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Mucopolysaccharidosis type VI is an inherited disorder of
glycosaminoglycan metabolism characterized by organomegaly,
corneal clouding, and skeletal dysplasia. Recent developments in
the use of tandem mass spectrometry to measure sulfated mono-
and disaccharides have enabled us to perform noninvasive, bio-
chemical monitoring during therapy regimes in mucopolysaccha-
ridosis type VI cats in addition to established methods of disease
evaluation. In this study, mucopolysaccharidosis type VI animals
were given high-dose (20 mg/kg) enzyme replacement therapy
for the first month after birth followed by low doses (1 mg/kg)
for a further 2 mo and were compared with animals maintained
on 1 mg/kg enzyme replacement therapy for 3 mo. A sulfated
monosaccharide (N-acetylhexosamine) and a sulfated disaccha-
ride (N-acetylhexosamine-uronic acid) were elevated in MPS VI
cat urine and blood. These markers showed a clear discrimination
between the treatment groups during the first 4 wk of therapy:
values in the high-dose group were close to normal whereas
those in the low-dose group were only slightly lower than the
untreated mucopolysaccharidosis type VI cats. However, within
2 mo of cessation of the high-dose therapy there was minimal
difference in the oligosaccharide levels, with both groups lying

between the untreated and unaffected cats. At the completion of
the trial, subjective minor improvement was noted in overall
physical disease features and also in lysosomal vacuolation in
tissues from animals on the initial high-dose enzyme replacement
therapy compared to the low-dose therapy animals. Initial high-
dose therapy reduced storage load in the animals but had no
lasting clinical benefit over continuous low-dose therapy.
(Pediatr Res 55: 585–591, 2004)

Abbreviations
LSD, lysosomal storage disease
ERT, enzyme replacement therapy
GAG, glycosaminoglycan
ESI-MS/MS, electrospray ionization tandem mass
spectrometry
rf4S, recombinant feline 4-sulfatase
DMB, 1,9-dimethylmethylene blue
GlcNAc6S-d3, deuterated N-acetylglucosamine-6 sulfate
PMP, 1-phenyl-3-methyl-5-pyrazolone
HexNAc, N -acetylhexosamine
UA, uronic acid

LSD are a group of more than 45 distinct genetic disorders
in which one or more lysosomal proteins necessary for the
intracellular catabolism of compounds is absent or defective in
function (1). Major clinical features of most of these disorders
are neurologic deterioration and/or skeletal pathology. The
overall incidence/prevalence of this group of disorders has
been estimated to be 1 in 7700 births (2).

The enzymes deficient in many of the LSD have been
purified, characterized, cloned, and expressed. The resultant
recombinant enzymes being used in ERT protocols. Fabry
disease, Gaucher disease and mucopolysaccharidosis (MPS)
type I are currently being treated by ERT (3–6). Clinical trials
of ERT are underway for a number of other LSD, including
MPS II, MPS VI, and Pompe disease (5, 7, 8). Additional trials
for MPS IVA and Niemann-Pick disease type B are proposed
for the near future. Other therapies, including substrate depri-
vation and gene therapies, are either in clinical trial or actively
being researched (9, 10). Extensive ERT trials have also been
performed in a number of animal models of several different
LSD, including the MPS I dog (11, 12), MPS I cat (13), MPS
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VI cat (14–16), and MPS VII mouse (17–19). These studies
have provided invaluable information regarding both disease
pathogenesis and therapy outcomes.

Concomitant with the desire for improved therapy outcome
are the current limitations surrounding monitoring of therapy
and the eventual need to tailor therapeutic regimes to individ-
ual responses and needs. The advent of ESI-MS/MS has en-
abled the evaluation of a huge array of compounds present in
tissues or body fluids. In MPS, we have identified a number of
oligosaccharides derived from the partial degradation of GAG
stored in these disorders (20). These oligosaccharides can be
quantified in biologic fluids using ESI-MS/MS (21). We have
identified a correlation between disease severity and the con-
centration of these markers in urine and have observed a
decrease in concentration after treatment by bone marrow
transplantation in MPS IVA and VI (21). As such, these are
potentially useful markers to assess the efficacy of therapy in
the MPS group of disorders.

ERT in the MPS VI cat has proven very effective in reducing
pathology in most connective tissues (14, 16). Therapy insti-
tuted at birth, before the development of extensive skeletal
pathology characteristic of the disease in both humans and cats
with MPS VI, significantly reduces the severity of the skeletal
abnormalities (15, 16). A dose-related response to ERT was
observed, with greater overall benefit seen at a 5 mg/kg
(recombinant human 4-sulfatase) dose rate, however avascular
connective tissues remained refractory to i.v. ERT (15, 16). As
soft tissue and skeletal pathology are not fully developed at
birth, with significant tissue pathology developing by 1 mo of
age (16), the immediate postnatal period is clearly the optimal
time for adjusting therapy and modifying the disease process.

In this study, we evaluate the efficacy of ERT in MPS VI
cats from birth using an initial high dose of rf4S compared with
previous ERT protocols. The aim is to arrest disease progres-
sion as early as possible to modify pathology, thereby maxi-
mizing the clinical outcome. ESI-MS/MS analysis of blood and
urinary oligosaccharides derived from GAG was used to mea-
sure dose response as a new method of disease monitoring and
compared with established clinical, biochemical, and histologic
methods.

METHODS

Enzyme production and purification. Expression of rf4S
was performed in Chinese hamster ovary cells and the rf4S was
isolated from the culture medium using a MAb affinity column,
as described previously (22). Three batches of enzyme were
prepared and purity was confirmed by SDS-PAGE under re-
ducing conditions. Protein and activity were determined as
described previously (22). Specific activity of the enzyme
preparations was 63,530 � 10,060 nmol/min/mg (mean � SD
of n � 3 preparations). Enzyme dose was calculated according
to protein concentration.

Experimental animals. The Women’s and Children’s Hos-
pital and Institute of Medical and Veterinary Science animal
ethics committees approved all studies. All cats used in these
studies were bred in an outdoor housed colony originally
established from “family 3” heterozygotes (obtained from

Mark Haskins, School of Veterinary Medicine, University of
Pennsylvania, Philadelphia, PA, U.S.A.). Newborn kittens
were screened for MPS VI by evaluating blood films for
characteristic morphologic changes in white blood cells (23).
All kittens were subsequently genotyped using PCR-based
mutation analysis of blood spots (24).

Enzyme administration and clinical evaluation. Six MPS
VI cats were injected intravenously with rf4S on a weekly basis
starting within 30 h of birth. Three animals started at an initial
rf4S dose of 20 mg/kg weekly for the first five doses before the
dose was reduced to 1 mg/kg weekly for the remaining nine
doses (“high-dose” treatment group). Three animals were
given 1 mg/kg rf4S weekly for all 14 doses (“low-dose”
treatment group). A routine clinical examination was per-
formed before the final rf4S infusion then animals were killed
4 d later at ~90 d of age by an overdose of anesthetic.

From 6 wk of age, animals were premedicated with 1 mg
each of chlorpheniramine (Piriton, GlaxoSmithKline, Ux-
bridge, Middlesex, U.K.) and cyproheptadine (Periactin,
Merck Sharp & Dohme, South Granville, NSW, Australia) at
least 30 min before enzyme administration. At less than 30 d of
age urine samples were collected by perineal massage. Urine
from older cats (up to ~90 d of age) was collected under light
sedation or anesthesia as described previously (14). All urine
samples were immediately stored at �20°C. Whole blood was
spotted and dried onto filter paper “Guthrie” cards (S&S 903,
Schleicher & Schuell, Dassel, Germany). These were collected
at weekly intervals from ERT-treated and control cats. Blood
was collected immediately before rf4S infusion in ERT ani-
mals, which was usually at 7-d intervals, except for the final
sample collected at euthanasia 4 d after the last rf4S infusion.
Guthrie cards were stored dried at room temperature for anal-
ysis by ESI-MS/MS. Heparinized blood samples for titer de-
terminations were collected 3 and 4 d after the previous rf4S
infusion at 53 and 90 d of age, respectively, under light
sedation or anesthesia. Plasma antibody titers to rf4S were
determined using an ELISA method as previously described
(22).

Histology. Cats were killed 4 d after the final rf4S infusion
while under general anesthesia, using an overdose of barbitu-
rate. Tissues were collected, fixed, processed routinely as for
electron microscopy, and embedded into Spurr’s resin (16).
One-micrometer-thick resin sections were stained with tolu-
idine blue and were evaluated at 400� magnification to assess
overall distribution of vacuolation due to lysosomal storage. A
subjective grading system was used to compare degree of
lysosomal vacuolation among different tissues and animals.
These grades were as follows: none (0), very mild (�), mild
(1�), moderate (2�), severe (3�).

Urinary GAG analysis—DMB assay. Quantitation of uri-
nary GAG was performed using a DMB dye-binding assay (25,
26). Briefly, a 10� stock DMB (80%, Sigma Chemical, Castle
Hill, NSW, Australia) solution (0.35 mM) was made by dis-
solving 1.2 mg of DMB in 100 �L of 95% ethanol and diluting
to 10 mL with 200 mM CHOONa, pH 3.5. The stock solution
was diluted 1:3 with 200 mM CHOONa, pH 3.5, just before
use. Urine samples (0.5–5 �L) were diluted to 50 �L with 200
mM CHOONa, pH 3.5, in 96-well vinyl microtitre plates
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(Costar, Cambridge, MA, U.S.A.). To each sample, 100 �L of
the working DMB solution was added, the plate was shaken
manually for 2 s, and the OD 520 nm measured immediately in
a Victor2 multilabel reader (PerkinElmer Life Science, Boston,
MA, U.S.A.). A calibration curve was generated using chon-
droitin 6-sulfate from shark cartilage (Sigma Chemical).

Derivatization of oligosaccharides. Samples of urine (0.5
�mol creatinine equivalents) were lyophilized before derivati-
zation. Each sample had 2 nmol of GlcNAc6S-d3 (21) and 100
�L of derivatizing solution (250 mM PMP, 400 mM NH3, pH
9.1) added. The samples were vortexed vigorously and incu-
bated at 70°C for 90 min. Samples were then acidified with a
2-fold molar excess of formic acid (100 �L of 800 mM
solution) and made up to 500 �L with water. Each sample was
extracted with 500 �L of CHCl3 to remove excess PMP and
centrifuged (13,000 � g, 5 min). Solid phase extraction col-
umns (100 mg, C18 end-capped; International Sorbent Tech-
nology, Mid Glamorgan, U.K.) were primed with successive 1
mL washes of 100% CH3CN, 50% CH3CN/0.025% formic
acid, and water. The aqueous layer from each CHCl3 extraction
(400 �L) was applied to a primed C18 column and allowed to
enter the solid phase completely. The column was washed with
water (1 � 500 �L, followed by 2 � 1000 �L) and dried under
vacuum (15 min) on a Supelco, Visiprep24 vacuum manifold
(Sigma Chemical) or in a lyophilizer (45 min), if in the 96-well
format. Each dried C18 column was then washed with CHCl3
(2 � 1000 �L) to remove any unincorporated PMP, and again
dried thoroughly. Derivatized oligosaccharides were eluted
from the C18 column with 50% CH3CN/0.025% formic acid in
water (500 �L) and injected into the mass spectrometer. Whole
blood samples were dried onto filter paper (S&S 903, Schlei-
cher and Schuell). Three-millimeter punches were taken and
derivatized as described above with the following changes: 0.1
nmol GlcNAc6S-d3 was used per sample and 25 mg C18
columns in a 96-well microtiter format were used. The PMP-
derivatized samples eluted from the C18 columns were dried
under a stream of N2. Each sample was reconstituted in 100 �L
of 50% CH3CN/0.025% formic acid in water for injection into
the mass spectrometer.

ESI-MS/MS analysis of oligosaccharides. Mass spectro-
metric analyses were performed in negative ion mode using a
PE Sciex API 3000 triple-quadrupole mass spectrometer with
a Turboionspray source and Analyst v1.1 data system (MDS
Sciex, Concord, ON, Canada ). Samples (20 �L) were injected
into the electrospray source with a Waters 233XL Autosampler
(Waters, Milford, MA, U.S.A.) using a solvent consisting of
50% CH3CN/0.025% formic acid in water, at a flow rate of 80
�L/min. For all analytes, nitrogen was used as both the sheath
gas and the collision gas. Quantification of PMP-derivatized
oligosaccharides was performed using the multiple-reaction
monitoring (MRM) mode. Ion pairs corresponding to sulfated
HexNAc and disaccharides containing both HexNAc and UA
were monitored as follows: 633/259 (GlcNAc6S-d3), 630/256
(HexNAcS), 710/256 (HexNAcS2), 806/331 (HexNAcS-UA),
and 726/173 (HexNAc-UA and UA-HexNAc). Each ion pair
was monitored for 100 ms using a resolution setting of 0.7
atomic mass units at half peak height for both Q1 and Q3. For
each quantitative measurement, continuous scans were made

over the injection period and averaged. Quantification was
achieved by relating the peak heights of the PMP-oligosaccha-
rides to the peak height of the PMP-GlcNAc6S-d3 internal
standard using Chemoview v1.0b2 (MDS Sciex, Concord,
Ontario, Canada). All oligosaccharides concentrations are re-
ported as relative units.

RESULTS

Clinical disease progression in MPS VI cats undergoing
ERT. Features of MPS VI disease were subjectively milder in
the high-dose-treated cats, with cats exhibiting less rounded
facial features, larger ears, and a more normal body shape
compared with the low-dose-treated cats. All of the low-dose-
treated cats had obvious MPS VI disease features, including a
broad, rounded face with slightly flattened nose, short neck and
tail, broad body shape, and variable but mild degrees of
kyphosis of the thoracolumbar spine. One low-dose cat also
exhibited very mild hindlimb neurologic deficits consistent
with bony compression of the spinal cord as described previ-
ously (16).

Histologic and immunologic assessment of therapy. Both
enzyme doses resulted in the clearance of storage material from
lysosomes in a range of soft connective tissues such as the liver
(Table 1). Subjectively, high-dose therapy appeared to give a
greater reduction in storage over the low-dose therapy in skin,
dura matter, and hip capsule fibroblasts. However, no reduction
in storage was observed in articular cartilage or cornea at either
dose, with the tissue appearance resembling that of untreated
MPS VI tissue. No significant antibody response to rf4S was
detected in any MPS VI cats undergoing ERT or in untreated
MPS VI and normal control littermates sampled by ELISA
(results not shown).

Monitoring of urinary GAG using the DMB assay. Total
urine GAG as determined by the DMB assay in the low- and
high-dose ERT-treated MPS VI cats gave values midway
between untreated MPS VI and control animals (Fig. 1). GAG
levels in high-dose-treated cats at ~25 d of age were nearly

Table 1. Lysosomal storage in various tissues in MPS VI cats after
ERT started at birth¶

Tissue/cell type

No ERT
1 mo*

(n � 1–2)

1 mg/kg rf4S
(low dose)

3 mo
(n � 3)

20-1 mg/kg rf4S
(high dose)

3 mo
(n � 3)

Liver Kupffer cells 3� 0 0
Brain perivascular cells 2� �–2� 1�–2�
Skin fibroblasts 3� 2� �–2�
Dura mater fibroblasts NA§ 2�–3� 1�–2�
Heart valve fibroblasts 3� 1�–2� 1�–2�
Aorta smooth muscle cells 3� 2� 1�–2�
Hip joint capsule fibroblasts NA 1�–3� 2�
Corneal keratocytes 3� 3� 3�
Cartilage chondrocytes 3� 3� 3�

¶ Degree of lysosomal vacuolation is graded as none (0), very mild (�),
mild (1�), moderate (2�), severe (3�). Grade is 0 for all tissues at all ages in
normal cats.

§ Not available.
* From Crawley et al. 16. Lysosomal storage is maximal by 1 mo of age in

all of the tissues examined above, except brain perivascular cells, which
achieve maximal levels within 6 mo.
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normalized, compared with the low-dose-treated cats, consis-
tent with the higher rf4S dose rate administered in the first 28 d
of age. At days ~55 and 90, the level of urinary GAG was
similar in both the high- and low-dose animals.

Monitoring of urinary GAG-derived oligosaccharides us-
ing ESI-MS/MS. Two oligosaccharides previously shown to
correlate to disease state in human MPS VI (21) were analyzed
in normal, MPS VI–affected, and enzyme-treated MPS VI cats.
Significant levels of the monosaccharide HexNAcS was de-
tected in urine from untreated MPS VI cats. Levels were 4- to
5-fold higher than in normal animals at 15–25 d of age and
seven times the levels found in normal cats at 90 d (Fig. 2A).
Initial monosaccharide sulfate concentrations at 25 d in the
low-dose-treated group were similar to untreated MPS VI cats.
The high-dose-treated group in contrast was much closer to
normal levels. However by ~55 d of age (where both groups
were on the 1 mg/kg dosage), monosaccharide sulfate levels in
both ERT dosage groups were similar to each other and
approaching levels mid-range between the normal and un-
treated MPS VI cats. A similar excretion pattern is observed
for the sulfated disaccharide HexNAcS-UA, which was ~15
times the level observed in normal cats at 15–25 d and ~37
times the level observed at 90 d (Fig. 2B). Commensurate with
the monosaccharide sulfate results, the initial amounts of sul-
fated disaccharide in urine of animals in the high-dose-treated
group were closer to normal values whereas sulfated disaccha-
ride amounts in urine of the low-dose animals were closer to
the untreated MPS VI animals. By ~55 d of age, sulfated
disaccharide amounts in the urine of both ERT dosage groups
were similar to each other.

The unsulfated disaccharide HexNAc-UA, represented by
the 726/173 MRM pair, is a nonstorage GAG-derived analyte
that is independent of MPS VI disease state and provides an

alternative normative measure to creatinine. When the amount
of the sulfated disaccharide HexNAcS-UA is plotted as a ratio
of HexNAc-UA, a different pattern is observed over time (Fig.
3). The ratio of HexNAcS-UA to HexNAc-UA did not de-
crease with age and instead displayed a slight increase. Hex-
NAcS-UA to HexNAc-UA ratios were ~33 times the normal
cat value at 21 d compared with 47 times the normal cat value
at 90 d. At the early time point, a difference was noted between
animals in the different ERT groups. High-dose animals had
urinary HexNAcS-UA:HexNAc-UA values close to normal,
whereas low-dose animals were comparable to untreated MPS

Figure 1. Total urinary GAG from control, treated and untreated animals.
Urine was collected from normal (�), MPS VI untreated (f), MPS VI
low-dose-treated (�), and MPS VI high-dose treated (Œ) animals at the times
indicated. Total urinary GAG was determined using the DMB dye binding
assay and normalized to creatinine.

Figure 2. Urinary levels of the monosaccharide (HexNAcS) and the disac-
charide (HexNAcS-UA) in control, treated, and untreated animals. Urine was
collected from normal (�), MPS VI untreated (f), MPS VI low-dose-treated
(�), and MPS VI high-dose-treated (Œ) animals at the times indicated. The
relative concentrations of the monosaccharide HexNAcS (A) and the disac-
charide HexNAcS-UA (B) were measured using tandem mass spectrometry
and normalized to creatinine.

588 CRAWLEY ET AL.



VI animals. As with previous results, by ~55 d of therapy the
urinary HexNAcS-UA:HexNAc-UA values were similar in
both treatment groups. In contrast to previous results, normal-
ized to creatinine, the ratio of HexNAcS-UA to HexNAc-UA
in the urine of all animals increased with age.

Statistical analysis of the urine data grouped as 10–30 d,
50–70 d, and 80–100 d, using independent samples t test was
performed. This analysis showed that determination of total
urinary GAG could not discriminate the high- and low-dose
groups at 10–30 d (p � 0.09), whereas the oligosaccharide
markers and ratios were able to discriminate these groups (p �
0.01). Similarly, at 80–100 d neither of the treated groups
could be distinguished from the untreated group using total
urinary GAG (p � 0.05) but could be distinguished using the
oligosaccharide markers and ratios (p � 0.05).

Monitoring of GAG-derived oligosaccharides in blood.
HexNAcS concentration in the untreated MPS VI group dis-
played an overall increase with age whereas the control cats
maintained a consistently low level (Fig. 4). Low- and high-
dose ERT cats display dose-related levels of HexNAcS in
blood. Higher initial levels can be seen in the low-dose group
compared with the high-dose group. Both groups then pla-
teaued approximately midway between the untreated MPS VI
and normal cats by 90 d of age. A similar pattern in analyte
levels was observed between normal, MPS VI-, and MPS
VI-treated animals in the circulation as observed in the urine
(Fig. 4 compared with Fig. 2B). However, the discrimination
between treatment groups was not as clear as that observed in
urine.

DISCUSSION

ESI-MSMS enables the determination of a vast array of
compounds and metabolites in biologic systems. This raises the
prospect of biochemical monitoring of disease progression and
therapeutic outcomes, once appropriate biochemical markers
are identified for individual diseases. With the likelihood of
ERT becoming available for a number of LSD, including MPS
VI, methods for monitoring the response to therapy will be
required to tailor individual therapeutic regimes and thereby
optimize clinical outcomes.

ERT, as evaluated in feline MPS VI, has proven effective in
reducing the lysosomal storage in soft connective and skeletal
tissues in a dose-dependent manner (14–16). Treated animals
attain a more normal appearance and display a freer range of
movement than untreated animals. Some tissues such as carti-
lage and cornea, however, remain unaffected by ERT (16).
Analysis of the natural progression of pathology in the MPS VI
cat has shown that the degree of lysosomal vacuolation in-
creases with age, becoming maximal approximately 1 mo after
birth. The birth to 1-mo period presents a time frame in which
it might be possible to alter the clinical progression of MPS VI
by the modulation of ERT during the period before pathology
becomes entrenched.

In this study, the administration of a very high dose of rf4S
in the immediate postnatal period was monitored by the deter-
mination of the GAG-derived oligosaccharides HexNAcS and
HexNAcS-UA in urine. These biochemical markers showed a
dose response during the first 4 wk of treatment, when ERT
dose rates were different between the two treated groups of
animals. Both analytes, in particular the sulfated disaccharide
HexNAcS-UA, provided a clearer discrimination between the
treatment groups than total GAG determination by the com-
monly used DMB method (compare Fig. 1 and Fig. 2B).

Figure 3. Urinary ratio of the monosaccharide to disaccharide (HexNAcS/
HexNAcS-UA) in control, treated, and untreated animals. Urine was collected
from normal (�), MPS VI untreated (f), MPS VI low-dose-treated (�), and
MPS VI high-dose-treated (Œ) animals at the times indicated. The relative
concentrations of the disaccharides HexNAcS-UA and HexNAc-UA were
measured using tandem mass spectrometry and are expressed as a ratio.

Figure 4. Concentration of the monosaccharide (HexNAcS) in blood from
control, treated, and untreated animals. Blood was collected from normal (�),
MPS VI untreated (f), MPS VI low-dose-treated (�), and MPS VI high-dose-
treated (Œ) animals. The concentration of the monosaccharide HexNAcS was
determined using tandem mass spectrometry. Values are presented as the mean
� 2 SE for the age range indicated. The number of data points per age range
is indicated below the x axis.
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Conversely, the initial high-dose regimen did not confer any
significant advantage over the standard dosing regimen with
respect to clearance of lysosomal storage from cartilage and
cornea, both avascular connective tissues, despite subjective
differences in overall physical appearance. However, both dose
rates did remove or prevent accumulation of lysosomal storage
in a number of soft connective tissues, compared with un-
treated MPS VI cats. Subjective improvements in the initial
high-dose group compared with the low-dose group were
observed in skin, dura matter, and hip capsule fibroblasts, and
in aorta smooth muscle cells in some animals.

The analytes evaluated by ESI-MSMS (HexNAcS and Hex-
NAcS-UA) are presumed to be GalNAc4S and GalNAc4S-UA,
respectively, because of the known deficiency of N-acetylgalac-
tosamine-4-sulfatase in MPS VI. The origins of the analytes are
thought to arise from two different mechanisms of GAG catabo-
lism. The monosaccharide sulfate GalNAc4S on the nonreducing
end of the dermatan sulfate storage product can be cleaved from
the intact GAG by an alternative but inefficient pathway involving
an exo-enzyme; �-N-acetylhexosaminidase (27, 28). The
GalNAc4S-UA disaccharide, however, must result from another,
as yet uncharacterized, degradation pathway involving an endo-
enzyme in combination with the exo-enzymes involved in GAG
degradation. The endo-lytic digestion of GAG would be expected
to generate a range of fragments of intermediate size. These would
then be trimmed back to structures having a 4-sulfated N-
acetylgalactosamine moiety on the nonreducing terminal by the
action of the lysosomal exo-enzymes. A potential candidate for
the endo-enzyme is the hyaluronidase family of endo-
glycosidases, which are known to cleave hyaluronan, chondroitin
sulfate, and, to a lesser extent, dermatan sulfate GAG (29). At
least one member of the family is found in the lysosome (30).

An advantage of tandem mass spectrometry determination of
urinary oligosaccharides is the ability to use other nondisease-
related oligosaccharides as the normative value instead of creati-
nine. Although commonly used as a measure of GFR, urinary
creatinine values correlate to muscle mass and, as such, increase
with age as body weight accumulates (31). As a result, urinary
GAG levels decrease with age when normalized to creatinine. The
unsulfated disaccharide HexNAc-UA (and/or UA-HexNAc) rep-
resented by the 726/173 MRM pair, which was not elevated in
MPS VI urine (data not shown), was used to normalize the
previously identified sulfated disaccharide (Fig. 3). The ratio of
HexNAcS-UA to HexNAc-UA/UA-HexNAc shows a constant
low value in the control animals, effectively correcting for the
decrease in urinary GAG excretion observed with age. The high-
dose animals displayed almost normalized values at 15–25 d, but
these increased when the animals reverted to the low-dose regi-
men and were indistinguishable from the low-dose animals at
50 d. This suggests an increase in GAG storage and subsequent
urinary excretion during low-dose therapy compared with the
high-dose and is further supported by the continuous increase in
the ratio value in the low-dose animals over the 90 d of therapy.
The increase in the ratio value in both groups of treated animals,
however, occurred at a slower rate than the untreated MPS VI
animals and did not attain the same level. These results were not
evident from the total urinary GAG determination (Fig. 1) and

demonstrate the advantages of these markers for the monitoring of
therapy for MPS VI.

The determination of oligosaccharides in blood collected as
dried blood spots is an attractive proposition for the monitoring
of therapy due to the ease of collection and the convenience of
storage and transport. In this study, blood was collected from
treated and untreated animals at the same time as urine collec-
tion to compare oligosaccharide levels in each fluid. Only the
sulfated monosaccharide HexNAcS was present in dried blood
spots in sufficient concentrations to provide useful data. The
level of this analyte in blood showed a similar trend to that seen
in the corresponding urine samples, although there was con-
siderable variation in both the high and low treatment groups,
possibly due to a circadian fluctuation in circulating GAG
levels. Further analysis is required to optimize ESI-MS/MS
measurement of disease-related oligosaccharides in blood.

In summary, the administration of transient high-dose ERT in
the immediate postnatal period cannot be justified in the absence
of a significant improvement in lysosomal storage in the severely
affected avascular connective tissues. The potential for increased
side-effects arising from the administration of high protein
amounts and the increased costs associated with production of
large amounts of recombinant enzyme would offset the small
improvements observed. The use of ESI-MS/MS to monitor the
urinary excretion of oligosaccharides representative of MPS VI
disease state has a number of potential advantages. Firstly, it
provides a noninvasive method to monitor GAG load during
therapy, as opposed to histologic studies. Secondly, it has the
ability to monitor urinary GAG levels at independent time points
during therapy and removes the need to normalize to creatinine,
whereas the standard DMB or Alcian blue method requires all
samples to be analyzed simultaneously and corrected for creati-
nine to provide a valid comparison. The use of ESI-MS/MS would
be applicable to other MPS in which a urinary marker of disease
can be identified, and work is continuing in this area. Further
studies will demonstrate the robustness of ESI-MS/MS as a
technique for both the diagnosis of MPS and to monitor therapy
regimens to tailor treatment to the individual.
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