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Manganese deficiency alters arterial
glycosaminoglycan structure in the
Sprague-Dawley rat

Peiying Yang and Dorothy J. Klimis-Tavantzis

Department of Food Science and Human Nutrition, University of Maine, Orono, ME USA

This study was designed to investigate the effect of dietary manganese on rat arterial glycosaminoglycan
structure. Weanling male Sprague-Dawley rats were randomly assigned to two groups and were fed either a
manganese-deficient or a manganese-sufficient diet. After 15 weeks, proteoglycans and glycosaminoglycans were
extracted from the aorta and isolated by DEAE-Sephacel chromatography. The disaccharide composition of
glycosaminoglycans was determined by high performance liquid chromatography following chondroitinase ABC
digestion. Manganese deficiency significaniy<t 0.01) reduced the total amount of arterial proteoglycans. The
molecular size of chondroitin sulfate in both the manganese-deficient and the manganese-sufficient group ranged
between X10* and 6x10% The size of chondroitin sulfate of the manganese-deficient groups was slightly
smaller than that of the manganese-sufficient group as analyzed by Sepharose CL-6B column chromatography.
Results on the disaccharide composition of glycosaminoglycans showedDBi&S, ADi-4S, and ADi-6S
accounted for 90% of the disaccharides. There was a significant increase in the ratiDiefS to ADi-4S
disaccharides in chondroitin sulfate in the manganese-deficient grabp-§S:ADi-4S, 2.0) compared with the
manganese-sufficient group (1.2). Our results demonstrate for the first time that dietary manganese deficiency not
only reduces the total proteoglycan content of the aorta, but also alters the molecular weight and sulfation pattern
of chondroitin sulfate in that tissue. This alteration may change the composition of the extracellular matrix and
consequently affect the structural properties of the vascular wdll. Nutr. Biochem. 9:324-331, 1998)
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Introduction concentrations. Investigators found a chondroitin sulfate
roteoglycan with smaller molecular weight from manga-
ese-deficient bird cartiladelt is well known that manga-
nese is a specific activator of glycosyltransferases, enzymes
that are involved in the polymerization and elongation of the
GAG chain in connective tissueManganese has also been
reported to be the most effective divalent metal ion for the
activation of the sulfotransferases, enzymes involved in the
sulfation of GAG and its synthes?sThus far, there have
been several studies conducted to investigate the role of
manganese in the metabolism of cartilage GAG.How-
ever, it has not been elucidated whether manganese defi-
ciency influences the structure of arterial GAG. The struc-
ture of GAG is important because it is directly related to
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Manganese has been demonstrated to be essential for manﬁ
species of animals and presumably for humans. Among the
numerous functions of manganese, the most significant is its
effect on proteoglycan or glycosaminoglycan (GAG) me-
tabolism! Manganese deficiency affects the biosynthesis of
GAGs and results in decreases in total and individual
GAGs, especially chondroitin sulfate in chick cartilage and
rat skin?~#In our laboratory, we observed that manganese
deficiency decreased total arterial GAG concentration and
more specifically affected heparan and chondroitin sulfate
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sulfate proteoglycans are three major proteoglycans thatlsolation and purification of proteoglycans

have been identified in blood vessels. Chondroitin sulfate

glycosaminoglycan chains have a linkage region and repeat-

ing dissacharide unit containing uronic acid and 4- and/or
6-sulfated hexosamine. Although they are only minor com-
ponents in the arterial wall, they can interact with a number
of different macromolecules through their core protein as
well as their GAG? These interactions influence arterial

properties such as viscoelasticity, permeability, lipid metab-
olism, homeostasis, and thrombo¥isThese properties are

all related to vascular function. Quantitative and qualitative

Four aortas from each group were pooled and finely minced and
proteoglycans were extracted from minced tissue by the modifi-
cation of procedures described by Radhakrishnamurthy?izaid
Hascall et aP® Briefly, the tissues were extracted with 4 M
guanidine hydrochloride (Gdn-HCI)/50 mM sodium acetate (pH
5.8) containing protease inhibitéfsat 4°C for 48 h with constant
shaking. The extract was collected by centrifugation at 3808

and dialyzed agains3 M urea, 0.05 M sodium acetate, 0.15 M
NaCl (pH 6.0) at 4°C for 24 R* After dialysis, detergent CHAPS
was added to the dialysate to give a final concentration of 0.5%
(w/v). The proteoglycans in the extract were purified using anion

determinatons of ateril poteogycans 210 GAGS 1 v gihinac 12on GEAE Sephace (sgma e Combary .
. ! . Louis, MI).“® The proteoglycans purified by ion-exchange resin
controversial. Among a number of properties of proteogly- \yere further precipitated with 4 volumes of etha@oht 4°C
cans, the hydrodynamic size of molecules, their state of gyernight. The uronic acid content in the proteoglycans was
aggregation, and their Slg%a}ié)n pattern are most likely to be measured by the method of Blumenbrantz and Asboe-Haifsen.
altered in atherosclerosts:*® Sulfation of GAG is an
important posttranslational modification in GAG biosynthe-
sis. The defective sulfation of GAGs results in defective
growth or severe pathologic conditiohs!® The sulfation
pattern of proteoglycan affects the binding between low The tissue residue remaining after Gdn-HCI extraction was washed
density lipoproteins (LDL) and proteog|ycaﬁgchanges of with a versene buffer ofIO.l.mM sodium aqetqte:0.0S M cysteine
sulfation pattern have also been observed in human atherohydrochlorlde;0.0J. M dlSOdlUm. ethylenedIar_nlnetetraa_cetlc acid
sclerotic aortas"?°and in tumor cells of rectal cancé. (7:1:1, vivIVPT and digested with 2 crystallized papain at a
Because there is no information available about the Concentration of ug/mg of uronic acid at 65°C for 5 h. The
effect of dietary manganese deficiency on the structure of digestion was dialyzed against 20 mM NaCl buffer and precipi-

: heref . tated with trichloroacetic acid. GAG in the supernatant was
GAGs in rat aorta, we therefore determined and compared ;e ipitated with 0.5% cetylpyridinium chloride (CPC) containing

the molecular size of chondroitin sulfate and analyzed the 30 mm sodium sulfate. The GAG-CPC complex was dissociated
sulfation pattern of proteoglycan and chondroitin sulfate with 2 M NaCl/absolute ethanol (100:15 v/v) and GAGs were
isolated from manganese-deficient (MnD) and manganese-precipitated again by the addition of 3 volumes of absolute ethanol
sufficient (MnS) rat aortas. at 4°C overnight. GAGs were collected and washed with ethanol
again as described previouslyThe total GAGs were separated
with cellulose acetate electrophoresis with 0.3 M calcium acetate
at 50 v/strip for 3 h. Individual GAGs were identified by their
similar electrophoretic mobility as authentic GAG standard chon-
droitin sulfate, dermatan sulfate, and heparan sulfate.

Extraction of glycosaminoglycans in the
tissue residue

Materials and methods

Animals and diets

Three-week-old weanling male Sprague-Dawley rats (Charles
River Laboratories, Wilmington, MA) were randomly placed on
either a MnD (0.42 mg/kg) or a MnS (105 mg/kg) diet. Both diets N ) ]
contained 691 g/kg dextrose, 200 g/kg egg white solids, 4 g/kg Chondroitin sulfate in rat aortas was isolated from the Gdn-HCI
D-L methionine, 2 mg/kg biotin (Tekland Test Diets, Madison, _unextractable total GAG as described above by DEAE-Se_phaceI
WI), 60 g/kg corn oil (“Mazola” Best Foods, Englewood Cliffs, ~ion exchange chromatograpf§-*°The total GAG water solution
NJ), 10 g/kg vitamin mix (A.O.A.C. Special Vitamin Mixture, ~Was applied to a column (Dx 4 cm; Bio-Rad, Richmond, CA) of
Purina Mills, Richmond, IN), and 35 g/kg trace mineral mix ICN DEAE-Sephacel (Pharmacia Biotech Inc., Piscataway, NJ) that
Biochemicals, Cleveland, OH) containing 115.5 g/kg glucose and had been preequilibrated with 0.15 M NaCl, 0.05 M sodium
6.02 g/kg manganese carbonate (MnS) or 121.5 g/kg glucoseacetate, pH 4.5. The column was initially washed with 6 volumes
without manganese carbonate (MnD). The animals were housed inof the above buffe?® The bound species were then eluted at a flow
individual steel mesh cages in an environmentally-controlled room rate of 10 ml/h, with a linear gradient of sodium chloride (0.15 M
(22°C = 2°C, 50% relative humidity, dark period from 1800 to 10 1.2 M?®in 0.05 M sodium acetate buffer, pH 4.5. The fraction
0600) and allowed free access to food and tap water €vi@.1 0.4 ml was coIIected_and analyzed for the content of sul_fated
g/kg) for 15 weeks. The rats were We|ghed Week|y' GAGs using the 1,9 dlmethyl-methylene blue (DMMB) (Aldl’ICh,
Milwaukee, WI) dye binding assai. In brief, an aliquot (3Qul)

of each fraction was mixed with 0.05 M sodium acetate buffer (pH
6.9; 70 ul) and 400l of DMMB reagent in a disposable 1 ml

At the end of the feeding period, food was withheld from the rats curvette (Bio-Rad, Richmond, CA) and the absorbance was im-
for 12 hours. All animals were anesthetized with diethyl ether, and mediately measured at 530 nm. Chondroitin sulfate from shark
the thoracic-abdominal aortas and livers were carefully removed cartilage was used as the standard (Qegdml).

from the animals. Aortas were washed with cold physiologic saline
and immediately frozen in liquid nitrogen and stored-at0°C ;
until used for the following assays. Livers were washed with Gel permeation chromatography

physiologic saline, blotted with paper, weighed, frozeiv(°C), The average molecular weight of chondroitin sulfate was measured
lyophilized, and pulverized. Liver manganese was determined by by gel permeation chromatograpf§/Gel permeation chromatog-
the Maine Forest and Agriculture Experiment Station Analytical raphy on Sepharose CL-6B (Pharmacia Biotech Inc.)600 cm
Laboratory using atomic absorption spectroscopy. i.d.) was performed at room temperature in 4M Gdn-HCI, 50 mM

Isolation and purification of chondroitin sulfate

Tissue sampling
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Table 1 Alterations in body weight, liver weight, and hepatic manganese in manganese-deficient and manganese-sufficient rats’

Liver weight as % Hepatic
Diet group Body weight (g) Liver weight (g) of body weight manganese (ppm)
Manganese deficient 524.0 = 11.2° 12.0 + 0.28 2.41 +0.12 2.65 + 0.42°
Manganese sufficient 582.0 =+ 12.6 146 £0.3 2.52 +0.18 7.25 = 0.53

"Values are expressed as means * standard error of 12 rats per treatment group.
2Statistically significant at P < 0.0001.
SStatistically significant at P = 0.01.

sodium acetate, pH 5.8. The void {Mand total volumes (Y of Statistical analysis

the column were determined by chromatography of Dextran blue . .

2000 and glucuronic acid lactone, respectively. The average Data Of, uronic acid content are expressed as mean$.E.
molecular weight of chondroitin sulfate was determined by chro- Student's two tailed-test was used to assess differences between

matography on Sepharose CL-6B calibrated with standard chon-the MnD and MnS groups. The significance level was set at a

droitin sulfates with average molecular weights of B (ICN P-value of 0.05 or less.

Biochemical, Cleveland, OH) and<d0* (Sigma, St. Louis, Ml),

respectively. Results

Enzymatic digestion Animals fed either a MnD or a MnS diet all gained weight

Digestion of the proteoglycans, total GAGs, and chondroitin gurlng theh 15-week perloc:]. Hogveve.r, t.?.ea':te (C))focg)g-owth
sulfate with chondroitinase ABC (Sigma) was performed at 37°C gtween the two groups showed a significat< 0. )

for 8 h in 50 mMMTris/HCI (pH 7.5)3° using 0.01 units/1Q.g of dlff_erence_ from the fourth WeekT_abIe 1 presents body
uronic acid and 5@l solution. After the digestion of proteogly- ~ Weights, liver weights, and hepatic manganese concentra-
cans and total GAGs, 4 volumes of ethanol was added and thetion. The final mean body weights were 58212.6 g for
mixture was precipitated overnight. The supernatant was col- the MnS rats and 524 11.2 g for the MnD rats. Liver
lected by centrifugation at 10,00 g for 10 min and analyzed for ~ weights (12.0+ 0.2 g) of the MnD rats were significantly
disaccharides. In the case of digestion of chondroitin sulfate, the [ower (P =< 0.01) than those of the MnS rats (1460.3 g),
digestion was terminated by boiling in a water bath for 2 min, and pyt when expressed as the percentage of body weight, there
the mixture was centrifuged in a microcentrifuge at 108@ for a5 no significant difference. Manganese deficiency was
10 min. The supernatant was then used for disaccharide analys'sconfirmed by significantly B = 0.0001) lower hepatic

. . . . manganese concentration (2.650.42 ppm) in the MnD
Analysis of disaccharides by high performance rats compared with the liver manganese concentration of

liquid chromatography (HPLC) MnS rats (7.25+ 0.53 ppm).

The disaccharide composition of the GAGs was analyzed with ~ Table 2shows the fresh aorta weight and uronic acid
high performance liquid chromatography (HPLC) by the modifi- content in MnD and MnS rat aortas. The fresh aorta weight
cations of the procedure described by Karamanos &t @hro- (91.3 = 4.3 mg) of the MnD rats was significantlyP (=
matography was performed on a HPLC system with Waters 0.01) lower than that of MnS rat aortas (12776.6 mg).
Associate Pump 6000 using a 2504.6 mm i.d. Econosphere NH  The uronic acid content in Gdn-HCI extractable proteogly-
5L_J (Alltech Assoua_tes, In(;., Deerfield, IL) col_umn_connected cans (0.34+ 0.12 pug/mg) in the MnD group was signifi-
with a 30 X 2.1 mm i.d. amino precolumn (Applied Biosystems, .5y < 0.01) lower than the uronic acid content on the
Foster City, CA). The column was eluted with 50 mM sodium MnS proteoglycan preparation (0.64 0.10 pg/mg). The

sulfate-10 mM sodium acetate buffered with acetic acid (pH 5.0)
at a flow rate of 1.2 ml/min. The absorbance of the column eluate GAGs that were not extractable by 4M Gdn-HCl were

was monitored by a Beckman spectrophotometer at 231 nm COmMpletely recovered by the papain digestion and ethanol
(Beckman, Fullerton, CA) and the peak height was quantitated by Precipitation. Electrophoretic analysis of GAGs on cellulose

a HP integrator 3396A following calibration with known amounts acetate membrane showed that Gdn-HCl unextractable
of individual standard disaccharides. Standards of disaccharidesGAG extraction contained predominantly heparan sulfate
(Oxford Glycosciences Inc., United Kingdom) includiadpi-OS

[2-acetamido-2-deoxy-3-QxfL-threo-enopyranosyluronic acid)-

D-galactose], ADi-4S [2-acetamido-2-deoxy-3-Q¢L-threo- Table2 Alterations in the wet weight and the amount of uronic acid of
enopyranosyluronic acid)-D-galactose 4-sulfate]i-6S [2-acet- the aorta from manganese-deficient and manganese-sufficient rats’
amido-2-deoxy-3-O«-L-threo-enopyranosyluronic  acid)-D-ga-

lactose 6-sulfate]ADi-di(4,6)S [2-acetamido-2-deoxy-3-Q@L- Wet weight Uronic acid
threo-enopyranosyluronic acid)-D-galactose 4,6-disulfatBj;di Diet group (mg/aorta) (ng/mg aorta)
(2,4)S [2-acetamido-2-deoxy-3-O-(2-sulfa-L-threo-enopyrano-

syluronic acid)-D-galactose 4-sulfatéd]Di-di(2,6)S [2-acetamido- Manganese-deficient 91.3 + 4.3* 0.34 + 0.12*
2-deoxy-3-0O-(2-sulfax-L-threo-enopyranosyluronic acid)-D-ga-  Manganese-sufficient 1277 + 6.6 0.64 + 0.10

lactose 6-sulfate], andDi-tri(2,4,6)S [2-acetamido-2-deoxy-3-O-
(2-sulfoa-L-threo-enopyranosyluronic  acid)-D-galactose  4,6- 17he amount of uronic acid refers to total uronic acid concentration

disulfate] were used to set up the separation pattern of those(mass/mg wet weight aorta). The values are expressed as means +
disaccharides and to determine the linear range for the analysis ofstandard error of 12 rats per treatment group.

disaccharides obtained from the above digestion. *Statistically significant at P =< 0.01.
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Figure 1 lon exchange chromatography of guanidine hydrochloride unextractable glycosaminoglycans in manganase-deficient (MnD) and manga-
nase-sufficient (MnS) rat aortas. The glycosaminoglycan prepared by papain digestion was chromatographed on DEAE-Sephacel (4 x 0.7 cm) eluted
with a NaCl linear gradient from 0.15 to 1.2 M in 0.05 M sodium acetate buffer (pH 4.5). The collected fractions A and B were analyzed by a
dimethyl-methylene blue binding assay.

and chondroitin sulfate in both MnD and MnS groups. No dient elution?® We selected the DEAE-Sephacel ion-ex-
detectable amount of dermatan sulfate was observed withchange chromatography to separate heparan sulfate and
cellulose acetate electrophoresis (data not shown). No GAGchondroitin sulfate in rat aortas. DEAE-Sephacel chromato-
was detected in the ethanol supernatant by cellulose acetatgram showed similar elution profiles for heparan sulfate and
membrane electrophoresis. chondroitin sulfate in both MnD and MnS groups. However,
Chromatography of the total GAG on DEAE-Sephacel, during our experiments, we always observed that the sepa-
eluted with NaCl linear gradient systems, showed the ration of chondroitin sulfate and heparan sulfate in the MnS
presence of two DMMB binding assay positive fractions sample was not as complete as the separation in the MnD
(Figure 1). Fraction A, which was eluted with 0.57M NaCl, sample.
was identified as heparan sulfate by cellulose acetate mem- The sulfation pattern of GAG and chondroitin sulfate
brane electrophoresis. Fraction B eluted out at concentrationwas analyzed by HPLC after digestion with chondroitinase
of 0.7M NaCl showed the same migration distance as the ABC. The standard disaccharides were completely sepa-
authentic chondroitin sulfate in cellulose acetate membrane
electrophoresis. Heparan sulfate and chondroitin sulfate
were further confirmed by comparing the digestion capabil-
ity of heparintinase Il and chondroitinase AC. This result
was consistent with the results we saw in the cellulose
acetate membrane electrophoresis on total GAGs.
Gdn-HCI unextractable chondroitin sulfates from both
MnD and MnS groups purified by the DEAE-Sephacel column
chromatography were rechromatographed on Sepharose

0.09
0.08 +

0.08 + ——MnS

[N

0.07 +
0.07 +
0.06 +

<—— o

0.06 +

CL-6B with 4M Gdn-HCI, 50 mM sodium acetate (pH 5.8)
as eluant. Analysis of the eluted fractions for a DMMB
binding assay showed the presence of a single peak in both
MnD and MnS sampled{gure 2), respectively, with k =

0.31 and 0.29. Comparing thosg kalues with the ones
obtained for the reference GAGSs, the average molecular
weights of chondroitin sulfate from both MnD and MnS
groups were estimated in the range betweer 30* and

Absorbance (530 nm)

0.05 +
0.05 +
0.04 +

10

15/]\ 20 25 30
Fractions

Vo Vi

6 X 10% The electrophoretic analysis of GAGs extracted

from Gdn-HCI unextractable tissue shows that there were Figure 2 Gel permeation chromatography of chondroitin sulfate from

two sulfated GAGs—heparan sulfate and chondroitin sul- manganase-deficient (MnD) and manganase-sufficient (MnS) rat aortas.

fate—in both the MnD and MnS groups. Between these two Chromato@llraphy ‘;\V/lasege”ﬁgveg O”Msepgafose CL'GB((‘T‘_'O X81) C”Zj)
. . Using as eluent 4 n- 50 mM sodium acetate (pH 5.8) an

GAGS.’ .heparan sulfate was thpf predommgnt o.ne' Separatlo#ractions of 1.0 ml were collected and analyzed by DMMB assay. a and

of individual GAGs can be achieved by using ion-exchange p ingicate the elution positions of reference proteoglycans of M, 6.0 x

chromatography with NaCl or lithium chloride linear gra- 10* and 3.0 x 10%, respectively.
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Table 3 Sulfation pattern of arterial proteoglycan, glycosaminogly-
can, and chondroitin sulfate in manganese-deficient (MnD) and manga-
nese-sufficient (MnS) rats determined by HPLC'

Proteoglycan GAG Chondroitin
extract extract sulfate

A-Disaccharides MnD MnS MnD MnS  MnD MnS

ADI-OS 12 15 11 12 27 24
ADi-48 50 55 31 36 21 29
ADI-6S 31 22 47 40 40 35
ADi-dis 7 8 10 12 12 12

"The sulfation pattern was determined by high performance liquid
chromatography (HPLC) after digestion with chondroitinase ABC. Pro-
teoglycan extract and GAG extract represent the materials extracted by
Gdn-HCI and unextracted by Gdn-HCI, respectively. The results are

| HMnD
@ MnS

Ratio of ADi-6S / ADi-4S

PG GAG CS

Crude extract and purified CS

Figure 3 The effect of dietary manganese deficiency on the disaccha-
ride composition of glycosaminoglycans (GAGs) and chondroitin sulfate

expressed as percent of the digested material. (CS) in rat aortas. Proteoglycans (PG) were isolated by ion-exchange

chromatography. GAGs were isolated by papain digestion and chon-

droitin sulfate was purified by DEAE-Sephacel ion-exchange chroma-

. tography. The disaccharides were obtained by digestion with chon-

rated on a Econosphere Nkolumn eluted with 50 mM droitinase ABC followed by high performance liquid chromatography

Na,SO,/10 mM sodium acetate (pH 5.0). The detector analysis.
response obtained for all the standard disaccharides was

linear up to 500 ng. The detection limits for all the . .
disaccharides were as low as 25 ng. Analysis of the sulfation Discussion

pattern performed on Gdn-HCI extractable proteoglycan, n our experiment, we have observed that the MnD animals
Gdn-HCI nonextractable GAG, and chondroitin sulfate exhibited significantly lower body weight gain compared
alone, after digestion with chondroitinase ABC, showed that yith the MnS rats. The retardation of growth of rats or mice
there were remarkable differences in the sulfation pattern of py gietary manganese deficiency had been previously re-
the GAG chain, specifically, chondroitin sulfate between ported by Payntéf and Fahim et at® They explained that

the MnD and MnS groupslable 3shows the disaccharide  the retarded-growth effect associated with manganese defi-
composition in the GAG chain and chondroitin sulfate from ciency in an animal model was not a function of reduced

the MnD and MnS rat aortas. The Gdn-HCl extractable and food intake; instead, it was a result of reduced efficiency of
unextractable GAG chain and pure chondroitin sulfate were fgod conversion with the depletion of nutritional manga-
all composed of more than 90% of the repeating disaccha-nese. Significantly lower level of hepatic manganese indi-
ride units ADi-4S, ADi-6S and ADIi-OS disaccharides in  cated development of manganese deficiency in these ani-
both MnD and MnS groupsT@able 3. Only approximately  mals. Although the liver weight of the MnD rats was lower
10% disulfated disaccharide was observed in all the extrac-than that of MnS rats, the decrease in liver weight was
tions. In the case of Gdn-HCI extractable proteoglycans, the proportional to the decrease of body weight. Even though
ADi-4S disaccharide was the predominant disaccharide,the hepatic manganese concentration decreased by 63% in
whereas the Gdn-HCI unextractable GAG mainly contained the MnD rats, at this time we cannot specify the level of
ADI-6S disaccharides in both MnD and MnS rat aortas manganese deficiency (mild, medium, or severe) because
(Table 3. The position of the sulfate groups in disulfate there are no established levels available as yet in the
disaccharides was not able to be confirmed due to theliterature.
limitation of the amount of the material used for the Total Gdn-HCI extractable proteoglycan content which
analysis. The trisulfated disacchachrides were not detecteds represented by the total uronic acid content in the MnS rat
in any of the extracts from both MnD and MnS rat aortas. aortas was 46% greater than that of MnD rat aortas. This
When the ratio ofADI-6S to ADi-4S was analyzed, the  finding is in good agreement with Liu et af'seports that
effect of dietary manganese on the sulfation pattern of the there was a significantly lower amount of proteoglycan in
GAG chain or chondroitin sulfate in rat aortas was remark- MnD bird cartilage than in the control group. It is not
able Figure 3. Manganese deficiency increased the ratio of surprising to observe this difference because we had previ-
ADI-6S to ADi-4S to 49% compared with the ratio in the ously determined that the total GAGs in MnD rat aortas
MnS group in all the extractions. In addition to that, the decreased significantfy The Gdn-HCI extractable arterial
chondrotin sulfate in MnD aortas was composed of 50% proteoglycan includes exclusively large amounts of DS-PG
more 6-sulfated chondroitin than 4-sulfated chondroitin. and some CS-PG, whereas only 10% of HS-PG can be
However, in MnS rat aortas chondroitin was sulfated almost extracted by a dissociative solveritAs previously men-
evenly in position 4 or 6Kigure 3. This result demon-  tioned, we observed that in the MnS sample separation of
strates that manganese deficiency changes the sulfatiorchondroitin sulfate and heparan sulfate was not as complete
pattern of chondroitin sulfate by increasing the sulfation of as the separation in the MnD sample. As described previ-
chondroitin in position 6, which may indicate that there may ously by HalleR® the separation of an individual GAG
be more chondroitin-6-sulfate than chondroitin-4-sulfate in mainly depended on the degree of sulfation, molecular size,
MnD rat aortas compared with those in the MnS groups. and backbone structure. One explanation for the incomplete
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separation of heparan sulfate and chondroitin sulfate in thesium may play crucial roles in the sulfation of the GAG
MnS group may be due to a larger molecular weight of chain and consequently cause a marked rise in the ratio of
heparan sulfate, which could increase the retention time of 6-sulfation to 4-sulfation of chondroitin sulfate. The factors
heparan sulfate in the column and consequently reduce thedetermining the position of sulfation remain unknown.
separation of heparan sulfate and chondroitin sulfate. An- Whether it is controlled by the relative activity of sulfo-
other explanation may be the different sulfation pattern of transferase or by the nature of acceptors is unclear. Another
chondroitin sulfate between MnD rats and MnS groups, mechanism for explaining how the sulfation position is
which also may have some effect on the separation betweerdetermined relates to the primer molecule on which the
heparan sulfate and chondroitin sulfate. Because there werechondroitin chain is built” The structural factors of oligo-
significantly lower amounts of chondroitin sulfate in the saccharide acceptors, such as the number of sugars in the
MnD rat aorta, the overlapping of chondroitin sulfate and oligosaccharide or the length of the oligosaccharide chain,
heparan sulfate also could be due to column overload in thewere reported to affect the sulfation pattern. It has been
case of the MnS group. Nevertheless, the heparan sulfateshown that for the even number oligomer or shorter chain
and chondroitin sulfate in the MnD and MnS animals the specificity for 6-sulfation of the nonreducing terminal
showed similar behavior in the DEAE-Sephacel column.  GIlcUA-GalNAc disaccharide was maximum and no 4-sul-
To identify the heterogeneity and molecular size of fation was produced, whereas the nonreducing terminal
chondroitin sulfate in the MnD and MnS groups, the GalNAc residues of the odd number oligomers were good
chondroitin sulfate purified from the ion-exchange column acceptors for 4-sulfation. It is clear that manganese is a
was further chromatographed on Sepharose CL-6B in 4M specific activator of glycosyltransferases that are involved
Gdn-HCI. Chondroitin sulfate from both the MnD and MnS in the polymerization and elongation of the GAG chain.
groups had an estimated molecular weight ranging betweenTherefore, depletion of manganese may alter the structure of
3 X 10* and 6x 10% However, the chondroitin sulfate in  the primer molecule for the chondroitin chain by reducing
the MnD group eluted later than that in the MnS group. This the chain length and causing the sulfation to be favored in
demonstrates that the molecular weight of chondroitin this 6 position for chondroitin.
sulfate, which was bound tightly to elastin in the MnD rats, The nutritional or biological significance of the alteration
was smaller than the molecular weight of chondroitin of the sulfation pattern in manganese deficient aorta is not
sulfate in the MnS group, suggesting shorter chondroitin well known. The sulfation pattern of chondroitin sulfate in
sulfate chain in the MnD rat aortas. This result is similar to tissues is affected by many factors and involves important
that obtained by Liu et &.who reported a shorter chon-  biological implications®® A number of studies indicate that
droitin sulfate chain in CS-PG molecules in MnD bird the increased ratio of 6-sulfated chondroitin to 4-sulfated
cartilage. Because manganese is required for optimal activ-chondroitin of the chondroitin sulfate chain has been related
ity of glycosyltransferases, which are responsible for the to cellular events and some diseases. For example, Schon
elongation of the GAG chaih? this phenomenon could be  herr et aP® found that with smooth muscle cells, the
a result of the impaired synthesis of chondroitin sulfate due proliferative response to platelet-derived growth factor was
to lack of manganese in the diet. accompanied by the synthesis of versican-like proteogly-
When we analyzed the disaccharide composition in cans bearing chondroitin sulfate chains of increased 6-sul-
Gdn-HCI extractable, unextractable GAG, and chondroitin fation. Tsara et at! observed significant alterations on the
sulfate, we observed that the GAG chains in Gdn-HCI sulfation pattern presented by marked increasesDir6S
extractable and Gdn-HCI unextractable PG were all pre- disaccharide of chondroitin sulfate in tumor cells. Addition-
dominantly (more than 90%) composed of three disaccha- ally, it is interesting that a relationship between the sulfation
ride repeat structure®Di-OS, ADi-4S, andADi-6S. Only pattern of chondroitin sulfate and development of athero-
a small portion of disulfated disaccharides were detected in sclerosis has been observed by many investigators. Braun-
the above samples. The ratio ADi-6S to ADi-4S disac- steirf® discovered histochemical evidence that metachro-
charide in all types of extract from MnD rats significantly matic material in the ground substance of atheromatic
increased compared with the one in MnS groups. The exactvessels was primarily composed of chondroitin 6-sulfate.
mechanism whereby dietary manganese status influencesSrinivasan et a#° reported that chondroitin-6-sulfate was
the sulfation pattern of chondroitin sulfate is not yet the predominant GAG present in the LDL-proteoglycan
understood. It seems likely that the control occurs through complex isolated from human atherosclerosis. Moreover,
its effect on the activity of specific glycosyltransferases and there was a loss of chondroitin 4-sulfate and a concomitant
sulfotransferase involved in its biosynthesis. It has been increase of chondroitin 6-sulfate in human atherosclerotic
reported that manganese is the most effective metal ion foraortas ADi6S/ADi4S ratio, 5.0)%*4! Other studies have
the activation of the sulfotransferases that are involved in shown that proteoglycan containing the chondroitin 6-sul-
the formation of the sulfate group in GAG chain synthésis. fate isomer exhibits the highest binding preference for
However, unlike its specific function in glycosyltransferase, LDL.4? Thus, the accumulation of chondroitin 6-sulfate in
sulfotransferase activity can also be stimulated by other the microenvironment surrounding arterial smooth muscle
divalent metal ions such as magnesium, zinc, and cofper. cells may bind and trap the low density lipoprotein, setting
In comparison with manganese, which can activate both the stage for probable lipid accumulation in the blood vessel
4-sulfotransferase and 6-sulfotransferase, zinc and coppeduring atherosclerosis.
can activate 6-sulfotransferase and inhibit the 4-sulfotrans-  In contrast, chondroitin 4-sulfate (but not chondroitin
ferase® Therefore, in the case of insufficient manganese in 6-sulfate) has been found to reduce the deposition and
the diet, other metal ions such as zinc, copper, or magne-accumulation of lipoprotein by preventing the formation of
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complexes between LDL and highly sulfated GAs8/Jore
recently, Albertini et af'® reported that chondrotin 4-sulfate
inhibited copper induced LDL oxidation by prolonging the

lag time, reducing the rate of propagation, and protecting
tryptophan residues of Apo-B-100 in the early stage of LDL 6
oxidation, whereas chondroitin 6-sulfate had no effect on
LDL oxidation. Thus, it is obvious that increases in the ratio
of chondroitin-6-sulfate to chondroitin-4-sulfate in the MnD
rat aortas may change the conformational properties of the g
arterial wall, impact arterial integrity, and lead to arterial
disease.

It has been reported that manganese is involved in
lipoprotein metabolism in that it alters apoprotein E con- 4,
centration in the high density lipoprotein (HDL) particle and
the structure of HDL and changes the rotation of the HDL 11
proteins? Furthermore, manganese deficiency was found
to cause significant damage of the endothelial cells in the ,,
aorta of the Sprague-Dawley rédfs.Results from our
laboratory utilizing scanning electron microscopy revealed 13
significantly higher surface damage of the aorta of rats fed
an MnD diet. Transmission electron microscopy of the
arterial wall revealed less dense extracellular matrix around
smooth muscle cells especially in the medial layers of the
MnD rats?® Thus, results demonstrated that manganese is
essential in maintaining the integrity of the arterial wall. 15

In conclusion, this study is the first to show that
manganese is involved not only in the polymerization and
elongation but also in the sulfation of the GAG chain of
proteoglycan biosynthesis in rat aortas. Manganese defi-16
ciency leads to a slightly reduced molecular size of arterial
chondroitin sulfate. More interestingly, lack of manganese
in the diet alters the sulfation pattern of chondroitin sulfate,
increasing the ratio of chondroitin 6-sulfate to chondroitin
4-sulfate. This alteration of the sulfation pattern may affect 18
the extracellular matrix composition during blood vessel
development, which may cause the loss of the integrity of
the arterial wall and predispose the aorta to lipid deposition
and lipoprotein oxidation. Further studies are necessary to
determine whether these structural alterations in proteogly- 20
can concentration, composition, and metabolism influence
the functional properties of the arterial wall and subse-
quently affect cellular events involved in the development 21
of arterial diseases.
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