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Abstract.
Background: Chondroitin sulfate and chondroitin sulfate proteoglycans have been associated with Alzheimer’s disease
(AD), and the impact of modified chondroitin sulfates is being investigated in several animal and cell-based models of AD.
Published reports have shown the role of accumulation of chondroitin 4-sulfate and decline in Arylsulfatase B (ARSB;
B-acetylgalactosamine-4-sulfatase) in other pathology, including nerve injury, traumatic brain injury, and spinal cord injury.
However, the impact of ARSB deficiency on AD pathobiology has not been reported, although changes in ARSB were
associated with AD in two prior reports. The enzyme ARSB removes 4-sulfate groups from the non-reducing end of chon-
droitin 4-sulfate and dermatan sulfate and is required for their degradation. When ARSB activity declines, these sulfated
glycosaminoglycans accumulate, as in the inherited disorder Mucopolysaccharidosis VI.
Objective: Reports about chondroitin sulfate, chondroitin sulfate proteoglycans, and chondroitin sulfatases in AD were
reviewed.
Methods: Measurements of SAA2, iNOS, lipid peroxidation, chondroitin sulfate proteoglycan 4 (CSPG4), and other parame-
ters were performed in cortex and hippocampus from ARSB-null mice and controls by QRT-PCR, ELISA, and other standard
assays.
Results: SAA2 mRNA expression and protein, CSPG4 mRNA, chondroitin 4-sulfate, and iNOS were increased significantly
in ARSB-null mice. Measures of lipid peroxidation and redox state were significantly modified.
Conclusion: Findings indicate that decline in ARSB leads to changes in expression of parameters associated with AD in
the hippocampus and cortex of the ARSB-deficient mouse. Further investigation of the impact of decline in ARSB on the
development of AD may provide a new approach to prevent and treat AD.
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INTRODUCTION

The enzyme N-acetylgalactosamine-4-sulfatase
(Arylsulfatase B, ARSB) removes 4-sulfate groups
from the N-acetylgalactosamine 4-sulfate residues at

ISSN 2542-4823 © 2023 – The authors. Published by IOS Press. This is an Open Access article distributed under the terms
of the Creative Commons Attribution-NonCommercial License (CC BY-NC 4.0).

mailto:jkt@uic.edu
https://creativecommons.org/licenses/by-nc/4.0/


528 S. Bhattacharyya and J.K. Tobacman / Potential Contribution of ARSB Decline to Dementia

the non-reducing end of the sulfated glycosamino-
glycans chondroitin 4-sulfate (C4 S) and dermatan
sulfate (DS). It is required for their degradation, and
inborn deficiency of ARSB leads to Mucopolysac-
charidosis (MPS) VI with accumulation of C4 S
and DS throughout the body. Disease manifestations
include short stature, skeletal abnormalities, reduced
life expectancy, corneal opacities, and organ dys-
function. Cognitive decline has been reported [1, 2],
although not consistently [3]. Decline in ARSB has
been detected in bronchial epithelial cells [4] and
leukocytes [5] from cystic fibrosis and from malig-
nant cells and tissues of prostate, mammary, colon,
and melanoma malignancies [4]. Decline in ARSB
was detected in brain tissue from a model of trau-
matic brain injury [6] and in nerve injury models,
including injury of spinal cord [7, 8], peripheral
nerve [9, 10], and optic nerve [11]. These mod-
els have accumulation of C4 S, and treatment with
recombinant ARSB improves functional recovery.
ARSB treatment increased neuronal outgrowth fol-
lowing ethanol exposure [12] and affected regrowth
of sympathetic nerves following cardiac injury [13].
Decline in ARSB impaired degradation of C4 S, and
the accrual of C4 S impeded regrowth of proper neu-
ronal connections; treatment with rhARSB enabled
restoration of the appropriate conduits.

Genetic evidence for the effect of ARSB on
development of AD has previously been reported
in two published reports. These include a genome-
wide association study of 381 participants in the
Alzheimer’s Disease Neuroimaging Initiative in
which ARSB was identified as a candidate gene for
sporadic AD with a p-value of 6.71 × 10−6 [14].
A second report with gene expression profiles in a
mouse model of AD showed upregulation of ARSB
in surviving neurons in cortical tissue, in contrast
to areas with increased amyloid-� (A�) peptide and
neuronal loss [15].

ARSB must undergo post-translational modifi-
cation, which requires molecular oxygen and the
formylglycine generating enzyme [16, 17]. Inves-
tigations indicated that decline in ARSB replicates
the effects of hypoxia in human bronchial epithelial
and intestinal epithelial cells [18], and that ARSB-
mediated changes in chondroitin 4-sulfation affect
critical signaling and transcriptional events [4, 19],
as well as the availability of vital signaling molecules
[4]. These findings in different tissues indicate the
importance of ARSB in the response to injury and
demonstrate how decline in ARSB contributes to
diverse pathophysiological mechanisms.

The rationale for these studies was based on sev-
eral findings, including: 1) the association of decline
in ARSB with spinal cord injury, peripheral and optic
nerve injury, and traumatic brain injury [6–12]; 2)
genetic evidence of association of ARSB with AD
[14, 15]; 3) previous studies of chondroitin sulfates
(CS) and chondroitin sulfate proteoglycans (CSPG)
in studies of AD [20–26]; and 4) changes in serum
amyloid A2 (SAA2) expression identified in the hep-
atic tissue of ARSB-null mice [4]. The studies in this
report were undertaken to assess whether decline in
ARSB and the subsequent increase in C4 S in the
ARSB-null mouse were associated with parameters
related to AD. Based on reports of associations with
inducible nitric oxide synthetase (iNOS) [27, 28],
glutathione levels [29, 30], and lipid peroxidation
[31, 32], measurements of iNOS, thiol levels, and
lipid peroxidation products, as well as control serum
amyloid A2 in cortical and hippocampal tissue of the
ARSB-null mouse are reported. Study findings sug-
gest that acquired decline in ARSB, as from impaired
oxygenation, may contribute to the pathophysiology
of AD.

METHODS

ARSB null mice

Heterozygous arylsulfatase B deficient mice were
obtained (Strain 005598; Jackson Laboratories, Bar
Harbor, ME) and bred, as previously reported [20].
All animal procedures were approved by the Institu-
tional Animal Care and Use Committees (IACUC)
of the University of Illinois at Chicago and the Jesse
Brown VAMC, Chicago, IL. ARSB defective male
mice at 15–17 weeks and age- and gender-matched
C57BL/6J control mice were euthanized by carbon
dioxide inhalation and cervical dislocation, and the
brain was isolated, excised, and promptly frozen
at –80◦C. Subsequently, hippocampi and cerebral
cortex were collected and homogenized for ARSB
activity, chondroitin 4-sulfate measurements, and
other studies.

Measurement of ARSB activity

Arylsulfatase B (ARSB) measurements were per-
formed using a fluorometric assay, following a
standard protocol with 20 �l of homogenate and 80 �l
of assay buffer (0.05 M Na acetate buffer with bar-
ium acetate, pH 5.6) with 100 �l of substrate [5 mM
4-methylumbelliferyl sulfate (MUS) in assay buffer]
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in a black microplate, as previously reported [1]. To
verify that silencing of ARSB was not associated with
generalized reduction of sulfatase activity, galactose-
6-sulfatase (GALNS), arylsulfatase A (ARSA), and
steroid sulfatase activities were also determined, as
previously [4].

Measurement of chondroitin 4-sulfate

Chondroitin 4-sulfate antibody (C4 S; Ly111;
Amsbio, Lake Forest, CA) was used to immunopre-
cipitate C4 S from cell lysates of treated and control
cells, as previously reported [13]. The Blyscan™
(Biocolor Ltd, Newtownabbey, Northern Ireland)
assay was then used to determine the amount of C4 S
present in the tissues.

Expression of SAA2, iNOS, and chondroitin
sulfate proteoglycan 4 (CSPG4; neuron-glial
antigen 2 or NG2)

SAA2 protein was measured in the hippocampal
and cortical tissue and serum of the ARSB null
mice and controls using a commercial ELISA
(MBS4502344, My BioSource, San Diego, CA)
following the instructions. For evaluation of iNOS,
SAA2, and CSPG4 gene expression, RT-PCR
was performed for mouse SAA2 (NM 011314,
mouse iNOS (NM 010927.4), and mouse CSPG4
(NM 00139001.2; NG2) using the primers: SAA2
left: 5’-GGCAGTCCAGGAGGTCTGTA-3’ and
right: 5’-GCGAGCCTACACTGACATGA-3’;
iNOS left: 5’-CACCTTGGAGTTCACCCAGT-3’
and right: 5’-ACCACTCGTACTTGGGATGC-3’;
CSPG4 left: 5’-TACCTGAGCACTGACCCACA-3’
and right: 5’-TTCCCTCTTCCTCCTCTTCC-3’.

Lipid peroxidation assay

The lipid peroxidation products malonyldialde-
hyde (MDA) and 4-hydroxyalkenal (HAE) were
measured in cerebral cortex of ARSB-null and con-
trol mice by a commercial assay (Enzo Life Sciences,
Farmingdale, NY), based on the reaction of a chro-
mogenic reagent, N-methyl-2-phenylindole, yielding
MDA and HAE at 45◦C in the presence of methane-
sulfonic acid. The chromophore was measured at
586 nm.

Total, inorganic, and protein sulfhydryl
determinations

Cellular sulfhydryl in the control and treated
samples was determined by a commercial assay
(Molecular Probes, Eugene, OR), as previously [19].
Inorganic thiols in the samples reduced a disul-
fide bond, releasing the active enzyme papain from
its inactive S-S form. The activity of the enzyme
was then measured using the chromogenic papain
substrate, N-benzoyl-L-arginine, p-nitroanilide (L-
BAPNA). The intensity of the developed color
was proportionate to the quantity of thiols in
each sample. To measure the total (inorganic and
protein-associated) thiols, cystamine was added to
the reaction, which permitted the detection of
poorly accessible thiols on proteins with high pKa
values.

Statistical analysis

Differences between control and ARSB-null
mouse tissue samples were determined by two-
sample t-tests, two-tailed, with unequal variance and
by Mann-Whitney U-tests for non-parametric data for
each assay. Six independent samples were analyzed
for each assay unless stated otherwise. Box-whisker
plots are used to display the data and show the median,
minimum, maximum, and quartiles and demonstrate
the normality or skewness of the data. Data from
controls and from ARSB-null mice separated into
two distinct groups, and rank ordering yielded U-
values = 0 and p-values ≤ 0.01. p-values ≤ 0.05 are
considered statistically significant, and *** indicates
p < 0.001, as determined by two-sample t-tests, two-
tailed, with unequal variance.

RESULTS

Negligible ARSB activity and marked increase in
chondroitin 4-sulfate in hippocampus and cortex
of ARSB null mice

ARSB activity and content of chondroitin 4-
sulfate were determined in the cortex and hippocampi
of ARSB null mice and controls (Fig. 1A,B). As
anticipated, ARSB was negligible and C4 S was sig-
nificantly greater in the ARSB null mice than the
controls.
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Fig. 1. Arylsulfatase B (ARSB) and chondroitin 4-sulfate (C4 S) in cortex and hippocampus of ARSB null mice and controls. A) ARSB
activity was significantly reduced in the brain tissue of the ARSB-null mice, as expected. Level in the control mice was 113.1 ± 10.8 nmol/mg
protein/h and 2.1 ± 0.2 nmol/mg protein/h (n = 6 in each group) in hippocampal tissue and similar in cortical tissue. B) Consistent with the
ARSB activity, the C4 S in the hippocampus of the ARSB-null mice was 12.0 ± 0.7 �g/g protein and 7.1 ± 0.6 �g/g protein in the control
mice, with similar values in the cortical tissue (n = 6 in each group). C) mRNA expression of chondroitin sulfate proteoglycan 4 (CSPG4)
increased to 2.8 times the control level in the cortex of the ARSB-null mice (n = 6 in each group). *** represents p < 0.001 by two sample
t-test, two-tailed, unequal variance. Con, control; null, ARSB-null.

Fig. 2. SAA in cortex, hippocampus, and serum of ARSB null mice and controls. A) SAA was measured by ELISA in the cortex and
hippocampus of control and ARSB null mice. In cortex, control value was 1.30 ± 0.09 �g/mg protein compared to 6.78 ± 0.63 �g/mg
protein in the ARSB-null mouse cortex. Values in hippocampus were similar (1.06 ± 0.12 versus 5.13 ± 0.47 �g/mg protein; n = 6 in all
groups). p-values are <0.001 for all comparisons (two sample t-test, two-tailed, unequal variance). B) QRT-PCR data indicate 1.89-times
higher expression in the ARSB-null mice than the control mice (n = 6; p < 0.001, two sample t-test, two-tailed, unequal variance). Values
were similar for male and female mice. C) Serum levels of SAA were similar in control and ARSB-null mice, and higher in the male mice
than the female mice (n = 4 in each group). con, control; null, ARSB-null.

Increased expression of CSPG4 in cortex of
ARSB null mice

CSPG4, also known as NG2, mRNA expression
increased to 2.8 times the baseline level in the brain
cortical tissue of the ARSB-null mice, compared to
the control (Fig. 1 C).

Increased SAA2 expression in cortex and
hippocampus of ARSB null mice

Investigation of SAA2 gene expression in hip-
pocampus and cortex of male and female ARSB null
mice showed increases in SAA protein (Fig. 2A)
and mRNA (Fig. 2B) concentrations. No difference
was apparent between male and female mice. Serum
SAA2 levels were similar to values in age-matched
C57BL/6J mice (Fig. 2C).

Increased expression of iNOS in cortex of ARSB
null mice

iNOS was measured in hippocampal and cortical
tissue of the ARSB null and control mice (Fig. 3A).

Results indicated marked increase in iNOS expres-
sion in the ARSB null mice.

Decline in sulfhydryls in cortex of ARSB null
mice

Decline in ARSB was previously associated with
marked changes in the overall redox status of human
bronchial and colonic epithelial cells. Findings indi-
cated that when ARSB was silenced by siRNA, the
redox capacity of the cells was markedly affected and
levels of reduced glutathione and of thiols were sig-
nificantly less [19]. In cortical tissue from the ARSB
null mice, the levels of total, organic, and inorganic
sulfide and thiol, markers of overall cellular redox
activity, were markedly less (Fig. 3 B).

Increase in lipid oxidation products in cortex of
ARSB null mice

Lipid peroxidation is a well-established indicator
of oxidative stress in cells and tissues. Polyunsatu-
rated fatty acid peroxides generate MDA and HAE
upon decomposition, and measurements of MDA and
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Fig. 3. Inducible nitric oxide synthase, total thiols, and products of lipid peroxidation are increased in the cortex of ARSB-null mice. A)
Inducible nitric oxide synthase (iNOS) expression was markedly increased in the ARSB-null mice (5.68 ± 0.39 versus 1.04 ± 0.08, n = 6;
p < 0.001, two sample t-test, two-tailed, unequal variance). B) Total thiols, including protein-thiol groups and inorganic SH groups were
lower in the ARSB-null mice than the controls (71.6 ± 4.9 versus 44.1 ± 1.0; n = 6, p < 0.001), consistent with lower reducing capacity
in the ARSB-null mice. C) The lipid peroxidation products, MDA and HAE, were measured in the cortical tissue of the ARSB-null and
control mice. In the ARSB-null mouse tissue, levels are several-fold higher (n = 6, p < 0.001). con, control; HAE, 4-hydroxyalkenals; MDA,
malondialdehyde; null, ARSB-null; SH, sulfhydryl.

HAE indicate extent of lipid peroxidation. In associa-
tion with the marked change in redox state, the levels
of HAE and MDA were significantly increased in cor-
tical tissue of the ARSB null mice (Fig. 3C). These
increases reflect enhanced lipid peroxidation in the
absence of ARSB activity.

DISCUSSION

Exploration of the etiology of AD dementia is
ongoing, engaging laboratories in thousands of basic,
translational, and clinical investigations. To this
prodigious research endeavor, this short communi-
cation contributes new, basic information linking
decline in ARSB with increased hippocampal and
cortical SAA2 in the mouse brain. Corresponding to
these data are increases in expression of iNOS and
lipid peroxidation products and decline in abundance
of sulfhydryls, consistent with the overall finding
of heightened oxidative process in the AD brain
[27–32]. The study findings are consistent with pre-
vious reports of genome-wide association study data
linking ARSB and increased AD [14] and relative
increase in ARSB in neurons lacking amyloid in
a mouse model of AD brains [15]. Study data are
also consistent with previous findings of increase in
CSPG, specifically CSPG4 [4], neurocan [12], and
versican [19], and chondroitin 4-sulfate [4, 12, 18,
19], when ARSB was silenced in human cells.

Interestingly, although there are significant
increases in the cerebral SAA2 in the ARSB-null
mice, serum SAA2 is not changed and the hepatic
expression of SAA2 (NM 011314) and SAA1
(NM 009117) was markedly decreased in a gene
expression array [33]. This corresponds to a report

of lower A� levels in liver samples from AD patients
compared to healthy controls [34]. The data are
consistent with a role of the liver in the clearance
of A� peptides and with a complex, integrated,
systemic response to decline in ARSB and increase
in amyloid.

Several reports demonstrate a critical impact of
decline in ARSB and the associated increase in
chondroitin 4-sulfate on nerve injury [7–12]. Similar
buildup of C4 S may contribute to CNS dysfunc-
tion due to impaired neuronal signaling. Dependence
of ARSB on oxygen for function, due to post-
translational modification of ARSB requiring oxygen
and the formylglycine generating enzyme [16], and
replication of the effects of hypoxia by decline in
ARSB [18], suggest that impaired circulation and
oxygen delivery can produce the effects of decline
in ARSB.

In contrast to MPS VI, in which ARSB is
defective, inherited deficiencies of some other
sulfatases are characterized by dementia. These
disorders include MPS III (Sanfilippo Disease),
in which decline in heparan N-sulfatase or N-
acetylglucosamino-6-sulfatase affects accumulation
of heparan sulfate, and metachromatic leukodystro-
phy, in which decline in Arylsulfatase A leads to
accumulation of the sulfatides cerebroside sulfate
and 3-O-sulfo-galactosylceramide. Congenital defi-
ciency of ARSB in MPS VI is not associated with
dementia, and the limited life expectancy of individ-
uals with MPS VI prevents assessment of whether
dementia develops in later years. A feline model
of ARSB deficiency detected abnormal lysosomal
storage in some cortical neurons and glia, which
resembled findings in other lysosomal storage dis-
orders [35].
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The impact of proteoglycans in AD has been rec-
ognized for decades, with much of the early attention
focused on heparan sulfate [3, 36, 37]. Subsequently,
investigations have reported about the accumulation
of CS and CSPGs in AD tissues, with over 150
publications. CSPGs were detected in senile plaques
and neurofibrillary tangles [20–22], and the degree
of sulfation of glycosaminoglycans was identified
as critical for the interaction with tau protein [23].
CSPGs are present in the CNS perineuronal nets
which regulate plasticity, and C4 S was observed to
be more inhibitory than C6 S to axon growth and
regeneration [24, 25]. Analysis of chondroitin disac-
charides may lead to more precise information about
the extent and sites of chondroitin sulfation in AD
[26].

Treatment approaches focused on reducing the
effects of CS/CSPG have included chondroitinase
ABC [38], antibody to aggrecan, a CSPG [39],
and inhibition of A�-CS interaction by mono- and
di-saccharides derived from CS [40]. The poten-
tial benefit of low molecular weight chondroitin
sulfate (LMWCS) oligosaccharides and modified
LMWCS has also been studied [41–44]. Treatments
have included selenium-modified CS [45], lithium-
modified CS [46], and gold-modified CS [47]. This
approach is based on competition and inhibition
of CS/CSPG function by the oligosaccharides. The
oligosaccharides are derived from shark cartilage
which is composed predominantly of chondroitin 6-
sulfate. This approach is consistent with a focus on
inhibition of effects of C4 S by C6 S derivatives.

Recombinant human ARSB is safely used for
replacement of defective ARSB in MPS VI and may
have a role in AD. Further examination of the role
of ARSB in the etiology of AD may lead to new
approaches to effective intervention and to clarifica-
tion of the underlying pathophysiology.
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