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Abstract
Misfolded immunoglobulin light chain proteins (LC) in light chain amyloidosis (AL) are toxic to
vascular tissues. We tested the hypothesis that chaperone protein clusterin preserves endothelial
function and cell survival during LC exposure.

Methods—LC (20 μg/mL) were given to human aortic endothelial cells (EC) for 24-hours and
clusterin protein/gene expression and secretion were measured. DNA fragmentation was measured
with/without recombinant clusterin (Clu, 300 ng/mL). Adipose arterioles (non-AL subjects) were
tested for dilator responses to acetylcholine/papaverine at baseline and after 1-hour of LC±Clu.

Results—LC reduced EC clusterin secretion, protein and gene expression while increasing DNA
fragmentation. Clu attenuated LC-induced DNA fragmentation and restored dilator response to
acetylcholine (logEC50: control −7.05±0.2, LC+Clu −6.53±0.4, LC −4.28±0.7, p<0.05 vs. control,
LC+Clu).

Conclusions—LC induced endothelial cell death and dysfunction while reducing clusterin
protein/gene expression and secretion. Exogenous clusterin attenuated LC toxicity. This represents
a new pathobiologic mechanism and therapeutic target for AL amyloidosis.
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Chaperone proteins protect the cell against misfolded proteins and are promising novel
agents against intractable amyloid diseases. Yet the beneficial versus pathologic role of
clusterin, a chaperone glycoprotein, in Alzheimer’s disease (AD) or light chain amyloidosis
(AL) remains controversial1–3. AL involves overproduction of amyloidogenic
immunoglobulin light chain proteins (LC) that cause toxicity to blood vessels4, cardiac and
other tissues with high mortality and morbidity rates to this day. Endothelial dysfunction and
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vascular injury occur early in AL4–7 leading to ischemic tissue damage8, 9. We tested the
hypothesis that clusterin plays an important role in maintaining human arteriole endothelial
function and endothelial cell survival in the setting of LC exposure. Following exposure to
LC, we measured human endothelial cell clusterin protein and gene expression, clusterin
secretion and cell death, as well as human arteriole endothelial function. We also tested
whether exogenous clusterin co-treatment provides protection against LC vascular toxicity.

Methods
LC purification

Human subjects provided informed consent for urine/tissue collection and the study was
approved and supervised by the Institutional Review Boards of the Phoenix Veterans Affairs
Medical Center and Medical College of Wisconsin. LC (all lambda type) were purified from
the urine of 4 biopsy-proven AL subjects (1 female, 58±6 years, all with cardiac
involvement) as per previous method4. Briefly, the urine underwent dialysis, size exclusion
and lyophilization. LC was verified using antibody to human lambda light chains (Abcam,
Cambridge MA) by Western blot (WB) or enzyme-linked immunosorbent assay (ELISA)
(Biovendor, Candler, NC).

Endothelial cells
Human aortic endothelial cells (EC) (Lonza, Hopkinton MA) were exposed to vehicle or LC
(20 μg/mL) for 24 hours. Clusterin (Clu) protein level was detected by WB using human
clusterin antibody (Santa Cruz Biotech, CA) or ELISA (R&D Systems, Minneapolis MN).
Clusterin gene expression was detected using real-time polymerase chain reaction (PCR).
Secretion was quantified by measuring clusterin in cell media following 24-hour exposure to
LC (50 μg/mL) or vehicle. Cell death was measured using cellular DNA fragmentation
ELISA (Roche, Indianapolis IN) in LC (50 μg/mL)-treated EC with or without recombinant
human clusterin (Origene, Rockville MD, 300 ng/mL, ~3.6 times mean plasma
concentration10) for 1 hour followed by washing/3-hour standing.

Reverse Transcription and PCR Analysis
Total RNA was purified from treated cells using Aurum total RNA kits (Bio-Rad, Hercules
CA) and then subjected to first-strand cDNA synthesis using iScript kits (Bio-Rad), both
according to the recommendations of the manufacturer. Total clusterin and 18S cDNAs were
detected using IQ SYBR green Supermix with a quantitative PCR (qPCR) iQ5 instrument
(Bio-Rad). The primer sets used to amplify cDNAs were purchased from Integrated DNA
Technologies. Total clusterin primer sequences are as follows: FWD: tggaaga tgctcaacac ctc
and REV: cgagtcagaagtgtgggaag. Resultant (Ct) values were analyzed using the Ct
comparative method with amplification of 18S rRNA serving as a loading control. Values
are reported as fold change against vehicle controls.

Arterioles
Human subcutaneous abdominal adipose arterioles were isolated from 16 patients (1 female,
53.7±3.6 years) without known AL, vascular disease or diabetes during routine surgery. The
arterioles were cannulated and pressurized to 60 mm Hg as per previous protocol4. Baseline
(control) dilator response was measured following preconstriction (~60% of baseline
diameter) with endothelin-1 followed by acetylcholine (10−9-10−4M) and papaverine
(10−4M). After washing, arterioles were given LC (20 μg/mL) ± Clu (300 ng/mL) ± NG-
nitro-L-arginine methyl ester (L-NAME, 5 mmol, Sigma Aldrich, a nitric oxide synthase
inhibitor) intraluminally for 1-hour and a second dilator response was measured.
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Unpressurized arterioles were exposed to LC (20 μg/mL) ± Clu (300 ng/mL) ± L-NAME (5
mmol) and nitric oxide (NO) was measured from baseline to 30 minutes by vessel
fluorescence using 5 μM 4,5-diaminofluorescein diacetate (Calbiochem, Gibbstown NJ) and
fluorescence microscope4. Peroxynitrite was measured using dihydrorhodamine-123 (5 μM)
fluorescence (Invitrogen, Eugene OR)4. Fluorescence signal was measured using Image J
software (Bethesda MD) as per previous protocol4.

Data Analyses
Data are expressed as means±standard error of means and significant p value was set at
<0.05. For multiple group analyses, analysis of variance with Bonferroni post-test
(parametric) or Friedman’s test with Dunn’s post-test (nonparametric) were used. For paired
analyses, paired t-test (parametric) or Wilcoxon matched pairs sign rank test
(nonparametric) were used. Overall arteriole dilator response to acetylcholine was analyzed
by calculating log effective concentration 50% (logEC50) using nonlinear regression and
variable slope (4 parameters) and least squares fit (GraphPad Prism 5.0, San Diego CA)4.

Results
Light chain proteins reduced endothelial cell clusterin protein and mRNA expression (Figure
1A–B). They also caused reduced clusterin secretion (Figure 1C) and increased cell death
(Figure 1D). Exogenous clusterin co-treatment attenuated DNA fragmentation.

Light chain exposure reduced arteriole dilator response to acetylcholine and, to a modest
degree, papaverine (Figure 2A–B), with reduced NO and increased peroxynitrite production
(Figure 2C–D). The impaired acetylcholine dilator response to LC in this study (logEC50
−4.28±0.7) was comparable to the impaired response to LC (3 kappa and 1 lambda) from 4
other AL subjects (logEC50 −4.5±0.4) as part of our previously published study4. Clusterin
co-treatment preserved overall response to acetylcholine (logEC50), restored NO and
prevented increased peroxynitrite (Figure 2). L-NAME blunted the vasoprotective effect of
clusterin.

Discussion
We present two novel observations. First, brief exposure to AL-derived immunoglobulin
light chain proteins reduced endothelial cell clusterin protein and gene expression and
secretion. Second, exogenous clusterin prevented light chain-induced endothelial cell death
and arteriole endothelial dysfunction. These findings point to the protective role of clusterin
in mitigating light chain vascular toxicity and demonstrate a new pathobiologic mechanism
and potential therapeutic target for AL amyloidosis.

AL amyloidosis remains an intractable disease associated with poor outcomes. Despite use
of high dose chemotherapy/autologous stem cell transplantation to eradicate plasma cells,
recent series still show 30–44% 12–18 month overall mortality11. The mechanisms of LC
injury remain poorly understood although increasing evidence points to direct tissue toxicity
of prefibrillar LC proteins4, 12. Endothelial dysfunction and ischemic vascular injury
induced by LC occur prior to and following amyloid deposition4, 5, 7–9, 13 and represent a
less well-known key early pathology of AL that if understood and treated may prevent the
serious morbidity that occurs later in the disease.

A major function of clusterin is its chaperoning capacity for protein stabilization and
clearance of damaged and unfolded proteins14. In AD, clusterin inhibited amyloid formation
through Aβ-protein binding3 and enhanced amyloid clearance14. Because of these effects, it
has been proposed that the strong association between clusterin levels and AD severity
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reflects a neuroprotective response, rather than what was previously thought to be
etiopathologic effect2, although this issue remains controversial. Recently, clusterin was
found in cardiac amyloid deposits, with serum clusterin reduced in AL patients1. This led to
suggestions that a pathogenic role exists for clusterin in AL1. Our results of reduced
clusterin protein/gene expression and secretion in EC are consistent with the observed
reduction in serum clusterin in AL subjects. However, our findings point to the protective,
rather than pathologic, role of clusterin in vascular tissue exposed to LC.

Our current results suggest that clusterin enhances NO bioavailability which may underlie
the preservation of arteriole endothelial function, and reduces peroxynitrite which may
underlie enhanced cell survival since peroxynitrite is one of the most potent mediators of
DNA and protein damage. Future work will further elucidate the exact mechanisms by
which clusterin protects against LC toxicity which, based on prior studies on Aβ proteins in
AD, may include physico-chemical sequestration, enhanced intracellular LC clearance, as
well as antiapoptotic effects14. In addition, the role of chaperone proteins in chronic LC
exposure (AL disease) needs to be further studied. The study is limited by the small sample
size and therefore the results should be considered preliminary and should be validated in a
larger population.

In summary, the findings point to the important protective role of clusterin in mitigating the
toxicity of LC to human vascular tissue.
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Figure 1.
Endothelial cell clusterin. A. LC reduced precursor/secreted clusterin production (insert is
Western blot), clusterin mRNA production (B) and secreted clusterin (C). D. LC increased
EC cell death that was attenuated with clusterin co-treatment.
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Figure 2.
Light chain proteins and arterioles. A–B. LC impaired dilator response to acetylcholine and
papaverine. Co-treatment with clusterin attenuated adverse effect of LC and restored
acetylcholine EC50. L-NAME blunted the protective effect of clusterin. C–D. LC reduced
30-minute NO production and increased peroxynitrite production in arterioles; clusterin
protected against these changes.
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