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Two novel sugars, 2-acetamido-1,3,6-tri-O-acetyl-2,4-
dideoxy-�- and �-D-xylo-hexopyranoses, have been
synthesized and their effects on heparan sulfate bio-
synthesis using primary mouse hepatocytes in tissue
culture have been assessed. At concentrations of 0.1
and 1.0 mmol/L a mixture of both anomers signifi-
cantly inhibited the biosynthesis of heparan sulfate
by 60% and 99%, respectively. At 1.0 mmol/L the
average molecular weight of the heparan sulfate syn-
thesized is reduced from 77 kd to 40 kd. The bio-
synthetic inhibition is apparent within 1 hour (the
earliest time point examined) of exposure of the
hepatocytes to the analogues and appears virtually
complete throughout a 24-hour incubation period.
Using a radiolabeled version of the �-anomer we dem-
onstrate that the analogue is incorporated into grow-
ing heparan sulfate chains. The nature of the ana-
logue, the quantity of analogue isotope incorporated,
and the reduction in the size of the heparan sulfate
polysaccharide are consistent with UDP activation
and incorporation of the analogue and truncation of
the growing heparan sulfate chain. At 0.1 mmol/L,
and in the presence of a constant concentration of
serum amyloid A (the precursor to AA amyloid), each
analogue inhibited amyloid deposition (by 95 to 99%)
in a tissue culture model of AA amyloidogenesis. At 6
mg/dose twice daily each analogue inhibited in vivo
splenic AA amyloid deposition by 65 to 70% when
using a rapid induction model of mouse AA amyloi-
dogenesis. These data indicate that polysaccharides,
such as heparan sulfate, play an integral part in the
pathogenesis of AA amyloid deposition, and poten-
tially other forms of amyloid. These data support our
previous work that demonstrated that agents that

mimic aspects of heparan sulfate structure and that
interfere with heparan sulfate:amyloid protein bind-
ing inhibit AA amyloid deposition. They emphasize
that heparan sulfate likely plays a critical role in amy-
loidogenesis, and compounds that interfere with
heparan sulfate biosynthesis may provide leads for
the development of anti-amyloid therapeutic agents.
(Am J Pathol 2004, 164:2127–2137)

For centuries it has been known that white waxy deposits
can accumulate in tissues of victims of persistent inflam-
matory diseases such as tuberculosis, osteomyelitis, and
lung abscesses. Some 150 years ago Rudolf Virchow1

coined the term “amyloid” (meaning starch-like) to de-
scribe such deposits. He found that their original appear-
ance, suggestive of the surface of a cut raw potato,
altered to dark blue or black when an amyloid deposit
was allowed to react with iodine in the presence of sul-
furic acid, the same reaction as is found with starch or
cellulose. The inference was that in situ such deposits are
characterized by the presence of a carbohydrate. A cen-
tury and a half later, we can add that in situ amyloid
deposits also possess further unique structural and stain-
ing features.2 Some dyes with affinity for protein stain
amyloid pink, and when viewed microscopically in natural
light appears amorphous. But amyloid deposits have a
particular affinity for Congo Red and when so stained
exhibit a characteristic red-green birefringence in polar-
ized light. This property is useful diagnostically and indi-
cates an underlying substructure in amyloid.

Electron microscopy eventually revealed the fibrillar
nature of this substructure. Amyloid fibrils are 7 to 10 nm
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in diameter, vary considerably in length, and were found
to be either randomly disposed or organized into parallel
arrays. Data obtained from X-ray diffraction and infrared
spectroscopy examination of fibrils extracted from tissue
further indicated that the protein in such fibrils is orga-
nized as a crossed �-pleated sheet. From such a unique
set of structural and staining properties it was originally
natural to infer that the protein component of amyloid was
always the same, regardless of the clinical context in
which it was found. Data collected since the 1970’s,
however, has shown that there are in fact at least 24
different proteins capable of forming amyloid fibrils in
living tissue.3 The type of protein deposited [eg, A� as-
sociated with Alzheimer’s disease, islet amyloid polypep-
tide associated with type II diabetes, or serum amyloid A
(SAA) in persistent inflammatory disorders] is a function
of the disease or pathological process with which the
specific protein is associated.

The disease/pathological process-specific proteins of
amyloids have received the lion’s share of investigational
attention. But there is also substantial evidence that ad-
ditional molecular components in amyloids play critical
roles in amyloidogenesis in vivo. A common set of such
constituents has been identified, regardless of the amy-
loid protein involved.4,5 These include serum amyloid P,
laminin, collagen IV, entactin, heparan sulfate proteogly-
can (HSPG), and apolipoprotein E (apo E). Apart from
apo E, these are all building blocks of tissue basement
membranes, the usual initial anatomical site of amyloid
deposition.6,7

It has been found that mice lacking the gene for either
apo E or serum amyloid P are still capable of forming
amyloid,8–11 although the time-lag before the onset of
deposition, and the subsequent rate of accumulation is
slower than in mice possessing these genes. These gene
knockout studies thus indicate that, although serum amyloid
P and apo E are not absolute requirements for amyloido-
genesis, they do play a role in the rate of initiation and
subsequent progression of this process. Of the other com-
ponents only HSPG has received significant attention.

Because it was recently shown that gene knockouts of
the enzymes responsible for HS elongation are lethal
during embryonic development,12,13 it does not currently
seem possible to match, in the case of HS, the investi-
gation of the effects of apo E or serum amyloid P knock-
outs on amyloid deposition. The purpose of the present
work has therefore been to design and synthesize com-
pounds that might instead effect a chemical knockout of HS
biosynthesis, and then test such compounds for their pos-
sible anti-AA amyloid effects during amyloid induction.

Materials and Methods

Synthesis and Structural Characterization of
Glucosamine Analogues

The desired glucosamine analogues were synthesized as
shown in Figures 1 and 2.

General Methods

Melting points were determined on a Fisher-Johns appa-
ratus and are uncorrected. Optical rotations were mea-
sured with a Perkin-Elmer 241 polarimeter for solutions in
a 1-dm cell at room temperature. Thin-layer chromatog-
raphy was performed on Brinkmann precoated alumi-
num-backed sheets of Silica Gel 60 F254 (Merck). 1H and
13C NMR spectra were recorded at room temperature on
a Bruker 400 AVANCE spectrometer at 400.1 and 100.6
MHz, respectively. The signals arising from residual pro-
tons in the deuterated solvents were used as internal
standards. Chemical shifts (�) are reported in ppm down-
field from tetramethylsilane for 1H and 13C spectra.

Methyl 2-Acetamido-3,6-Di-O-Acetyl-2-Deoxy-
�-D-Glucopyranoside (Compound 2)

Acetyl chloride (2.1 equivalents, 6.35 ml) was added
dropwise for 45 minutes to a solution of methyl 2-acet-
amido-2-deoxy-�-D-glucopyranoside (compound 1)14

(10.0 g, 42.5 mmol) in anhydrous pyridine (250 ml) main-
tained at �45°C under an argon atmosphere. The reac-
tion mixture was allowed to warm to room temperature
overnight. MeOH (20 ml) was then added and the mixture
was concentrated under reduced pressure and co-evap-
orated with toluene to dryness. The crude oil was parti-
tioned between CHCl3 (250 ml) and 1 N HCl (150 ml). The
organic layer was then washed twice with 1 N HCl (100
ml), dried over anhydrous Na2SO4, and filtered. The sol-
vent was evaporated under reduced pressure. The re-
sultant crude, amber oil was triturated with hot EtOAc to
afford compound 2 as a white powder (6.64 g, 48.0%): Rf

0.66 (1:9 MeOH-EtOAc); mp 179 to 180°C; [�]D �52.0°
(c 0.05, CHCl3); 1H NMR (CDCl3): � 1.93 (s, 3 H, Ac), 2.06
(s, 3 H, Ac), 2.10 (s, 3 H, Ac), 3.38 (s, 3 H, OMe), 3.58
(apparent t, 1 H, J3,4 � J4,5 9.5 Hz, H-4), 3.76 (m, 1 H, J5,6

Figure 1. Synthesis of 2-acetamido-1,3,6-tri-O-acetyl-2,4-dideoxy-�-D-xylo-
hexopyranose (compound 5). Reagents: (i) AcCl, pyr; (ii) SO2Cl2, pyr; (iii)
Bu3SnH, VAZO, toluene; (iv) Ac2O, H2SO4.

Figure 2. Synthesis of 2-acetamido-1,3,6-tri-O-acetyl-2,4-dideoxy-�-D-xylo-
hexopyranose (compound 7). Reagents: (i) H2SO4, Ac2O; (ii) Ac2O, ZnCl2.
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2.2, J5,6� 4.3 Hz, H-5), 4.21 (apparent td, 1 H, J2,3 10.2 Hz,
H-2), 4.29 (dd, 1 H, J6,6� 12.1 Hz, H-6), 4.37 (dd, 1 H, J6,6�

12.1 Hz, H-6�), 4.67 (d, 1 H, J1,2 3.6 Hz, H-1), 5.05
(apparent d, 1 H, J2,NH 9.6 Hz, NH); 13C NMR (CDCl3): �
20.8 (COCH3), 20.9 (COCH3), 23.1 (COCH3), 51.7 (C-2),
55.2 (OMe), 62.9 (C-6), 68.3 (C-4), 69.8 (C-5), 73.7 (C-3),
98.4 (C-1), 170.2 (C � O), 171.5 (C � O), 172.1 (C � O).
Anal. Calcd for C13H21NO8: C, 48.90; H, 6.63; N, 4.39.
Found: C, 48.81; H, 6.43; N, 4.15.

Methyl 2-Acetamido-3,6-Di-O-Acetyl-4-Chloro-
2,4-Dideoxy-�-D-Galactopyranoside
(Compound 3)

To a solution of compound 2 (10.0 g, 31.3 mmol) in
anhydrous pyridine (150 ml) at 0°C under an argon at-
mosphere was added SO2Cl2 dropwise for 10 minutes.
The bright-yellow solution was kept in a refrigerator over-
night and then at room temperature for 3 hours. The
dark-brown mixture was concentrated under reduced
pressure and co-evaporated with toluene to dryness. The
brown sludge was partitioned between CHCl3 (250 ml)
and 1 N HCl (150 ml). The organic layer was washed
twice with 1 N HCl (100 ml), dried over anhydrous
Na2SO4, and filtered. The solvent was evaporated under
reduced pressure. The resultant amber oil was crystal-
lized from EtOH to afford compound 3 (11.4 g, 83.1%) as
fine white needles: Rf 0.55 (1:9 MeOH-EtOAc); [�]D
�148.7° (c 0.05, MeOH); mp 122 to 123°C; 1H NMR
(CDCl3): � 1.97 (s, 3 H, Ac), 2.08 (s, 3 H, Ac), 2.10 (s, 3
H, Ac), 3.40 (s, 3 H, OMe), 4.19 to 4.31 (m, 3 H, H-5, H-6,
H-6�), 4.40 (d, 1 H, J3,4 � J4,5 3.5 Hz, H-4), 4.69 (appar-
ent td, 1 H, J2,3 10.8 Hz, H-2), 4.75 (d, 1 H, J1,2 3.7 Hz,
H-1), 5.18 (dd, 1 H, J2,3 10.8, J3,4 3.5 Hz, H-3), 5.62 (d, 1
H, J2,NH 9.6 Hz, NH); 13C NMR (CDCl3): � 20.7 (COCH3),
20.8 (COCH3), 23.3 (COCH3), 47.3 (C-2), 55.4 (OMe),
58.7 (C-4), 63.5 (C-6), 66.8 (C-5), 69.3 (C-3), 98.6 (C-1),
169.8 (C � O), 170.4 (C � O), 171.0 (C � O). Anal. Calcd
for C13H21ClNO7: C, 46.23; H, 5.97; Cl, 10.50; N, 4.15.
Found: C, 46.19; H, 5.87; Cl, 10.33; N, 4.08.

Methyl 2-Acetamido-3,6-Di-O-Acetyl-2,4-
Dideoxy-�-D-Xylo-Hexopyranoside (Compound 4)

A solution of compound 3 (5.0 g, 14.8 mmol), tri-n-butyltin
hydride (2 equivalents, 7.96 ml) and a catalytic amount of
1,1�-azobis(cyclohexanecarbonitrile) (VAZO, 50 mg) in
anhydrous toluene under an argon atmosphere was
heated to reflux temperature; after 2 hours the solution
was cooled to room temperature. The resultant precipi-
tate was collected by filtration to afford compound 4 (3.9
g, 87.6%) as feathery white needles: Rf 0.58 (1:9 MeOH-
EtOAc); [� ]D � 88.4° (c 0.05, CHCl3), lit. 88.8° (c 1,
CHCl3);15 mp 159 to 160° C, lit. mp 158 to 160°C;15 1H
NMR (CDCl3): � 1.65 to 1.72 (apparent q, 1 H, J3, 4ax �
J4ax,4eq � J4ax,5 12.0 Hz, H-4ax), 1.98 (s, 3 H, Ac), 2.00 to
2.08 (m, 4 H, H-4eq, Ac), 2.11 (s, 3 H, Ac), 3.39 (s, 3 H,
OMe), 4.02 to 4.04 (m, 1 H, H-5), 4.15 (apparent d, 2 H,
J 4.8 Hz, H-6, H-6�), 4.20 (apparent td, 1 H, H-2), 4.75 (d,

1 H, J1,2 3.4 Hz, H-1), 5.15 (apparent td, 1 H, J2,3 � J3,4ax

10.9 Hz, H-3), 5.70 (d, 1 H, J2,NH 9.4 Hz, NH); 13C NMR
(CDCl3): � 20.7 (COCH3), 20.9 (COCH3), 23.3 (COCH3),
32.8 (C-4), 52.4 (C-2), 55.1 (OMe), 65.6 (C-5), 65.7 (C-6),
68.5 (C-3), 99.1 (C-1), 169.9 (C � O), 170.6 (C � O),
171.1 (C � O). Anal. Calcd for C13H21NO7: C, 51.48; H,
6.98; N, 4.62. Found: C, 51.27; H, 7.12; N, 4.56.

2-Acetamido-1,3,6-Tri-O-Acetyl-2,4-Dideoxy-�-
D-Xylo-Hexopyranose (Compound 5)

To a suspension of compound 4 (2.5 g, 8.2 mmol) in
acetic anhydride (35 ml) at 0°C was added H2SO4 (0.5
ml). The clear solution was warmed to room temperature
and after 48 hours was poured into an ice-distilled water
(250 ml) mixture. The aqueous solution was neutralized
with NaHCO3 and then extracted five times with CHCl3
(150 ml). The organic layers were combined, dried over
anhydrous Na2SO4, and filtered. The resultant amber oil
was recrystallized from EtOAc to afford the byproduct
compound 6 (0.6 g, 23.9%) as a white solid. Recrystalli-
zation of the residue from the mother liquor from EtOAc-
Et2O afforded compound 5 (1.2 g, 45.0%) as white crys-
tals: Rf 0.54 (1:9 MeOH-EtOAc); [� ]D �96.7° (c 0.05,
CHCl3); mp 111 to 112°C; 1H NMR (CDCl3): � 1.64 to 1.80
(apparent q, 1 H, J3, 4ax � J4ax,4eq � J4ax,5 12.2 Hz,
H-4ax), 1.94 (s, 3 H, OAc), 2.01 to 2.08 (m, 7 H, H-4eq, 2
Ac), 2.16 (s, 3 H, Ac), 4.08 to 4.15 (m, 3 H, H-5, H-6,
H-6�), 4.30 (apparent td, 1 H, J2,NH 9.2, J1,2 3.5 Hz, H-2),
5.18 (apparent td, 1 H, J2,3 � J3,4ax 10.9, J3,4eq 4.8 Hz,
H-3), 5.58 (d, 1 H, J2,NH 9.2 Hz, NH), 6.18 (d, 1 H, J1,2 3.5
Hz, H-1); 13C NMR (CDCl3): � 20.7, 21.0, and 23.1 (3
OCOCH3 and NCOCH3), 32.5 (C-4), 51.7 (C-2), 65.3
(C-6), 67.6 (C-5), 67.7 (C-3), 91.8 (C-1), 168.9, 170.1,
170.7, and 171.5 (3 OCOCH3, NC � O). Anal. Calcd for
C14H21NO7: C, 50.75; H, 6.93; N, 4.23. Found: C, 50.62;
H, 6.30; N, 4.17.

2-Acetamido-3,6-Di-O-Acetyl-2,4-Dideoxy-�-D-
Xylo-Hexopyranose (Compound 6)

Compound 6 was obtained as either a byproduct of the
synthesis of compound 5 or directly, in a separate exper-
iment, by treating the acetic anhydride-H2SO4 solution of
compound 4 (1.00 g, 3.3 mmol) after the 48-hour reaction
period with distilled water (10 ml), which was added
dropwise throughout a 0.5-hour period, and then pouring
the solution into an ice-distilled water mixture. The mix-
ture was then processed as described for the preparation
of compound 5. Crystallization from EtOAc afforded com-
pound 6 (0.59, 62.5%) as a white solid: Rf 0.55 (1:9
MeOH-EtOAc); [� ]D �67.1° (c 0.01, MeOH); mp 174 to
175 °C; 1H NMR (CDCl3): � 1.63 to 1.72 (apparent q, 1 H,
J3, 4ax � J4ax,4eq � J4ax,5 12.0 Hz, H-4ax), 1.97 (s, 3 H,
Ac), 2.03 to 2.05 (m, 4 H, H-4eq, Ac), 2.09 (s, 3 H, Ac),
4.08 to 4.17 (m, 3 H, H-2, H-6, H-6�), 4.26 to 4.32 (m, 1 H,
H-5), 5.23 (apparent td, 1 H, J2,3 � J3,4ax 11.0 Hz, J3,4eq

4.9 Hz, H-3), 5.29 (d, 1 H, J1,2 3.2 Hz, H-1), 5.85 (d, 1 H,
J2,NH 9.2 Hz, NH); 13C NMR (CDCl3): � 20.8 (COCH3),
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21.0 (COCH3), 23.2 (COCH3), 33.0 (C-4), 52.8 (C-2), 65.7
(C-5), 65.9 (C-6), 68.1 (C-3), 92.6 (C-1), 170.4 (C � O),
170.8 (C � O), 171.3 (C � O). Anal. Calcd for
C12H19NO7: C, 49.82; H, 6.62; N, 4.84. Found: C, 49.77;
H, 6.72; N, 4.74.

2-Acetamido-1,3,6-Tri-O-Acetyl-2,4-Dideoxy-�-
D-Xylo-Hexopyranose (Compound 7)

A solution of compound 6 (0.5 g, 1.7 mmol) and ZnCl2
(100 mg) in acetic anhydride was kept at 50°C for 1 hour
and then NaOAc (0.57 g, 5 equivalents) was added to the
warm mixture. After a further hour the mixture was poured
into an ice-distilled water solution (200 ml) and pro-
cessed as described for compound 5. The crude oil
mixture of �- and �-anomers was crystallized from EtOAc
to afford pure compound 7 (0.27 g, 47.3%) as a white
solid: Rf 0.54 (1:9 MeOH-EtOAc); [� ]D �0.2° (c 0.05,
CHCl3); mp 149 to 150°C; 1H NMR (CDCl3): � 1.59 to 1.66
(apparent q, 1 H, J3, 4ax � J4ax,4eq � J4ax,5 12.0 Hz,
H-4ax), 1.86 (s, 3 H, Ac), 1.97 to 2.08 (m, 10 H, H-4eq, 3
Ac), 3.79 to 3.81 (m, 1 H, H-5), 4.01 (apparent q, 1 H,
J2,NH 9.5 Hz, H-2), 4.08 (apparent d, 2 H, J 4.6 Hz, H-6,
H-6�), 4.93 (apparent td, 1 H, J2,3 � J3,4ax 10.8, J3,4eq 5.0
Hz, H-3), 5.54 (d, 1 H, J1,2 8.7 Hz, H-1), 5.62 (d, 1 H, J2,NH

9.5 Hz, NH); 13C NMR (CDCl3): � 20.7, 20.9, and 23.2 (3
OCOCH3 and NCOCH3), 32.5 (C-4), 53.7 (C-2), 65.2
(C-6), 70.1 (C-5), 70.6 (C-3), 93.2 (C-1), 169.6, 170.2,
170.6, and 171.0 (3 OCOCH3, NC � O). Anal. Calcd for
C14H21NO7: C, 50.75; H, 6.93; N, 4.23. Found: C, 50.61;
H, 6.14; N, 4.06.

Animals

Swiss-white CD1 8- to 10-week-old female mice were
purchased from Charles River Canada, St. Constant,
Quebec. Mice were kept in a temperature-controlled
room on a 12-hour light/dark cycle and were fed with
Purina Lab Chow pellets and water ad libitum.

Chemicals

All chemicals for biochemical or biological studies were
purchased from Fisher Scientific Co. (Nepean, Ontario,
Canada), Sigma Chemical Co. (St. Louis, MO), ICN (Au-
rora, OH), or Bio-Rad (Hercules, CA). Culture media were
purchased from Life Technologies (Burlington, Ontario,
Canada). Radiolabeled Na2

35SO4 (43 Ci/mmol),
D-[3H]glucosamine hydrochloride (20.3 Ci/mmol), and
L-[3H]leucine (110 Ci/mmol) were purchased from ICN.

Cell Cultures

Primary mouse hepatocytes were isolated as described
previously.16,17 The viability of the cells was assessed by
Trypan blue exclusion and those preparations with
greater than 85% viable cells were established in culture
in Williams-E medium supplemented with 1% fetal calf
serum, and a 1% antibiotic/anti-mycotic mixture (penicil-

lin, streptomycin, and amphotericin). After 24 hours the
medium was replaced with fresh medium either contain-
ing or lacking varying concentrations of the novel sugar
analogues as published previously.18 [3H]Glucosamine
and [35S]SO4 were used to monitor the synthesis and
sulfation of hepatocyte-associated HS, and [3H]leucine
was used to monitor protein biosynthesis as described
previously.15,19 Chondroitin sulfate (CS) biosynthesis was
assessed by the degree of chondroitinase ABCase-
sensitive [35S]SO4 incorporation into glycoaminoglycans
in the hepatocytes.

The size of the GAG chains formed in the absence or
presence of a mixture of the anomers (1.0 mmol/L) was
investigated using GAGs synthesized in the presence of
radiolabeled precursors. The labeled GAGs were iso-
lated as described previously,15,18,19 and examined by
gel chromatography on a Sephadex G-100 (Sigma) col-
umn (0.7 cm � 100 cm) by eluting with 1 mol/L NaCl at a
flow rate of 3.9 ml/h (gravity). Aliquots (0.3 ml) of each
fraction were analyzed for radioactivity by liquid scintilla-
tion spectroscopy. The column was calibrated by moni-
toring the elution volumes of various-sized dextrans hav-
ing molecular weights of 4.7, 11, 19.5, 44, and 77 kd. The
void volume (V0) and total bed volume (Vt) were deter-
mined using Blue dextran and uridine, respectively.

Induction of AA Amyloid

In Culture

AA amyloid was induced in J774 mouse macrophage
tissue cultures using a modification of the method de-
scribed previously by Kluve-Beckerman and col-
leagues.20,21 Briefly J774 were grown to 75 to 80% con-
fluence in RPMI medium for 24 hours after which the
medium was changed to include 20 �g of amyloid-en-
hancing factor as AA amyloid fibrils.22,23 After an addi-
tional 24 hours the medium was changed to include
HDL/SAA (the AA amyloid precursor) � an individual
anomer in appropriate concentrations. Cultures were
maintained in this manner for 6 days, replenishing the
medium every 48 hours, after which they were fixed and
stained with Congo Red.

In Vivo

AA amyloid was induced in 8- to 10-week-old CD1
mice with amyloid-enhancing factor and AgNO3, as an
inflammatory stimulus, as described previously.24 Twen-
ty-four hours after induction groups of five animals were
treated either with the �- or �-anomer at 6 mg/dose
administered intravenously via the lateral tail vein every
12 hours, and sacrificed by CO2 narcosis 5 days after the
commencement of therapy. The quantity of amyloid/unit
area of tissue (spleen and liver) was determined by im-
age analysis as described previously.25 Total splenic
amyloid was corrected for changing spleen weight as
indicated in Table 2.
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Statistical Analysis

Data were analyzed either by a one- or two-way analysis
of variance.

Results

Chemical Synthesis of 4-Deoxy Analogues of
Peracetylated 2-Acetamido-2-Deoxy-�- and
�-D-Glucose (Compounds 5 and 7,
Respectively)

The �-anomer of the peracetylated 4-deoxy analogue of
2-acetamido-2-deoxy-D-glucose (2-acetamido-1,3,6,-tri-
O-acetyl-2,4-dideoxy-�-D-xylo-hexopyranose; compound
5) was synthesized as shown in Figure 1. Methyl 2-acet-
amido-2-deoxy-�-D-glucopyranoside (compound 1)14

was selectively acetylated using acetyl chloride (2.1 equiv-
alents) in pyridine at �45°C to afford the 3,6-di-O-acetyl
derivative compound 2 in 48% yield. The hydroxyl group at
C-4 in compound 2 was removed by way of a reductive
dechlorination procedure. Thus, treatment of compound 2
with sulfuryl chloride in pyridine at 0°C and isolation of the
product at room temperature afforded methyl 2-acet-
amido-3,6-di-O-acetyl-4-chloro-2,4-dideoxy-�-D-galacto-
pyranoside (compound 3) in 83.1% yield. Compound 3
was reductively dechlorinated by treatment with tri-n-
butyltin hydride and a catalytic amount of 1,1�-azobis(cy-
clohexanecarbonitrile) in anhydrous toluene to give the
key intermediate methyl 2-acetamido-3,6-di-O-acetyl-
2,4-dideoxy-�-D-xylo-hexopyranoside (compound 4) in
87.6% yield. Acetolysis of compound 4 in the presence of
acetic anhydride and sulfuric acid afforded the target
compound, namely 2-acetamido-1,3,6-tri-O-acetyl-2,4-
dideoxy-�-D-xylo-hexopyranose (compound 5) in 45%
yield.

The key intermediate compound 4 also was converted
easily into the desired �-anomer, namely 2-acetamido-
1,3,6-tri-O-acetyl-2,4-dideoxy-�-D-xylo-hexopyranose
(compound 7) (Figure 2). The free sugar compound 6
could be obtained by treatment, in a separate experi-
ment, of the acetolysis reaction mixture containing com-
pound 4 (see above) with water for 30 minutes. Finally,
the target �-anomer compound 7 was afforded in 47.3%
yield by treatment of compound 6 with acetic anhydride
and zinc chloride and fractional crystallization of the mix-
ture of a �- and �-anomers.

Effects of Compounds 5 and 7 on Hepatocyte
HS, CS, and Protein Synthesis in Tissue Culture

The effects of a mixture15of the two analogues, com-
pounds 5 and 7 (2:1, respectively, as shown by 1H NMR
spectroscopy), on HS biosynthesis are exemplified in
Figure 3. At 0.1 mmol/L the mixture inhibited the incorpo-
ration of [3H]glucosamine and [35S]SO4 into cell-associ-
ated HS to 39% and 63% of control values, respectively.
At 1.0 mmol/L the incorporation of the two labeled pre-
cursors was negligible. The onset of the inhibitory effect

on HS synthesis is illustrated in Figure 4. Within the first
hour there is an abrupt cessation of [3H]glucosamine
incorporation into cell-associated HS that persists for the
remaining period of incubation. A similar result is appar-
ent with [35S]SO4 (data not shown). Assessment of the
size of the cell-associated HS synthesized in control cul-
tures with those synthesized in the presence of 1.0
mmol/L of the analogues (Figure 5) indicated a 50%
reduction in length. The average sizes of HS from control
cells and those from analogue-treated cells were 77 kd
and 40 kd, respectively. When a tritiated form of these
analogues, at concentrations of 0, 1, 10, and 20 mmol/L,
was incubated with hepatocytes for 24 hours the HS
isolated from such cells contained small quantities of the
radiolabeled analogue, as would be expected if each
incorporated molecule of analogue truncated further
elongation of the polysaccharide chain (Table 1).

Our early work in vivo characterizing the effects of the
4-deoxy compounds was done with the mixture de-
scribed above. To be sure that the observed in vivo in-
hibitory effect on amyloidogenesis was not because of
one or the other of these anomers procedures were de-
veloped to produce each of them separately (Figures 1
and 2) so that each could be tested separately in culture
and in vivo. As shown below, each is equally effective
separately.

The mixture of compounds 5 and 7, at the concentra-
tions tested, as well as others in similar series, failed to
exert any inhibitory effect on the incorporation of
[3H]leucine into hepatocyte proteins in tissue culture.15

Similarly, as measured by the degree of chondroitinase
ABCase-sensitive [35S]SO4 incorporation into glycoami-
noglycans in the hepatocyte there was little effect of
these analogues on chondroitin sulfate biosynthesis. This

Figure 3. The effect of increasing concentrations of a mixture of 4-deoxy
analogues of peracetylated 2-acetamido-2-deoxy-�- and �-D-glucose on he-
patocyte cellular HS biosynthesis. The cells were incubated with D-[3H]glu-
cosamine (black shading) and [35S]sulfate (gray shading) for 24 hours in
the absence or presence of varying concentrations of the compounds. The
values represent the mean � SD of triplicate cultures. Statistical analyses
revealed that the inhibition of HS synthesis was significant at P � 0.01 at both
concentrations.
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was examined in the following way. After 24 hours in
primary culture and labeling with 35S-sulfate 92 to 95% of
hepatocyte-associated glycosaminoglycans (GAG) were
sensitive to nitrous acid digestion. That is, the predomi-
nant GAG is HS because this is the only GAG sensitive to
nitrous acid digestion.18 The remaining 5 to 10% was
sensitive to chondroitinase ABCase digestion. Incubations
in the presence of 0.1 mmol/L of the anomeric mixture
reduced the 35S-sulfate incorporation into GAGs by 50%
(Figure 3) and the chondroitinase ABCase sensitive fraction
increased to 20 to 25% indicating that the compounds had
little effect on chondroitin sulfate biosynthesis.

Effects of Compounds 5 and 7 on AA Amyloid
Induction

In Culture

The effects of the individual analogues in a macro-
phage tissue culture model of AA amyloidogenesis were
comparable and are exemplified in Figure 6, A and B. In
the absence of the analogue easily demonstrable bire-
fringent amyloid deposits could be identified on Congo
Red staining (Figure 6A). The presence of the �-anomer
(compound 7, 0.1 mmol/L) appeared to completely inhibit
AA amyloid deposition (Figure 6B).

In Vivo

The effect of the individual anomeric forms of the an-
alogues on AA amyloidogenesis in vivo are illustrated in
Figure 6, C to F, and in Table 2. Figure 6, C and D, are a
comparison of the effects of 5 days of treatment with
compound 5 (the �-anomer) versus untreated animals on
splenic amyloid deposition. Figure 6, E and F, are an
equivalent comparison of the effects of 5 days of treat-
ment with compound 5 on liver amyloid deposition. Note
the reduction in the quantity of perifollicular birefringent
amyloid stained with Congo Red in Figure 6D and the
quantity of liver amyloid in Figure 6F.

The data in Table 2 illustrate the effects of compounds
5 and 7 on the induction of AA amyloid in spleen and
liver. The percent tissue area occupied by amyloid was
determined by image analysis,25 and the results were
then normalized to the data in the untreated controls.
Compounds 5 and 7 reduced the tissue area occupied
by AA amyloid in spleen by 65% and 43%, respectively.
Throughout the 6 days of amyloid induction spleen
weights in untreated animals increased from 	80 mg
(unmanipulated animals) to 175 to 200 mg, whereas
those in the treated groups increase only to 110 to 125
mg. When corrected for this smaller spleen size, total
spleen amyloid in the treated groups (compounds 5 and
7) is only 25% and 33% of their respective controls. The
inhibitory effects of compounds 5 and 7 on the induction
of liver AA amyloid is similar to that in the spleen for

Figure 4. The effect of a mixture of 4-deoxy analogues of peracetylated
2-acetamido-2-deoxy-�- and �-D-glucose on the time course of D-[3H]glu-
cosamine incorporation into cellular HS. Hepatocytes were incubated with
D-[3H]glucosamine as described in Materials and Methods in the absence
(squares) or presence (diamonds) of the compounds at 1.0 mmol/L and
the incubations were terminated at various times. The glycosaminglycans
from the cells of each culture were then isolated and the counts determined.
The values represent the mean of triplicate analyses.

Figure 5. Sephadex G-100 elution profiles of D-[3H]glucosamine-labeled gly-
cosaminoglycans from control hepatocytes (squares) and those treated with
a mixture of 4-deoxy analogues of peracetylated 2-acetamido-2-deoxy-�-
and �-D-glucose at 1.0 mmol/L (diamonds). Fraction 21 corresponds to the
Vo as determined by the elution of Blue dextran. Vt corresponds to fraction
60 as determined by the elution of uridine. The peak of radioactivity in
control cultures (fraction 35) corresponds to 77 kd and that of the treated
culture (fraction 42) to 40 kd.

Table 1. The Incorporation of Radiolabel into Hepatocyte
Heparan Sulfate with Increasing Concentrations of
Methyl 2-Acetamido-2,4-Dideoxy-�-D-xylo-
Hexopyranoside-6-Tritium

Concentration
(mmol/L) dpm �/� SD

0 21 �/� 5 (background)
1 102 �/� 14
10 387 �/� 68
20 403 �/� 15

Hepatocytes were incubated for 24 hours as described in Materials
and Methods in the absence or presence of methyl 2-acetamido-2,4-
dideoxy-�-D-xylo-hexopyranoside-6-tritium at concentrations of 1, 10,
and 20 mmol/L. The values, �/� the standard deviation of triplicate
cultures, represent the quantity of label incorporated per culture into
cell-associated heparan sulfate. Statistical analyses revealed that the
quantities incorporated at all concentrations were significantly greater
than background, with P � 0.001.
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Figure 6. Congo Red-stained tissue cultures (A and B), spleens (C and D), and livers (E and F) of control (A, C, and E) and glucosamine analogue-treated cells
or mice (B, D, and F). A: A macrophage culture primed to deposit AA amyloid, as described in the Materials and Methods in the absence of analogue. Congo
Red-positive red-green birefringent amyloid deposits are easily identified (white arrows) among the clusters of cells. B: A macrophage culture primed to deposit
AA amyloid in the presence of 0.1 mmol/L of the �-anomer compound 7. Congo Red staining is absent. C: Congo Red-stained section of spleen from a mouse
6 days after being primed to deposit AA amyloid with amyloid enhancing factor and silver nitrate as the inflammatory stimulus without being treated with the
analogues. The usual perifollicular deposition of substantial quantities of amyloid are present. D: An equivalently primed mouse that has been treated for the last
5 days with 6 mg of the �-anomer compound 5 twice daily intravenously. The quantity of amyloid in the perifollicular zones (white arrows) is substantially
reduced. E and F: Corresponding comparisons from sections of liver from an untreated mouse and one treated with 6 mg of the �-anomer compound 5 twice
daily intravenously. Original magnifications: �135 (A, B); �70 (C–F); �350 (insets in A, B).
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compound 5 (65%) but less pronounced for compound 7
(30%).

Toxicity

During the 24-hour hepatocyte cultures, 7- to 8-day mac-
rophage amyloid induction cultures and the 5-day in vivo
treatment no toxicity was evident. However, it is not
known whether longer exposure of cells or animals to
these compounds would exhibit any toxicity.

Discussion

In situ amyloids consist not only of the disease- or patho-
logical process-specific proteins, that form the basis of
their classification, but also a common set of components
identified in all in vivo amyloids so far examined.4,26 Dur-
ing the rapid in vivo induction of AA amyloidogenesis (the
form associated with persistent inflammation) the base-
ment membrane form of HSPG, perlecan, is deposited as
part of the amyloid fibril coincidentally with the SAA pro-
tein.27–29 The spleen is the first organ affected during AA
amyloid induction,24 and a threefold to fivefold increase
in spleen perlecan mRNA appears to precede splenic
amyloid deposition.30 A similar increase in entactin, �1-IV
collagen chain, laminin � and � chain (but not laminin �
chain) mRNAs precedes spleen amyloid deposition, in-
dicating a coordinated up-regulation of genes for base-
ment membrane protein expression during the earliest
phases of amyloidogenesis.31 Such an up-regulation is
however restricted to those animals receiving the full
amyloid induction protocol. It is not seen in untreated
animals or in those receiving individual components of
the protocol. Furthermore, SAA possesses HS-binding
domains.32 Unlike other forms of glycosaminoglycans,
HS, when interacting with the SAA isoform responsible for
AA amyloid, imparts to this isoform a marked increase in
�-sheet structure,33 which is the characteristic conforma-
tion of protein in amyloid fibrils. No such conformational
change is seen when using nonamyloidogenic SAA iso-
forms.33,34 It has also been found that compounds that
interfere with HS:SAA binding, when administered to
mice receiving the rapid AA amyloid induction protocol,
inhibit in vivo AA amyloid deposition,25 and promote re-
gression of already induced deposits.25,35 It is thus diffi-
cult to avoid the conclusion that basement membrane
protein gene expression, particularly as regards HSPG
and the HS moiety of HSPG, is intimately involved in the

initiation and progress of amyloid deposition. Similar but
less extensive data have been obtained in relation to
several other forms of amyloid, such as A�.4,36

These observations, not surprisingly, have suggested
that the development of agents that interfere with the
biosynthesis of HS may prove to have anti-amyloid prop-
erties in vivo, just as agents that interfere with HS:SAA
binding inhibit in vivo AA amyloid deposition,25 and pro-
mote regression of already induced deposits.25,35 The
strategy chosen to design and synthesize the desired
agents is based on the natural biosynthetic steps known
to be required for elongation of the HS polysaccharide
chain.

Details of HS biosynthesis are fairly well estab-
lished.37–39 This process takes place in the Golgi where
a serine residue(s) in the protein moiety of the proteogly-
can serves as an attachment point for the synthesis of a
tetrasaccharide linkage region composed of xylose-ga-
lactose-galactose-glucuronate, the xylose being linked to
the serine. This is followed by alternating and sequential
additions of multiple N-acetylglucosamine and glucur-
onate units that are then sulfated to varying degrees at
the N and 6-O positions of the glucosamine, and the 2-O
position of the uronate. The uronate may be either
D-glucuronate or L-iduronate. The epimerization of the glu-
curonate to iduronate requires the successful N-deacetyla-
tion and sulfation of the adjacent glucosamine on the non-
reducing side of the growing polysaccharide chain.

The enzymatic addition of the N-acetylglucosamine to
the glucuronate at the growing end of the polysaccharide
chain takes place through an appropriate transferase that
utilizes the UDP activated form of N-acetylglucosamine
linking its C-1 hydroxyl to the C-4 hydroxyl of the glucu-
ronate. Similarly, the enzymatic addition of the glucur-
onate to the N-acetylglucosamine at the growing end of
the polysaccharide chain takes place through an appro-
priate transferase that utilizes the UDP-activated form of
glucuronate linking its C-1 hydroxyl to the C-4 hydroxyl of
the N-acetylglucosamine. Thus an N-acetylglucosamine
that contains a C-1 hydroxyl (the site of UDP activation)
but lacks a C-4 hydroxyl, if incorporated into the growing
polysaccharide chain, would terminate chain elongation.
It was these features that served as the focal points for
the design and synthesis of the two anomers of 4-deoxy
analogues of N-acetylglucosamine used in the present
study. The acetylation of the hydroxyl groups at the 1,3
and 6 positions was to facilitate the entry of these agents
into the cell where esterases would remove these sub-

Table 2. The Percent AA Amyloid per Unit Area of Tissue in Mice Treated with Either of the 4-Deoxy Analogues of
Peracetylated 2-Acetamido-2-Deoxy-�- and �-D-Glucose and Normalized to Untreated Controls

Anomer Group Liver Spleen Spleen Wt Spleen (corrected)

Untreated Control 100 100 177 mg 100
Compound 5 6 mg/bid 35.7 35.7 123 mg 24.8
Untreated Control 100 100 192 mg 100
Compound 7 6 mg/bid 70.3 57.6 111 mg 33.3

The results are the means of five animals per group expressed as a percent of the untreated amyloid group. The corrected spleen amyloid
accounts for the changes in spleen weight relative to the controls which occur because of the treatment with either compounds 5 or 7. Normal spleen
weights in mice 8 to 10 weeks of age are 	80 mg.
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stituents thus generating the 4-deoxy-free sugar ana-
logues of N-acetylglucosamine.40 This free sugar in so-
lution would exist in both anomeric configurations
regardless of the starting anomer of the acetylated form.
It is as free sugars that the compounds are activated with
UTP to be incorporated into the growing HS polymer. The
synthetic processes shown in Figures 1 and 2 provided
the desired compounds in very good yield.

The assessment of these compounds regarding their
effect on HS biosynthesis was performed with mouse
primary hepatocytes in tissue culture. Hepatocyte-asso-
ciated glycosaminoglycans consist almost entirely (92 to
95%) of HS.18 Thus any significant effect of compounds 5
and 7 on the incorporation of [3H]glucosamine and
[35S]SO4 into cell-associated HS would be a clear indi-
cation of their influence on HS biosynthesis. As demon-
strated, the biosynthetic inhibition of HS is apparent
within 1 hour (the earliest time point examined) of expo-
sure of hepatocytes to these compounds. At 1.0 mmol/L
the incorporation of both [3H]glucosamine and [35S]SO4

into HS is almost completely inhibited and the average
size of the HS chain is reduced from 77 to 40 kd. This is
not because of a dilution of the specific activity of the
intracellular [3H]-N-acetylglucosamine pool by com-
pounds 5 and 7 because 1.0 mmol/L of unmodified N-
acetylglucosamine fails to exert this effect nor does it
have an effect on [35S]SO4 incorporation (data not
shown). Furthermore, using a radiolabeled version of
compounds 5 and 7, namely methyl 2-acetamido-2,4-
dideoxy-�-D-xylo-hexopyranoside-6-tritium, we demon-
strated that the analogue is incorporated into the growing
HS chain. The nature of the analogue, its incorporation
into the HS chain, the quantity of analogue isotope incor-
porated (only one such molecule can be incorporated
per growing glycosaminoglycan chain), and the reduc-
tion in the average size of the HS polysaccharide are
consistent with UDP activation of the sugar analogue, its
incorporation, and the consequent truncation of the grow-
ing HS chain.

As described above, HS has been implicated in the
structure and stability of amyloid fibrils and in the process
of amyloid fibril assembly in vivo. The effects of com-
pounds 5 and 7 were therefore examined in a tissue
culture model and a rapid in vivo induction model of
murine AA amyloidogenesis. Both compounds exerted
profound inhibitory effects on amyloid deposition in each
of the models studied. In tissue culture, at 0.1 mmol/L,
both compounds 5 and 7 virtually abolished amyloid
formation. This result was seen in the presence of a
constant concentration of HDL-SAA and therefore is not
because of a lack of AA amyloid precursor. Previous
studies with this tissue culture model have indicated that
it recapitulates most of the in vivo characteristics of AA
amyloidogenesis (manuscript submitted). In this model
the speed of induction of AA amyloid is a function of the
presence of amyloid enhancing factor, as it is in vivo, and
amyloid deposition is dependent on the availability of
HDL-SAA. Of the two acute-phase forms of SAA (SAA1.1
and SAA2.1) only SAA1.1 is deposited as AA amyloid,
and the size spectrum of SAA1.1 peptides in the amyloid
matches that seen in vivo. Furthermore, HS proteoglycan

is part of the amyloid deposit, as it is in vivo. Moreover,
poly(vinylsulfonate sodium salt), a compound that inhibits
the binding of SAA to HS inhibits AA amyloidogenesis
virtually completely in tissue culture as it does in vivo.25 In
addition, an AA peptide that contains the specific HS-
binding domain,32 when added to our culture model,
eliminates AA amyloidogenesis in culture at a concentra-
tion of 50 nmol/L (E. Elimova, J.B. Ancsin, and R. Kisi-
levsky, manuscript submitted). Other anti-amyloid pep-
tides cited in the literature are effective only at
concentrations that are three orders of magnitude higher.
And, strikingly, transgenic mice overexpressing hepara-
nase fail to deposit AA amyloid but only in those tissues
that overexpress the gene/mRNA/enzyme. In the identi-
cal mice tissues that fail to express the heparanase gene
deposit AA amyloid equally well in control and transgenic
mice (J.P. Li, U. Lindahl, I. Vlodavsky, and R. Kisilevsky,
manuscript in preparation). Taken in toto there is substan-
tial evidence that in vivo HS plays a very significant, and
likely direct, role in AA amyloidogenesis. The results with
compounds 5 and 7 in tissue culture thus help to interpret
the observations made with compounds 5 and 7 in vivo.

Compounds 5 and 7 also exert a profound inhibitory
effect on in vivo splenic AA amyloid induction (65 to 70%)
but it is not as complete as seen in tissue culture. Mouse
liver amyloid is also inhibited substantially (30 to 65%). In
culture the concentration of the novel sugars can be
maintained approximately at a constant level throughout
the entire period of incubation. This is not possible in vivo.
Glucosamine is known to be rapidly cleared from the
circulation.41 Because the analogues are so similar in
structure to the parent compound they too are likely
cleared rapidly. The actual effective concentration in vivo
is not known and may be reached only when the com-
pounds are first injected. The injected dose, 6 mg, dis-
tributed throughout the entire body volume of a 30 g
mouse would create a concentration of 	0.6 mmol/L that
would rapidly decay as the compound is cleared. Such a
concentration would not be reached again until 12 hours
later on the injection of a subsequent dose. Nevertheless,
the anti-amyloid effects of compounds 5 and 7 in vivo are
clearly apparent.

Although the plasma precursor levels (SAA) were not
examined in vivo the tissue culture studies indicate clearly
that the anti-amyloid effects of compounds 5 and 7 are
not because of a lack of SAA. Furthermore, these com-
pounds were not administered until 24 hours after the
induction of acute inflammation, by which time the
plasma SAA concentration is of the order of 1000 �g/
ml.42,43 Moreover, our past studies with agents that inter-
fere with HS:SAA interactions have shown that such
agents are effective anti-amyloid compounds even in the
presence of SAA concentrations ranging between 500 to
1000 �g/ml.25

N-Acetylglucosamine is a biosynthetic precursor not
only for HS, but also keratan sulfate (KS), hyaluronan, and
complex polysaccharide side chains on glycoproteins,
and compounds 5 and 7 could therefore also interfere
with their biosynthesis. Although KS has been reported to
be present in A� amyloid deposits,44,45 neither hyaluro-
nan nor KS have been found in AA amyloid. Furthermore,
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the acute-phase forms of SAA (SAA1.1 and SAA2.1) are
not glycosylated.42,46,47 If inhibition of glycoprotein gly-
cosylation is playing an anti-amyloid role in our present
tissue culture and in vivo studies it would have to do so in
an indirect manner. Our present data, taken in isolation,
would at a minimum indicate that inhibition of polysac-
charide biosynthesis (HS, KS, hyaluronan, and/or glyco-
protein glycosylation) can inhibit AA amyloidogenesis.
However, taken in the context of HSs previously demon-
strated role in the fibrillogenesis of many different amy-
loidogenic proteins,33,48–53 and the demonstration that
agents that interfere with HS:amyloidogenic protein bind-
ing also inhibit amyloid deposition in vivo,25,54 it is highly
likely that compounds 5 and 7 interfere with AA amyloi-
dogenesis primarily through their effects on HS biosyn-
thesis. These observations with compounds 5 and 7 not
only identify agents that may interfere with amyloidogen-
esis, but in doing so they add further support to the
concept that polysaccharide biosynthesis, likely of HS, is
closely linked to amyloidogenesis. Furthermore, they
suggest that inhibitors of HS biosynthesis, or agents that
modify HS structure, may provide lead compounds or
avenues for possible therapeutic attack on disorders in
which amyloids play an important pathogenetic role,
such as Alzheimer’s disease. These considerations raise
the question whether compounds such as described
herein are able to cross the blood brain barrier. Experi-
ments addressing this issue have not as yet been per-
formed. However, a perusal of the available literature
indicates that D-glucosamine, N-acetylglucosamine, and
D-galactosamine readily penetrate the brain,55 as do
some such sugars with more extensive modifications.
Furthermore, the enzymes for the activation of these sug-
ars to their UDP form and the transferase enzymes for
glycosaminoglycan biosynthesis are also present in brain
indicating that the brain is prepared to use such sugars
for biosynthetic purposes.56–60 Given the minor modifi-
cations we made to N-acetylglucosamine it is highly likely
that the analogues described in our present work may be
able to cross the blood brain barrier.
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