosphorylation in vitro and in vivo
are certainly needed.
In summary, our data suggest that triggering p38α MAPK

autophosphorylation plays a crucial role in amyloidogenic Ig
light-chain mediated cellular oxidative stress, dysfunction and
ultimately cell death in cardiomyocytes. Because cardiac
involvement is the major determinant predicting clinical out-
comes in patients with AL amyloidosis, our findings represent a
major step forward toward revealing the molecular mechanisms
underlying AL cardiac amyloidosis and could contribute to the
development of early diagnosis and treatment strategies for this
group of patients with very limited medical options.

Materials and Methods
Light Chain Isolation and Purification. Ig light chainproteinswere isolated from
24-h urine samples obtained from the patients with primary amyloidosis
referred to theAmyloidTreatmentandResearchProgramatBostonUniversity
School of Medicine, as well as from patients with multiple myeloma, as
described (5). All sampleswere collectedwith informed consent and approved
by Institutional Review Board at Boston University School of Medicine.

Rat Cardiomyocyte Isolation and Culture. Ventricular cardiomyocytes were
isolated from 150- to 180-g male Wistar rats (Charles River Laboratories) by
using collagenase perfusion method detailed (27). Isolated cardiomyocytes
were cultured overnight before the incubation with vehicle (ultrapure
water), 20 μg/mL of Con-LC or AL-LC for designated times for each assay. All
procedures associated with handling of animals were approved by Institu-
tional Animal Care and Use Committee.

Measurement of Intracellular ROS. Intracellular ROS levels were determined by
using the cell-permeable, redox-sensitive fluorophore, dichlorofluorescein-
diacetate (DCF-DA) (Invitrogen) (6). After 24 h of incubation with vehicle,
Con-LC, or AL-LC, the cardiomyocytes were incubated with 20 μM DCF-DA
for 30 min and DCF fluorescence was visualized using Nikon (TS100) fluo-
rescence microscopy and analyzed with SigmaScan Pro-4.0.
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Measurement of Cell Contractility. Cell contractility was measured in cultured
adult cardiomyocytes as described (27). Briefly, after incubation with vehicle,
Con-LC or AL-LC for 24 h, cardiomyocytes were perfused with Tyrode solution
containing 1.2 mM Ca2+ at 37 °C and field stimulated at a frequency of 5 Hz.
Cell shortening/relengthening was measured by using video edge detection
(IonOptix, Milton, MA). %CS was calculated as the difference between dia-
stolic and systolic cell lengths normalized to the diastolic cell length.

Human Samples. Nonfailing human heart samples (n = 6) with no evidence of
cardiac disease were obtained from National Disease Research Interchange
(NDRI) and explanted AL heart samples (n = 4) were obtained from patients
with primary cardiac amyloidosis undergoing cardiac transplantation at
Massachusetts General Hospital (for additional information, see Table S2).
All tissues from donor and transplant patients were collected in cold and
oxygenated Wisconsin cardioplegic solution immediately after harvest. All
procedures related to human tissue were reviewed and approved by Insti-
tution Review Board (IRB) committee at Massachusetts General Hospital.

Statistical Analysis. All quantitative data are presented as means ± SE.
Statistical analysis was performed by ANOVA, and a P value <0.05 was
considered to be significant.

Other Materials and Methods. Culture medium, antibodies, adenoviruses,
immunoprecipitation,Western blot analysis, TUNEL assay, Caspase 3/7 activity
assay, and in vivo LC infusion are detailed in SI Methods.
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