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Fic. 1. Serum glucose (A), insulin (B), TC (C), and TG (D) levels in control (SD rats) and STZ rats. Results are presented as the mean * sp
of five 8D (O) and eight STZ (@) rats at each time point. The lipoprotein pattern (E) was analyzed by agarose-gel electrophoresis. C indicated
a human plasma lipoprotein pattern showing LDL-sized particles and HDL-sized particles. *, P < 0.05 compared with controls.

indicated that a modest insulin deficiency quickly induced
low plasma LPL activity, and a severe insulin deficiency was
necessary for a reduction of VLDL-R expression in heart and
skeletal muscle in STZ rats.

VLDL-R expression in adipose tissue

VLDL-R is also expressed in adipose tissue. In STZ rats on
d 28, the total mass of adipose tissue almost disappeared in
heart, intestine, kidney, and testis (data not shown), indi-
cating an absolute deficiency of VLDL-R protein in adipose
tissue of STZ rats produced by a long-term diabetic state.

Thus, we were not able to measure VLDL-R expression in
adipose tissue.

LDL-R and LRP1 expression in liver

We also examined the expression of other lipoprotein re-
ceptors in liver, namely, LDL-R and LRP1, because LDL-R
and LRP1 were hepatic remnant lipoprotein receptors. Nei-
ther showed any change in SD or STZ rats, and scanning
analysis also indicated that insulin-deficient diabetes did not

change hepatic LDL-R and LRP1 protein expressions (Fig.
5A).

Effect of insulin and IGF-I on expression of VLDL-R in rat
myoblasts (L6 cells)

VLDL-R protein was decreased after deprivation of fetal
calf serum for 24 h; treatment with insulin (10~° M), but not
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TABLE 1. Characteristics of rats with or without diabetes
mellitus
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lost adipose tissue itself due to a long-term diabefic state; there
was almost total disappearance of VLDL-R expression in adi-

Variables SD rats STZ rate pose tissue on d 28. Reduction of VLDL-R protein was not
Body weight (2 3925 < 36.84 25375 = 2973 associated with a reduction of VLDL-B mRNA, espema]lly.m
Serum insulin (ng/ml) 8.28 = 0.88 0.61 = 0.19" skeletal muscle. In contrast, postheparin plasma LPL activity
Serum glucose (mmolliter) 10.96 + 4.95 33.93 + 4.30° had been reduced at an early stage (on d 7) after STZ injection.
gg ((mmovyllliier; ?%2 £ 052 8.97 £ 645" It has been reported that there are several mechanisms for
VLDLDL cholesterol 0'92 < 8'?3 223} T ;,42%3 insulin-deficient diabetic hyperlipidemia. Insulin deficiency
(mmol/liter) - e stimulates lipolysis in adipose tissues, increasing the deliv-
HDL cholesterol (mmolliter)  0.70 £ 0.07 1.16 * 0.08* ery of FFA from adipose tissues to liver and consequently
FFA (mmol/liter) 0.81 = 0.18 1.36 + 0.39 also the production of TG in liver. Insulin deficiency also
Ty (ng/dl) 78.31 = 7.74 57.85 = 17.68 - s ;
TSH (ng/ml) 7.93 + 2.60 6.35 + 1.61 reduces plasma LPL activity. Rats injected with STZ showed

After a 5-h fast, blood was taken from SD (control; n = 5) and STZ
rats (n = 8) on d 28. Values are presented as the mean = sp. Statistical
significance was analyzed by the Mann-Whitney U test.

¢ Significantly different from the controls, P < 0.05.

IGF-I (10 ng/ml), restored the VLDL-R proteins (Fig. 5B).
Thus, VLDL-R expression was dependent on insulin even in
arat muscle cell line as well as in skeletal muscle in STZ rats.

Discussion

The results of this study raise the possibility that severe
hyperlipidemia on d 21 and 28 in STZ rats may be caused in part
by VLDL-R deficiency in skeletal muscle, heart, and adipose
tissues in addition to decreased plasma LPL activity. We found
that VLDL-R protein was greatly reduced in skeletal muscle (to
<10%) and was reduced in heart (50%) on d 28. STZ rats also

a marked reduction of serum insulin, hyperglycemia, and
hyperlipidemia. The phenotype in our STZ rats was consis-
tent with the results previously described (4-14). The
marked increase in serum cholesterol and TG levels in STZ
rats was mainly due to elevation of remnant lipoproteins
(broad B-migrating lipoproteins by agarose-gel electrophore-
sis). Accumulated remnant lipoproteins might be made up of
chylomicron remnant and VLDL remnant lipoproteins that
were specific ligands for the VLDL-R (21, 31). Because there
was no difference in the hepatic TGPR between the two
groups of rats in our experiments, the remnant lipoproteins
in STZ rats were not due to overproduction of VLDL by liver.
In contrast, LDL-R and LRP1 expression in liver did not
change in STZ rats compared with that in controls. Swami
and colleagues (39) reported that hepatic LDL-R levels were
unaffected by diabetes using STZ rats. These data indicated
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that LDL-R and LRP1 (hepatic lipoprotein receptors for rem-
nant lipoproteins) were not responsible for the accumulated
remnant lipoproteins in STZ rats.

Our data indicated that severe hyperlipidemia in STZ rats
might be due to profoundly decreased VLDL-R protein in
skeletal muscle, almost complete loss in adipose tissues, and
a decrease to a lesser extent in heart tissue. VLDL-R is nor-
mally expressed abundantly in heart, skeletal muscle, and
adipose tissue and has a role in the binding and uptake of
remnant lipoproteins, such as the intermediate density li-
poprotein and chylomicron remnant, in concert with LPL
(31). Although VLDL-R knockout mice showed no obvious
lipoprotein abnormality, they were resistant to the develop-
ment of obesity after a high-fat diet or on an ob/obbackground
(40, 41). Furthermore, it has been reported that the metab-
olism of VLDL-TG was impaired in VLDL-R/LDL-R double-
knockout mice, and a long-term fasting state (16 h) in
VLDL-R knockout mice produced high plasma TG levels
compared with those in wild-mice (42). Goudriaan et gl. (43)
also demonsirated a major role of the VLDL-R in postpran-
dial lipoproteins by enhancing LPL-mediated TG hydrolysis,
rather than by mediating FFA uptake. These results indicate
that the VLDL-R plays an important role in VLDL-TG me-
tabolism in heart, skeletal muscle, and adipose tissue under
conditions of severe stress (fasting or a high-fat diet) or on
an LDL-R deficient or ob/ob background. It is reasonable that
an insulin-deficient state also occurs under conditions of
stress, and the experiment in STZ rats gave us a chance to
determine the function of the VLDL-R in rats. For the mech-

anism of insulin-deficient diabetic hyperlipidemia, Chen and
colleagues (5) pointed out that hypertriglyceridemia in STZ
rats was not due to VLDL overproduction in liver, and a
VLDL-TG removal defect associated with insulin deficiency
may not be explained simply by the decrease in muscle and
adipose tissue LPL activities. In our study, TC and TG con-
centrations on d 7 were not elevated, even though there was
a significant reduction of postheparin plasma LPL activity
(~50%) on d 7 in STZ rats. We suggest that the deficiency of
VLDL-R protein in heart, skeletal muscle, and adipose tissue
might be a crucial role of severe hyperlipidemia in STZ rats
in concert with the reduced plasma LPL activity, because LPL
accelerated the binding of TG-rich lipoproteins to the
VLDL-R. VLDL binding to the VLDL-R is weak, but LPL-
treated VLDL is recognized by the VLDL-R with high affinity
(21). Reduced plasma LPL activity was also one of the nec-
essary conditions for severe hyperlipidemia in STZ rats on d
21 and 28 in our study. Yagyu et al. (44) indicated that the
disruption of VLDL-R resulted in hypertriglyceridemia as-
sociated with decreased LPL activity in mice. It is likely that
remnant lipoprotein particles that could not be taken up by
the VLDL-R in skeletal muscle, adipose tissue, and heart
accumulated in plasma of STZ rats. Furthermore, in rat myo-
blasts, VLDL-R expression was insulin dependent. We think
that both plasma LPL activity and VLDL-R expression are
insulin dependent, but the former is more sensitive to insulin
deficiency. Because postheparin plasma LPL activities did
not fully reflect specific tissue LPL activity, such as adipose
tissue, which probably declined progressively between 7 and
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F16. 4. A, Plasma TGPR after Triton WR1339 injection. SD (control;
n = 4) and STZ (n = 3) rats were injected on d 28 with Triton WR1339
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rats. B, Postheparin plasma LPL activity in SD (control) and STZ rats.
Pogtheparin plasma was collected 5 min after iv injection of 500 U
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as described in Materials and Methods. [J, SD rats; 8, STZ rats. ¥,
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28 d in STZ rats, we were not able to neglect the specific tissue
LPL activity for hyperlipidemia in insulin-deficient diabetes.
We believe that the tissue LPL activity, more so than plasma
LPL activity, may be an important factor for the VLDL-R
binding of TG-rich lipoproteins in extrahepatic tissues; more
detailed experiments will be needed. FA transporters were
also candidates for hyperlipidemia in STZ rats, because de-
creased LPL activity might influence FA transporters or sim-
ple diffusion-mediated FFA uptake. However, the decreased
plasma LPL-mediated hyperlipidemia by FA transporters or
diffusion did not explain the accumulation of remmant li-
poproteins in STZ rats. The TGPR by the liver was not in-
creased in STZ rats. Reaven and colleagues (4, 5) also indi-
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Fic. 5. A, LDL-R and LRP1 protein expression in liver from repre-
sentative SD (control) and STZ rats by Western blot analysis. LDL-R
and LRP1 proteins (30 pg/lane) were detected using specific antibod-
ies IgG 4A4 and IgG 11H4, respectively. The intensities of signals in
LDIL-R and LRP1 on d 28 were quantified by densitometric scanning,
[J, SD rats; B, STZ rats. B, Effects of insulin and IGF-1 on the VLDL-R
proteins in rat myoblasts (L6 cells). The effects of insulin (107° M) and
1GF-I (10 ng/ml) without fetal calf serum were examined for 24 h.
VLDL receptor and GAPDH proteins (30 ug/lane) were detected using
specific antibody VR2 and anti-GAPDH antibedy, respectively.

cated no change or decreased VLDL secretion from liver on
d 7 in STZ rats. FEAs may be metabolized into lipoprotein as
VLDL, and consequently, VLDL production from liver might
be increased in STZ rats if FFAs are responsible for
hyperlipidemia.

In addition to plasma LPL activity, VLDL-R expression,
tissue-specific LPL and FA transporters, intestinal ACAT-2
(10-12) and MTP (13}, also might be proteins responsible for
insulin-deficient diabetic hyperlipidemia. However, it is un-
likely that those two proteins are involved in the severe
hyperlipidemia seen on d 21 and 28 in our study, because
ACAT-2 and MTP are increased within 14 d, like the reduced
plasma LPL activity. For ABCG5/ABCGS, researchers mea-
sured the reduced intestinal and hepatic ABCG5/ABCGS
expression and increased plasma plant cholesterols only 28 d
after STZ injection (14). At this time we are not able to exclude
ABCG5/ABCGS as a cause of the severe hyperlipidemia on
d 21 and 28, but we do not believe that the accumulated
remnant lipoproteins in STZ rats are composed of plant
cholesterols.

VLDL-R proteins in skeletal muscle and heart tissue were
reduced in rats with chronic renal insufficiency and puro-
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mycin-induced nephrotic syndrome due to decreased
VLDL-R mRNA levels (33, 34). Both LPL activity and
VLDL-R expression in skeletal muscle and adipose tissue
were decreased in Imai rats with spontaneous focal glomer-
ulosclerosis (35). In the present study, light and electron
microscopic examinations did not show the pathological
findings of diabetic nephropathy in the kidneys of STZ rats
on d 28 (data not shown), indicating the reduced VLDL-R
expression in STZ rats might be due to an insulin-deficient
state, not to renal insufficiency. It has also been reported that
VLDL-R protein expression in skeletal muscle, but not in
heart and adipose tissue, was reduced by thyroidectomy in
rats, which was reversed by the administration of excess
thyroid hormone (32). This result suggests that VLDL-R ex-
pression in muscle is strongly influenced by the thyroid
status of the animal. In the present study, hypothyroidism in
STZ rats was not observed, thereby excluding it as a major
cause of STZ-induced reduction of VLDL-R protein. The
reduction of VLDL-R protein in STZ rats was not accompa-
nied by a reduction of VLDL-R mRNA, especially in skeletal
muscle. This suggests that the reduction of VLDL-R protein
cannot simply be explained by the decreased VLDL-R tran-
scription. This phenomenon may be due to a decreased
VLDL-R translation or an increased VLDL-R protein degra-
dation in addition to the modestly decreased VLDL-R
transcription.

It has been recently reported that the ligand-binding ac-
tivity of the VLDL-R is inhibited by protein kinase C-depen-
dent phosphorylation with phorbol 12-myristate 13-acetate
in human monocyte-derived THP-1 cells, human endothelial
cells, and human vascular smooth muscle cells (45). Hyper-
glycemic conditions such as diabetes mellitus, which induce
protein kinase C activation, resulting in VLDL-R phosphor-
ylation and loss of ligand-binding activity, may impair the
uptake of TG-rich lipoproteins in cells. We also examined the
VLDL-R-binding activity in a ligand blotting study using
RAP, and we observed no changes in RAP-binding activity
in heart or skeletal muscle membranes from STZ rats (data
not shown).

In conclusion, the severe elevation of serum cholesterol
and TG concentrations (remnant lipoproteins) in STZ-in-
duced diabetic rats on d 21 and 28 was accompanied by a
deficiency of VLDL-R protein in heart, skeletal muscle, and
adipose tissues in cooperation with reduced postheparin
plasma LPL activity. This suggests that VLDL-R deficiency
may be one of the factors producing the impaired VLDL
catabolism in insulin-deficient diabetes. The precise mech-
anism leading to the dissociation between VLDL-R protein
and mRNA in STZ rats is uncertain, and it needs to be
determined whether insulin therapy could recover the re-
duced VLDL-R protein and hyperlipidemia in vivo. Addi-
tional investigation is required in the future.

Acknowledgments

Received January 13, 2005. Accepted April 18, 2005.

Address all correspondence and requests for reprints to: Dr. Sadao
Takahashi, Third Department of Internal Medicine, Faculty of Medical
Sciences, University of Fukui, Matsuoka-cho, Fukui 910-1193, Japan.
E-mail: sadaost@fmsrsa.fukui-med.ac,jp.

Endocrinology, August 2005, 146(8):3286-3294 3293

This work was supported in part by Research Grant 14571087 from
the Ministry of Education, Culture, Sports, Science, and Technology (to
S.T).

References

1. Howard VB 1987 Lipoprotein metabolism in diabetes mellitus. J Lipid Res
28:613-628 .

2. Ginsenberg HN 1996 Diabetic dyslipidemia: basic mechanisms underlying the
common hypertriglyceridemia and low HDL cholesterol levels. Diabetes
45(Suppl 3):527-S30

3. American Diabetes Association 1989 Role of cardiovascular risk factors in
prevention and treatment of macrovascular disease in diabetes. Diabetes Care
12:573-579 ' :

4. Reaven EP, Reaven GM 1974 Mechanisms for development of diabetic hy-
pertriglyceridemia in streptozotocin-treated rats: effect of diet and duration of
insulin deficiency. J Clin Invest 54:1167-1178

5. ChenY-D 1, Risser TR, Cully M, Reaven GM 1979 Is the hypeririglyceridemia
associated with insulin deficiency caused by decreased lipoprotein lipase
activity? Diabetes 28:893-898

6. Rauramma R, Kuusela P, Hietanen E 1980 Adipose, muscle and lung tissue
lipoprotein lipase activities in young streptozotocin treated rats. Horm Metab
Res 12:591-595

7. Nakai T, Oida K, Tamai T, Yamada S, Kobayashi T, Hayashi T, Kutsumi Y,
Takeda R 1984 Lipoprotein lipases activities in heart muscle of streptozotocin-
induced diabetic rats. Horm Metab Res 16:67-70

8. Tavangar K, Murata Y, Pedersen ME, Goers JF, Hoffman AR, Kraemer FB
1992 Regulation of lipoprotein lipase in the diabetic rat. ] Clin Invest 90:1672—
1678

9. O’Looney P, rwin D, Briscoe P, Vahouny GV 1985 Lipoprotein composition
as a component in the lipoprotein clearance defect in experimental diabetes.

. ] Biol Chem 260:428--432

10. Jiao S, Matsuzawa Y, Matsubara K, Kihara S, Nakamura T, Tokunaga K,
Kubo M, Tarui S 1988 Increased activity of intestinal acyl-CoA:cholesterol
acyltransferase in rats with streptozotocin-induced diabetes and restoration by
insulin supplementation. Diabetes 37:342-346

11. Maechler P, Wollheim CB, Bentzen CL, Niesor E 1992 Role of the intestinal
acyl-CoA:cholesterol acyltransferase activity in the hyperresponse of diabetic
rats to dietary cholesterol. J Lipid Res 33:1475-1484

12, Hori M, Satoh M, Furukawa K, Sakamoto Y, Hakamata H, Komohara Y,
Tekeya M, Sasaki Y, Miyazaki A, Hariuchi § 2004 Acyl-coenzyme A: cho-
lesterol acyltransferase-2 (ACAT-2) is responsible for elevated intestinal ACAT
activity in diabetic rats. Arterioscler Thromb Vasc Biol 24:1689-1695

13. Gleeson A, Anderson K, Owens D, Bennett A, Collins P, Jhonson A, White
D, Tomkin GH 1999 The role of microsomal triglyceride transfer protein and
dietary cholesterol in chylomicron production in diabetes. Diabetologia 42:
944-948

14. Bloks VW, Bakker-van Waarde WM, Verkade HJ, Kema IP, Wolters H, Vink
E, Groen AK, Kuipers F 2004 Down-regulation of hepatic and intestinal Abcg5
and Abcg8 expression associated with altered sterol fluxes in rats with strep-
tozotocin-induced diabetes. Diabetologia 47:104-112

15. Preiss-Landl K, Zimmermann R, Himmerle G, Zechner R 2002 Lipoprotein
lipase: the regulation of tissue specific expression and its role in lipid and
energy metabolism. Curr Opin Lipidol 13:471-481

16. Aktin E, Meng HC 1972 Release of clearing factor lipase (lipoprotein lipase)
in vivo and from isolated perfused hearts of alloxan diabetic rats. Diabetes
21:149-156

17. Elkeles RS, Williams E 1974 Post-heparin lipolytic activity and tissue lipopro-
tein lipase activity in the alloxan-diabetic rat. Clin Sci Mol Med 46:661-664

18. Takahashi S, Kawarabayasi Y, Nakai T, Sakai J, Yamameoto T 1992 Rabbit
very low density lipoprotein receptor: a low density lipoprotein-like protein
with distinct ligand specificity. Proc Natl Acad Sci USA 89:9252-9256

19. Yamamoto T, Takahashi S, Sakai J, Kawarabayasi Y 1993 The very low
density lipoprotein receptor-A second lipoprotein receptor that may mediate
uptake of fatty acids into muscle and fat cells. Trends Cardiovasc Med 3:144—
148

20. Sakai ], Hoshino A, Takahashi S, Miura Y, Ishii H, Suzuki H, Kawarabayasi
Y, Yamamoto T 1994 Structure, chromosome location, and expression of the
human very low density lipoprotein receptor gene. J Biol Chem 269:2173-2182

21. Takahashi S, Suzuki J, Kohno M, Oida K, Tamai T, Miyabo S, Yamamoto
T, Nakai T 1995 Enhancement of the binding of triglyceride-rich lipoprotein
to the very low density lipoprotein receptor by apolipoprotein E and lipopro-
tein lipase. ] Biol Chem 270:15747-15754

22. Niemeier A, Gifvels ME, Heeren J, Meyer N, Angelin B, Beisiegel U 1996
VLDL receptor mediates the uptake of human chylomicron remnants in vitro.
J Lipid Res 37:1733-1742

23. Argraves KM, Battey FD, MacCalman CD, MacCrae KR, Gafvels ME, Kozar-
sky KF, Chappell DA, Strauss IH JF, Strickland DK 1995 The very low density
lipoprotein receptor mediates the cellular catabolism of lipoprotein lipase and

urokinase-plasminogen activator inhibitor type I complexes. J Biol Chern 270:
2655026557

Downloaded from endo.endojournals.org on March 7, 2006



3294 Endocrinology, August 2005, 146(8):3286-3294

24,

26.

27.

28.

29.

30,

3L

32.

33

Battey FD, Gafvels ME, FitzGerald DJ, Argraves WS, Chappell DA, Strauss
III JF, Stricklund DK 1994 The 39-kDa receptor-associated protein regulates

ligand binding by the very low density lipoprotein receptor. J Biol Chem
269:23268-23273

. Argraves KM, Kozarsky KF, Fallon JT, Harpel PC, Strickland DK 1997 The

atherogenic lipoprotein Lp(a) is internatized and degraded in a process me-
diated by the VLDL receptor. ] Clin Invest 100:2170-2181

Nakazato K, Ishibashi T, Shindo ), Shiomi M, Maruyama Y 1996 Expression
of very low density lipoprotein receptor mRNA in rabbit atherosclerotic le-
sions. Am J Pathol 149:1831-1838

Multhaupt HAB, Gifvels ME, Kariko K, Jin H, Arenas-Ellit C, Goldman BI,
Strauss III JF, Angelin B, Warhol MJ, McCare KR 1996 Expression of VLDL
receptor in the vascular wall. Am J Pathol 148:1985-1997

Hiltunen TP, Luoma JS, Nikkari T, Yla-Herttuala S 1998 Expression of LDL
receptor, VLDL receptor, LDL receptor-related protein, and scavenger receptor
in rabbit atherosclerotic lesions: marked induction of scavenger receptor and
VLDL receptor expression during lesion development. Circulation 97:1079—-
1086

Kosaka S, Takahashi 5, Masamura K, Kanehara H, Sakai J, Tohda G, Okada
E, Oida K, Iwasaki T, Hattori H, Kodama T, Yamamoto T, Miyamori I 2001
Evidence of macrophage foam cell formation by very low density lipoprotein
receptor: interferon-y inhibition of VLDL receptor expression and foam cell
formation in macrophages. Circulation 103:1142-1147

Kamataki A, Takahashi S, Masamura K, Iwasaki T, Hattori H, Naiki H,
Yamada K, Suzuki J, Miyamori I, Sakai J, Fujino T, Yamamoto TT 2002
Remnant lipoprotein particles are taken up into myocardium through VLDL
receptor: a possible mechanism for cardiac fatty acid metabolism. Biochem
Biophys Res Commun 293:1007-1013

Takahashi S, Sakai ], Fujino T, Hattori H, Zenimaru Y, Suzuki J, Miyamori
1, Yamamoto TT2004 The very low density lipoprotein (VLDL) receptor: char-
acterization and functions as a peripheral lipoprotein receptor. ] Atheroscler
Thromb 11:200-208

Jokinen EV, Landschulz KT, Wyne KL, Ho YK, Frykman PK, Hobbs HH 1994
Regulation of the very low density lipoprotein receptor by thyroid hormone
in rat skeletal muscle. J Biol Chem 269:26411-26418

Vaziri ND, Liang K 1997 Down regulation of VLDL receptor expression in
chronic experimental renal failure. Kidney Int 51:913-919

35,
36.
37.

38.

39.

40.

41

43.

45,

Iwasalki ef al. ® VLDL-R Deficiency in STZ-Induced Diabetes

. Liang K, Vaziri ND 1997 Acquired VLDL receptor deficiency in experimental

nephrosis. Kidney Int 51:1761-1765

Sato T, Liang K, Vaziri ND 2002 Down-regulation of lipoprotein lipase and
VLDL receptor in rats with focal glomerulosclerosis. Kidney Int 61:157-162
Bollag DM, Edelstein §) 1991 Preparation for protein isolation. In: Bollag DM,
Rozycki MD, Edelstein 5], eds. Protein methods. New York: Wiley-Liss; 1-43
Chomezynski P, Sacchi N 1987 Single-step method of RNA isolation by acid
guanidium thiocyanate-phenol-chloroform extraction. Anal Biochem 162:156—~
159

Okada K, Hirano T, Ran J, Adachi M 2004 Olmesartan medoxomil, an an-
giotensin II receptor blocker ameliorates insulin resistance and decreases tri-
glyceride production in fructose-fed rats. Hypertens Res 27:293-299

Swami S, Sztalryd C, Kraemer FB 1996 Effects of streptozotocin-induced
diabetes on low density lipoprotein receptor expression in rat adipose tissue.
J Lipid Res 37:229-236

Frykman PK, Brown MS, Yamamoto T, Goldstein JL, Herz J 1995 Normal
plasma lipoproteins and fertility in gene-targeted mice homozygous for a
disruption in the gene encoding very low density lipoprotein receptor. Proc
Natl Acad Sci USA 92:8453-8457

Gourdriaan JR, Tacken P, Dahlmans VEH, Gijbels MJJ, van Dijk KW,
Havekes LM, Jong MC 2001 Protection from obesity in mice lacking the VLDL
receptor. Arteriscler Thromb Vasc Bio} 21:1488-1493

. Tacken PJ, Teusink B, Jong MC, Harats D, Havekes LM, van Dijk KW,

Hofker MH 2000 LDL receptor deficiency unmasks altered VLDL triglyceride
metabolism in VLDL transgenic and knockout mice. J Lipid Res 41:2055-2062
Gourdriaan JR, Santo SM, Veshol PJ, Teusink B, van Dijk KW, Van Viijman
BJ, Romijin JA, Havekes LM, Rensen PC 2004 The VLDL receptor plays a
major role in chylomicron metabolism by enhancing LPL-mediated triglycer-
ide hydrolysis. ] Lipid Res 45:1475-1481

. Yagyu H, Lutz EP, Kako Y, Marks S, Hu Y, Choi SY, Bensadoun A, and

Goldberg IJ 2002 Very low density lipoprotein (VLDL) receptor-deficient mice
have reduced lipoprotein lipase activity. Possible causes of hypertriglyceri-
demia and reduced body mass with VLDL receptor deficiency. ] Biol Chem
277:10037-10043

Sakthivel R, Zhang J-C, Strickland DK, Gafvels M, McCrae KR 2001 Reg-
ulation of the ligand binding activity of the human very low density lipopro-

tein receptor by protein kinase C-dependent phosphorylation. ] Biol Chem
276:555-562

Endocrinology is published monthly by The Endocrine Society (hitp://www.endo-society.org), the foremost professional society sexrving the
endocrine community.

Downloaded from endo.endojournals.org on March 7, 2006



0013-7227/05/$15.00/0
Printed in U.S.A.

Endocrinclogy 146(8):3286-3294
Copyright ® 2005 by The Endocrine Society
doi: 10.1210/en.2005-0043

Deficiency of the Very Low-Density Lipoprotein (VLDL)
Receptors in Streptozotocin-Induced Diabetic Rats:
Insulin Dependency of the VLDL Receptor

Tadao Iwasaki,* Sadao 'Takahashi,* Masao Takahashi, Yasuo Zenimaru, Takeshi Kujiracka,
Mitsuaki Ishihara, Makoto Nagano, Jinya Suzuki, Isamu Miyamori, Hironobu Naiki, Juro Sakai,
Takahiro Fujino, Norman E. Miller, Tokuo T. Yamamoto, and Hiroaki Hattori

Department of Advanced Medical Technology and Development, BML, Inc. (T.1, T.K., M.I, M. N., H.H.), Kawagoe 50-1101,
Japan; Third Department of Internal Medicine, Faculty of Medical Sciences (S.T., Y.Z., J.Su., I. M.), and Second
Department of Pathology (H. N.), University of Fukui, Fukui 910-1193, Japan; Department of Cardiovascular Surgery,
Hiratsuka Kyosai Hospital (M.T.), Hiratsuka 254-8502, Japan; Laboratory for Systems Biology and Medicine, Research
Center for Advanced Science and Technology, University of Tokyo (J.Sa.), Komaba 153-8904, Japan; Exploratory Research
for Advanced Technology of Japan Science and Technology Corp. (J.Sa.), Aomi 135-0064, Japan; Department of Bioscience,
Integrated Center for Science, Ehime University (T.F.), Shigenobu 791-0295, Japan; Department of Cardiovascular
Biochemistry, St. Barts and the Royal London School of Medicine (N.E.M.), London ECI1A 7BE, United Kingdom; and
Center for Advanced Genome Research, Institute of Aging, Development, and Cancer, Tohoku University (T.T.Y.), Sendai

981-8555, Japan

Hyperlipidemia is a common feature of diabetes and is related
to cardiovascular disease. The very low-density lipoprotein
receptor (VLDL-R) is a member of the low-density lipoprotein
receptor (LDL-R) family. It binds and internalizes triglycer-
ide-rich lipoproteins with high specificity. We examined the
etiology of hyperlipidemia in the insulin-deficient state.
VLDL-R expression in heart and skeletal muscle were mea-
sured in rats with streptozotocin (8TZ)-induced diabetes, STZ
rats showed severe hyperlipidemia on d 21 and 28, with a
dramatic decline in VLDL-R protein in skeletal muscle
(>90%), heart (~50%) and a loss of adipose tissues itself on d
28. The reduction of VLDL-R protein in skeletal muscle could
not be explained simply by a decrease at the transeriptional
level, because a dissociation between VLDL-R protein and

mRNA expression was observed. The expression of LDL-R and
LDL-R-related protein in liver showed no consistent changes.
Furthermore, no effect on VLDL-triglyceride production in
liver was observed in STZ rats. A decrease in postheparin
plasma lipoprotein lipase activity started on d 7 and contin-
ued to d 28 at the 50%level even though severe hyperlipidemia
was detected only on d 21 and 28. In rat myoblast cells, serum
deprivation for 24 h induced a reduction in VLDL-R proteins.
Insulin (107® M), but not IGF-I (10 ng/ml), restored the de-
creased VLDL-R proteins by serum deprivation. These results
suggest that the combination of VLDL-R deficiency and re-
duced plasma lipoprotein lipase activity may be responsible
for severe hyperlipidemia in insulin-deficient diabetes. (En-
docrinology 146: 3286-3294, 2005) )

N DIABETES MELLITUS, hyperlipidemia is often ob-
served as a result of impaired insulin action (1, 2), and
their causal relations to macrovascular disease and diabetic
macroangiopathy have been discussed (3). For the insulin-
deficient diabetic model, streptozotocin (STZ)-induced dia-
betic rats (STZ rats) have been used for the study of diabetic
hyperlipidemia (4-14). Several mechanisms of diabetic hy-
perlipidemia in STZ rats have been proposed, including in-
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creased intestinal absorption of dietary cholesterol (10-14),
increased very low-density lipoprotein (VLDL) production
in liver at an early period after STZ treatment (4), and de-
creased removal of VLDL-triglyceride (TG) from the circu-
lation (4, 5). Lipoprotein lipase (LPL) hydrolyzes circulating
TG, leading to the release of free fatty acids (FFAs), which are
stored as TG in adipose tissue and serve as energy sources
in skeletal muscle and heart (15). Several studies have mea-
sured LPL activity in skeletal inuscle and heart in insulin-
deficient diabetic animal models. Decreased activity (7,9, 16),
no change in activity (5, 17), and increased activity (6, 8) all
have been observed. Variations in LPL activity probably
contribute to the abnormalities in lipoprotein metabolism
and the duration of the diabetic state. Recently, it has been
reported that intestinal acyl-coenzyme A:cholesterol acyl-
transferase (ACAT-2), microsomal triglyceride transfer pro-
tein (MTP), and ATP-binding cassette transporter (ABCG5/
G8) are also related to hyperlipidemia in STZ rats (12-14).
However, the precise mechanisms of insulin-deficient dia-
betic hyperlipidemia are unclear.

The VLDL receptor (VLDL-R) is a member of the low-
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density lipoprotein (LDL) receptor (LDL-R) family and is
most abundant in extrahepatic tissues such as brain, heart,
skeletal muscle, and adipose tissue (18). Because heart and
skeletal muscle use fatty acids (FAs) as an energy source, and
adipose tissue use FAs for energy storage, the VLDL-R is
thought to play a role in the delivery of FAs as TG-rich
lipoproteins to peripheral tissues (19). The VLDL-R binds
with high affinity apolipoprotein E (apoE)-containing par-
ticles, such as VLDL and intermediate density lipoprotein
from Watanabe heritable hyperlipidemic rabbits, as well as
B-VLDL obtained from cholesterol-fed rabbits, but does not
bind LDL. In contrast, VLDL from fasted normal human
subjects binds with lower affinity than VLDL prepared from
Watanabe heritable hyperlipidemic rabbits or 8-VLDL from
cholesterol-fed rabbits. The low-affinity binding of fasted
human VLDL to the VLDL receptor can be overcome by
enriching VLDL with either apoE or LPL (18-21). There are
three mechanisms between LPL and the VLDL-R: 1) direct
binding to the receptor, 2) mediation of the binding lipopro-
tein particles to heparan sulfate proteoglycans before inter-
action with the receptor, and 3) its lipolytic activity, con-
verting VLDL particles to smaller remnants (apoE-rich
particles) before these can become endocytosed by receptors.
After our findings of unique ligand-binding specificity of the
VLDL-R for VLDL particles, Niemeier and colleagues (22)
showed that the same mechanism was operating for chylo-
micron particles. The VLDL-R also interacts with numerous
other ligands, including LPL (21, 23), urokinase plasminogen
activator/plasminogen activator inhibitor-1 complex (23), re-
ceptor-associated protein (RAP) (24), and the atherogenic
lipoprotein(a) (25). VLDL-R expression, mostly in macro-
phages, has been demonstrated in human and rabbit ath-
erosclerotic lesions (25-28), and we suggested that the
VLDL-R contributes to macrophage foam cell formation in
the early phase of atherosclerosis via uptake of remmant
lipoproteins (29). Furthermore, we showed a novel VLDL-R
pathway for FA metabolism in the heart (30). Taken together,
these findings suggest that the VLDL-R plays an important
role in lipoprotein metabolism of VLDL and other TG-rich
lipoprotein particles in concert with LPL as a peripheral
lipoprotein receptor (31). :

It has recently been reported that VLDL-R mRNA in skel-
etal muscle is reduced in experimental hypothyroidism and
is increased in hyperthyroidism (32). Reductions of VLDL-R
expression have been described in rats with chronic renal
insufficiency and nephrotic syndrome and in Imai rats with
spontaneous focal glomerulosclerosis (33-35). Rats with
these conditions showed marked hypertriglyceridemia, ele-
vated plasma VLDL concentration, and impaired VLDL
clearance.

To investigate the role of the VLDL-R in the disorder of
lipoprotein metabolism in insulin-deficient diabetes, we

studied VLDL-R expression in STZ rats and rat myoblasts (L6
cells).

Materials and Methods
Experimental animals and cultured myoblasts
Adult 8-wk-old male Sprague Dawley (SD) rats (280-310 g) were

obtained from Japan SLC (Shizuoka, Japan). Rats were randomly di-
vided into nondiabetes (control) and diabetes (STZ) groups. The animals
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were made diabetic under halothane anesthesia, followed by injection
of STZ (60 mg/kg body weight, iv; Sigma-Aldrich Corp., St. Louis, MO)
into the tail vein. An equivalent volume (1 ml/kg) of saline was ad-
ministered to the nondiabetic controls. Hyperglycemia was tested 24 h
after STZ administration by a blood glucose meter. All STZ-treated rats
were kept for 1-4 wk after STZ injection, at which time they were killed
after 5 h of fasting, and their tissues and plasma samples were collected.
All animals were maintained under a 12-h light (0700-1900 h), 12-h dark
cycle and given a standard laboratory diet (Oriental Yeast, Tokyo, Japan)
and water, All experiments were conducted in accordance with the
National Institutes of Health and Welfare Guide for the Care and Use
of Laboratory Animals. Rat myoblasts (L6 cells, JCRB9081) were pur-
chased from Health Science Research Resources Bank (Osaka, Japan).

Antibodies against VLDL-R, LDL-R, LDL-R-related protein-
1 (LRP1), and glyceraldehyde-3-phosphate dehydrogenase
(GAPDH)

Rabbit polyclonal antibody (VR2) to the carboxyl terminus of the
VLDL-R was made using a synthetic peptide, CASVGHTYPAISVVST-
DDDLA, which is encoded in several tissues and species (29). The
specificity of rabbit antibody VR2 was confirmed by immunoblotting
against a membrane fraction from 1d1A-7 cells (LDL-R-deficient Chinese
hamster ovary cells) expressing human type 1 VLDL-R, human LDL-R,
and human apoE receptor 2 (data not showr). Hybridoma cells pro-
ducing a monoclonal antibody against rat LDL-R (IgG 4A4, CRL-1898)
and rat LRP1 (IgG 11H4, CR1.-1936) were purchased from American
Type Culture Collection (Manassas, VA). Anti-GAPDH monoclonal an-
tibody was purchased from Chemicon International (Temecula, CA).

Isolation of membrane fraction from tissues and Western
blot analysis

Membrane fractions were prepared according to a standard method
(36). Cellular protein was measured using the bicinchoninic acid protein
assay kit (Pierce Chemical Co., Rockford, IL). SDS-PAGE was performed
on the fractions with 5-20% slab gels containing 0.1% sodium dodecyl
sulfate: Total membrane and cell protein (30 pg/lane) for heart, liver,
and skeletal muscle were applied and transferred to a polyvinylidene
difluoride membrane (Millipore Corp., Bedford, MA) using a Trans-blot
(Atto, Tokyo, Japan). Detection of antibodies was performed using a

~ second antibody and was visualized by enhanced chemiluminescence

(ECL, Pharmacia Biotech, Uppsala, Sweden).

RNA extraction and Northern blot analysis

Total RNA from heart, liver, and skeletal muscle (soleus muscle) was
extracted using the guanidinium thiocyanate method with phenol-chlo-
roform extraction (37). Total RINA (15 pg) was loaded onto a 1% agarose-
gel with 9% formaldehyde, which was separated in MOPS [3-(N-mor-
pholino)-propanesulfonic acid] buffer. The RN As were transferred on to
the nylon membrane (GeneScreen Plus, NEN Life Science Products,
Boston, MA) by capillary transfer. After UV cross-linking, the membrane
was prehybridized and hybridized with ¢DNA fragments labeled
[y-*?P]deoxy-CTP by the random primer method, using Random Primer
DNA Labeling kits (Takara Shuzo Co., Ltd., Shiga, Japan). The VLDL-R
probe was prepared from digested rat VLDL-R cDNA.

RT-PCR

To analyze isoforms of VLDL-R mRNA, RT-PCR was carried out as
previously described (20). cDNA was synthesized from 10 ug total RNA
from heart and skeletal muscle, using oligo(deoxythymidine), primer
and SuperScript. One tenth of the cDNA was subjected to PCR with a
sense primer (5'-CTAGTCAACAACCTGAATGATG-3") and an anti-
sense primer (5'-AAGAATGGCCCATGCAGAA-3"). The cDNA was
amplified with 250 nm of each primer and 0.75 U Tag DNA polymerase
in a 50-pl volume of buffer, as recommended by the supplier. The
reaction mixture was heated to 94 C for 3 min, followed by 30 cycles of
reannealing at 62 C for 1 min, elongation at 72 C for 1 min, and dena-
turation at 94 C for 1 min. The PCR products were separated by agarose
gel electrophoresis and stained with ethidium bromide.
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Hepatic VLDL production with Triton WR1339 (TG
secretion rate)

On d 28 after saline or STZ treatment, SD (control) and STZ rats were
food-deprived overnight. Each rat was injected in the tail vein at 250
mg/kg body weight with a 150 g/liter solution of Triton WR1339 (Sig-
ma-Aldrich Corp.) in 9 g/liter NaCl. Blood samples of 100 ul were drawn
before the Triton WR1339 injection and 45, 90, 135, 180, and 360 min later.
The plasma TG concentration was measured in each sample as described
below. The TG secretion rate was calculated from the increments in the
plasma TG concentration per minute, multiplied by plasma volume
(estimated as 4% of the body weight). The result was expressed as
millimoles per hour per 100 g body weight (38).

Serum measurements

Blood samples were collected from the heart into plane glass tubes
after 5 h of food deprivation. After clotting, samples were centrifuged,
and serum was collected and stored at —80 C until assayed. Serum
glucose, TG, and cholesterol levels were measured with kits (Daiichi
Pure Chemicals, Tokyo, Japan). The high-density lipoprotein (HDL)
cholesterol concentration was measured after precipitation of apoB-
containing lipoprotein with dextran sulfate, phosphotungustate, and
magnesium chloride. The VLDL/LDL cholesterol concentration was
calculated by subtraction of HDL cholesterol from total cholesterol (TC).
Serum insulin was measured with using a commercial kit (SCETI Co.,
Ltd., Tokyo, Japan). Postheparin plasma was collected 5 min after iv
injection of 500 U heparin/kg. Plasma LPL activity was measured using
a commercial kit (Progen Biotechnik, Heidelberg, Germany).

Scanning and statistical analysis

The results were scanned and analyzed using the Intelligent Quan-
tifier System (Genomic Solutions, Ann Arbor, MI). Values are presented
as the mean = sp. Statistical analysis was performed using the Mann-
Whitney U test, and the level of statistical significance was set at P < 0.05.

Results
General characteristics and lipid profile

The STZ injection caused a reduction in serum insulin
levels that was accompanied by hyperglycemia (Fig. 1, Aand
B, and Table 1). Body weight gain over 4 wk was reduced in
the diabetic rats (STZ rats) compared with the controls (SD
rats; 392.5 * 36.84 vs. 253.75 * 29.73 g; P < 0.05). In STZ rats,
serum TC and TG concentrations increased gradually, and a
progressive rise with time was detected. The TC concentra-
tion was 2.5- and 4.2-fold higher than the control values on
d 21 and 28, respectively (P < 0.05; Fig. 1C). Serum TG levels
were also 6.7- and 12.7-fold higher than the controls on d 21
and 28 (P < 0.05), respectively (Fig. 1D). The serum VLDL/
LDL cholesterol concentration was significantly increased by
5.2-fold on d 28 (P < 0.05; Table 1). Agarose-gel electro-
phoresis showed high concentrations of broad g-migrating
lipoproteins in STZ rats on d 28, indicating that high TC and
TG concentrations were due to the accumulation of remnant
lipoproteins (VLDL remnant and chylomicron remnant).
Lane C in Fig 1 shows a human plasma lipoprotein pattern
with LDL-sized particles and HDL-sized particles. SD rats
contained mainly HDL-sized particles ond 0 and 28, but STZ
rats on d 28 contained mainly the remnant lipoproteins
(broad B-migrating lipoproteins) that were usually detected
in human type III dyslipidemia (Fig. 1E). Serum levels of T,
in STZ rats showed decreases of 26% on d 28, but these were
not statistically significant, and there was no elevation of
TSH in STZ rats (Table 1). It was unlikely that severe hy-
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petlipidemia on d 28 was due to hypothyroidism caused by
a long-term diabetic state.

Expression of VLDL-R protein in heart and skeletal muscle

The expression of VLDL-R protein in heart tissue showed
no change in the control rats, whereas in STZ rats it had
decreased to 70% on d 14 and 21 and to 50% on d 28 (Fig. 2,
A and C). The expression of VLDL-R protein in skeletal
muscle in STZ rats had decreased to 60% on d 3, to 30% on
d 14, and to 10% on d 21. On d 28, VLDL-R in skeletal muscle
was less than 10% of that in the controls (Fig. 2, B and D).
LDL-R protein levels in skeletal muscle showed no consistent
changes in control or STZ rats (data not shown).

mRNA levels of VLDL-R in heart and skeletal muscle

In heart tissue, there was little change in the mRNA level
of VLDL-R in either STZ or control rats during these periods
(Fig. 3A). Also in skeletal muscle, the mRNA level of VLDL-R
did not change during the study periods, but it increased on
d 7 in control rats and decreased slightly on d 28 in STZ rats
(Fig. 3B). It was intriguing that there was a dissociation
between VLDL-R protein and mRNA expression in STZ rats.
To obtain exact results for VLDL-R mRNA levels in heart and
skeletal muscle, we also checked VLDL-R/GAPDH mRNA
levels on d 28 by scanning the VLDL-R and GAPDH density.
Figure 3C indicates that VLDL-R/GAPDH mRNA levels
were decreased by 40% and 24% in heart and skeletal muscle,
respectively, but we could not find a statistical significance
in the difference between the two groups. Even though we
could not clearly indicate the discrepancy between VLDL-R
protein and mRNA in heart, it was obvious that the de-
creased VLDL-R protein level was not related to the VLDL-R
mRNA level in skeletal muscle. In contrast, the splice isoform
of the VLDL-R mRNA (20) examined by RT-PCR showed no
significant difference in the expression of type 1 and type 2
VLDL-R mRNA in heart and skeletal muscle during the
study periods (data not shown).

Hepatic TG production rate (TGPR) and postheparin
plasma LPL activity

TGPRs were determined after Triton WR1339 injection,
which prevents VLDL catabolism and thereby allows TGPR
to be calculated. The TGPR during 3 h on d 28 showed no
statistically significant difference between control and STZ
rats (0.12 = 0.03 vs. 0.10 * 0.03 mmol/h/100 g body weight).
TGPR over 6 h was greater in the controls than in STZ rats
(0.13 = 0.01 vs. 0.10 = 0.02 mmol/h/100 g body weight),
although this was not statistically significant (Fig. 4A). There
was no difference in VLDL production by liver between the
two groups, indicating that the hyperlipidemia in STZ rats on
d 28 was not due to VLDL overproduction in liver. In con-
trast, heparin-releasable plasma LPL activity in STZ rats was
reduced early on d 7 compared with the control level, even
though there was no significant lipoprotein abnormality be-
tween SD and STZ rats (Fig. 1, C and D). On d 21 and 28,
severe hyperlipidemia was observed in STZ rats, but the
plasma LPL activity level was not changed during the study
period (~50% of that in control rats; Fig. 4B). These data
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indicated that a modest insulin deficiency quickly induced
low plasma LPL activity, and a severe insulin deficiency was
necessary for a reduction of VLDL-R expression in heart and
skeletal muscle in STZ rats.

VLDL-R expression in adipose tissue

VLDL-R is also expressed in adipose tissue. In STZ rats on
d 28, the total mass of adipose tissue almost disappeared in
heart, intestine, kidney, and testis (data not shown), indi-
cating an absolute deficiency of VLDL-R protein in adipose
tissue of STZ rats produced by a long-term diabetic state.

Thus, we were not able to measure VLDL-R expression in
adipose tissue.

LDL-R and LRPI1 expression in liver

We also examined the expression of other lipoprotein re-
ceptors in liver, namely, LDL-R and LRP], because LDL-R
and LRP1 were hepatic remnant lipoprotein receptors. Nei-
ther showed any change in SD or STZ rats, and scanning
analysis also indicated that insulin-deficient diabetes did not

change hepatic LDL-R and LRP1 protein expressions (Fig.
54).

Effect of insulin and IGF-I on expression of VLDL-R in rat
myoblasts (L6 cells)

VLDL-R protein was decreased after deprivation of fetal
calf serum for 24 h; treatment with insulin (10™° M), but not
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TABLE 1. Characteristics of rats with or without diabetes
mellitus

Variables

SD rats STZ rats
Body weight (g) 3926 = 36.84 253.75 £ 29.73%
Serum insulin (ng/ml) 8.28 £ 0.88 0.61 £ 0.19°
Serum glucose (mmol/liter) 10.96 = 4.95 33.93 + 4.30%
TC (mmol/liter) 2.12 + 0.52 8.97 + 6.45°
TG (mmol/liter) 179 = 0.63 22.91 + 14.13*
VLDL/LDL cholesterol 0.97 = 0.17 5.01 = 3.27°
(mmol/liter)

HDL cholesterol (mmol/liter) 0.70 = 0.07 1.16 + 0.08*
FFA (momolliter) 0.81 = 0.18 1.36 *+ 0.39
Ty (ng/dl) 78.31 + 7.74 57.85 = 17.568
TSH (ng/ml) 7.23 + 2.60 6.35 = 1.61

After a b-h fast, blood was taken from SD (control; n = 5) and STZ
rats (n = 8)on d 28. Values are presented as the mean * sp. Statistical
significance was analyzed by the Mann-Whitney U test.

@ Significantly different from the controls, P < 0.05.

IGF-I (10 ng/ml), restored the VLDL-R proteins (Fig. 5B).
Thus, VLDL-R expression was dependent on insulin even in
a rat muscle cell line as well as in skeletal muscle in STZ rats.

Discussion

The results of this study raise the possibility that severe
hyperlipidemia on d 21 and 28 in STZ rats may be caused in part
by VLDL-R deficiency in skeletal muscle, heart, and adipose
tissues in addition to decreased plasma LPL activity. We found
that VLDL-R protein was greatly reduced in skeletal muscle (to
<10%) and was reduced in heart (50%) on d 28. STZ rats also

Iwasalki et al. ® VLDL-R Deficiency in STZ-Induced Diabetes

lost adipose tissue itself due to a long-term diabetic state; there
was almost total disappearance of VLDL-R expression in adi-
pose tissue on d 28. Reduction of VLDL-R protein was not
associated with a reduction of VLDL-R mRNA, especially in
skeletal muscle. In contrast, postheparin plasma LPL activity
had been reduced at an early stage (on d 7) after STZ injection.

It has been reported that there are several mechanisms for
insulin-deficient diabetic hyperlipidemia. Insulin deficiency
stimulates lipolysis in adipose tissues, increasing the deliv-
ery of FFA from adipose tissues to liver and consequently
also the production of TG in liver. Insulin deficiency also
reduces plasma LPL activity. Rats injected with STZ showed
a marked reduction of serum insulin, hyperglycemia, and
hyperlipidemia. The phenotype in our STZ rats was consis-
tent with the results previously described (4-14). The
marked increase in serum cholesterol and TG levels in STZ
rats was mainly due to elevation of remnant lipoproteins
(broad B-migrating lipoproteins by agarose-gel electrophore-
sis). Accumulated remnant lipoproteins might be made up of
chylomicron remnant and VLDL remnant lipoproteins that
were specific ligands for the VLDL-R (21, 31). Because there
was no difference in the hepatic TGPR between the two
groups of rats in our experiments, the remnant lipoproteins
in STZ rats were not due fo overproduction of VLDL by liver.
In contrast, LDL-R and LRP1 expression in liver did not
change in STZ rats compared with that in controls. Swami
and colleagues (39) reported that hepatic LDL-R levels were
unaffected by diabetes using STZ rats. These data indicated
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that LDL-R and LRP1 (hepatic lipoprotein receptors for rem-
nant lipoproteins) were not responsible for the accumulated
remnant lipoproteins in STZ rats.

Our data indicated that severe hyperlipidemia in STZ rats
might be due to profoundly decreased VLDL-R protein in
skeletal muscle, almost complete loss in adipose tissues, and
a decrease to a lesser extent in heart tissue. VLDL-R is nor-
mally expressed abundantly in heart, skeletal muscle, and
adipose tissue and has a role in the binding and uptake of
remnant lipoproteins, such as the intermediate density li-
poprotein and chylomicron remnant, in concert with LPL
(31). Although VLDL-R knockout mice showed no obvious
lipoprotein abnormality, they were resistant to the develop-
ment of obesity after a high-fat diet or on an ob/ob background
(40, 41). Furthermore, it has been reported that the metab-
olism of VLDL-TG was impaired in VLDL-R/LDL-R double-
knockout mice, and a long-term fasting state (16 h) in
VLDL-R knockout mice produced high plasma TG levels
compared with those in wild-mice (42). Goudriaan et al, (43)
also demonstrated a major role of the VLDL-R in postpran-
dial lipoproteins by enhancing LPL-mediated TG hydrolysis,
rather than by mediating FFA uptake. These results indicate
that the VLDL-R plays an important role in VLDL-TG me-
tabolism in heart, skeletal muscle, and adipose tissue under
conditions of severe stress (fasting or a high-fat diet) or on
an LDL-R deficient or ob/ob background. It is reasonable that
an insulin-deficient state also occurs under conditions of
stress, and the experiment in STZ rats gave us a chance to
determine the function of the VLDL-R in rats. For the mech-

VLDL-R/GAPDH
{Heart 28 days)

VLDL-R/GAPDH
(Muscle 28 days)

anism of insulin-deficient diabetic hyperlipidemia, Chen and
colleagues (5) pointed out that hypertriglyceridemia in STZ
rats was not due to VLDL overproduction in liver, and a
VLDL-TG removal defect associated with insulin deficiency
may not be explained simply by the decrease in muscle and
adipose tissue LPL activities. In our study, TC and TG con-
centrations on d 7 were not elevated, even though there was
a significant reduction of postheparin plasma LPL activity
(~50%) on d 7 in STZ rats. We suggest that the deficiency of
VLDL-R protein in heart, skeletal muscle, and adipose tissue
might be a crucial role of severe hyperlipidemia in STZ rats
in concert with the reduced plasma LPL activity, because LPL
accelerated the binding of TG-rich lipoproteins to the
VLDL-R. VLDL binding to the VLDL-R is weak, but LPL-
treated VL.DL isrecognized by the VLDL-R with high affinity
(21). Reduced plasma LPL activity was also one of the nec-
essary conditions for severe hyperlipidemia in STZ rats on d
21 and 28 in our study. Yagyu et al. (44) indicated that the
disruption of VLDL-R resulted in hypertriglyceridemia as-
sociated with decreased LPL activity in mice. It is likely that
remnant lipoprotein particles that could not be taken up by
the VLDL-R in skeletal muscle, adipose tissue, and heart
accumulated in plasma of STZ rats. Furthermore, in rat myo-
blasts, VLDL-R expression was insulin dependent. We think
that both plasma LPL activity and VLDL-R expression are
insulin dependent, but the former is more sensitive to insulin
deficiency. Because postheparin plasma LPL activities did
not fully reflect specific tissue LPL activity, such as adipose
tissue, which probably declined progressively between 7 and
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FIG. 4. A, Plasma TGPR after Triton WR1339 injection. SD (control;
n = 4) and STZ (n = 3) rats were injected on d 28 with Triton WR1339
(260 mg/kg body weight) and followed for 6 h. The TGPR was calcu-
lated as millimoles per hour per 100 g body weight. [, SD rats; B8, STZ
rats. B, Postheparin plasma LPL activity in SD (control) and STZ rats.
Postheparin plasma was collected 5 min after iv injection of 500 U
heparin/kg. Plasma LPL activity was determined by a commercial kit
a8 described in Materials and Methods. O, SD rats; B, STZ rats. *,
Significantly different from the controls, P < 0.05.

28d in STZ rats, we were not able to neglect the specific tissue
LPL activity for hyperlipidemia in insulin-deficient diabetes.
We believe that the tissue LPL activity, more so than plasma
LPL activity, may be an important factor for the VLDL-R
binding of TG-rich lipoproteins in extrahepatic tissues; more
detailed experiments will be needed. FA transporters were
also candidates for hyperlipidemia in STZ rats, because de-
creased LPL activity might influence FA transporters or sim-
ple diffusion-mediated FFA uptake. However, the decreased
plasma LPL-mediated hyperlipidemia by FA transporters or
diffusion did not explain the accumulation of remnant li-
poproteins in STZ rats. The TGPR by the liver was not in-
creased in STZ rats. Reaven and colleagues (4, 5) also indi-
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A SD rat STZ rat
0. 28 28

(days)
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2 .
g I
E
[
2
Kl
]
=
LDL-R (28 days) LRP1 (28 days)
B 24hrs

(=) Insulin IGF-1

FCS

F16. 5. A, LDL-R and LRP1 protein expression in liver from repre-
sentative SD (control) and STZ rats by Western blot analysis. LDL-R
and LRP1 proteins (30 pg/lane) were detected using specific antibod-
ies IgG 4A4 and IgG 11H4, respectively. The intensities of signals in
LDL-R and LRP1 on d 28 were quantified by densitometric scanning,
[0, SD rats; B, STZ rats. B, Effects of insulin and IGF-I on the VLDL-R
proteins in rat myoblasts (L6 cells). The effects of insulin (10~® M) and
IGF-1 (10 ng/ml) without fetal calf serum were examined for 24 h.
VLDL receptor and GAPDH proteins (30 pg/lane) were detected using
specific antibody VR2 and anti-GAPDH antibody, respectively.

cated no change or decreased VLDL secretion from liver on
d 7 in STZ rats. FFAs may be metabolized into lipoprotein as
VLDL, and consequently, VLDL production from liver might
be increased in STZ rats if FFAs are responsible for
hyperlipidemia.

In addition to plasma LPL activity, VLDL-R expression,
tissue-specific LPL. and FA transporters, intestinal ACAT-2
(10-12) and MTP (13), also might be proteins responsible for
insulin-deficient diabetic hyperlipidemia. However, it is un-
likely that those two proteins are involved in the severe
hyperlipidemia seen on d 21 and 28 in our study, because
ACAT-2 and MTP are increased within 14 d, like the reduced
plasma LPL activity. For ABCG5/ABCGS, researchers mea-
sured the reduced infestinal and hepatic ABCG5/ABCGS
expression and increased plasma plant cholesterols only 28 d
after STZ injection (14). At this time we are not able to exclude
ABCG5/ABCGS as a cause of the severe hyperlipidemia on
d 21 and 28, but we do not believe that the accumulated
remnant lipoproteins in STZ rats are composed of plant
cholesterols.

VLDL-R proteins in skeletal muscle and heart tissue were
reduced in rats with chronic renal insufficiency and puro-
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mycin-induced nephrotic syndrome due to decreased
VLDL-R mRNA levels (33, 34). Both LPL activity and
VLDL-R expression in skeletal muscle and adipose tissue
were decreased in Imai rats with spontaneous focal glomer-
ulosclerosis (35). In the present study, light and electron
microscopic examinations did not show the pathological
findings of diabetic nephropathy in the kidneys of STZ rats
on d 28 (data not shown), indicating the reduced VLDL-R
expression in STZ rats might be due to an insulin-deficient
state, not to renal insufficiency. It has also been reported that
VLDL-R protein expression in skeletal muscle, but not in
heart and adipose tissue, was reduced by thyroidectomy in
rats, which was reversed by the administration of excess
thyroid hormone (32). This result suggests that VLDL-R ex-
pression in muscle is strongly influenced by the thyroid
status of the animal. In the present study, hypothyroidism in
STZ rats was not observed, thereby excluding it as a major
cause of STZ-induced reduction of VLDL-R protein. The
reduction of VLDL-R protein in STZ rats was not accompa-
nied by a reduction of VLDL-R mRNA, especially in skeletal
muscle. This suggests that the reduction of VLDL-R protein
cannot simply be explained by the decreased VLDL-R tran-
scription. This phenomenon may be due to a decreased
VLDL-R translation or an increased VLDL-R protein degra-
dation in addition to the modestly decreased VLDL-R
transcription.

It has been recently reported that the ligand-binding ac-
tivity of the VLDL-R is inhibited by protein kinase C-depen-
dent phosphorylation with phorbol 12-myristate 13-acetate
in human monocyte-derived THP-1 cells, human endothelial
cells, and human vascular smooth muscle cells (45). Hyper-
glycemic conditions such as diabetes mellitus, which induce
protein kinase C activation, resulting in VLDL-R phosphor-
ylation and loss of ligand-binding activity, may impair the
uptake of TG-rich lipoproteins in cells. We also examined the
VLDL-R-binding activity in a ligand blotting study using
RAP, and we observed no changes in RAP-binding activity
in heart or skeletal muscle membranes from STZ rats (data
not shown).

In conclusion, the severe elevation of serum cholesterol
and TG concentrations (remnant lipoproteins) in STZ-in-
duced diabetic rats on d 21 and 28 was accompanied by a
deficiency of VLDL-R protein in heart, skeletal muscle, and
adipose tissues in cooperation with reduced postheparin
plasma LPL activity. This suggests that VLDL-R deficiency
may be one of the factors producing the impaired VLDL
catabolism in insulin-deficient diabetes. The precise mech-
anism leading to the dissociation between VLDL-R protein
and mRNA in STZ rats is uncertain, and it needs to be
determined whether insulin therapy could recover the re-
duced VLDL-R protein and hyperlipidemia in vivo. Addi-
tional investigation is required in the future.
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Abstract

Lymphocyte-specific protein tyrosine kinase (LCK) is a lymphoid-specific, Src family protein tyrosine kinase that is known to play a
pivotal role in T-cell activation and interact-with the T-cell coreceptors, CD4 and CDS$. It has been shown to be significantly down-regulated
in Alzheimer disease (AD) hippocampus compared with non-demented controls. Furthermore, it is located in a previously identified genetic
linkage region (1p34-36) associated with AD. Therefore, we consider it to be a candidate gene for AD. We examined the relationship between
AD and the LCK and apolipoprotein E (APOE) genes in 376 AD (including 323 late-onset AD (LOAD) cases and 53 early-onset AD
(EOAD) cases) and 378 non-demented controls using a single nucleotide polymorphism (SNP). The polymorphism in intron 1 (+6424 A/G)
was significantly associated with AD risk. The odds ratio (OR) for total AD associated with the GG genotype was 1.41 (95% CI=1.06—1.87)
and that for LOAD was 1.37 (95%CI=1.02~1.85), while that for APOE-g4 was 5.06 (95% CI=3.60—7.12). In the APOE-e4 non-carrier
subgroup, the GG genotype also showed significant association (OR =1.66; 95% CI=1.16-2.38). Thesé results indicate that the LCK is a

novel risk gene for AD regardless of the APOE genotype.
© 2005 Elsevier B.V. All rights reserved. .

Keywords: Alzheimer disease; Lymphocyte-specific protein tyrosine kinase (LCK); Polymorphism; Association study; ApoE; Risk factor

1. Introduction

Alzheimer disease (AD) is a progressive neurodegener-
ative disorder characterized by multiple cognitive deficits
and progressive memory impairment in mid- to late-life.
Both genetic and environmental factors have been impli-
cated in the development of AD, but it is still unclear how
these factors combine and ultimately lead to the neuro-
degenerative process [1—3]. A number of chemokines, as
well as their related receptors, have been shown to be up-

* Corresponding author. Tel.; +81 89 960 5278; fax: +81 89 960 5279.
E-mail address: hideyama@m.chime-u.ac.jp (H.D. Yamagata).

0022-510X/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
d0i:10.1016/j.jns.2005.06.017

regulated in AD brain, supporting the hypothesis that
lymphocytes are related to its pathogenesis [4-7].
Lymphocyte-specific protein tyrosine kinase (LCK) is a
lymphoid-specific, Src family protein tyrosine kinase that.is
known to play a pivotal role in T-cell activation and interact
with the T-cell coreceptors, CD4 and CD8 [8—10]. In situ
hybridization and immunohistochemical studies indicate
that the LCK gene is expressed in neurons throughout the
brain in distinct regions, including hippocampus and
cerebellum [11]. Immunohistochemical examination of
brain tissue in mice revealed that its expression was highest
in the hippocampus, particularly in dendrites of pyramidal
cells [12]. It has also been shown to be significantly down-
regulated in the hippocampus in Alzheimer disease (AD)
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patients compared with non-demented controls [13]. Fur-
thermore, human I.CK is located in a previously identified

genetic linkage region (1p34-36) associated with AD [14]. It -

has 13 exons distributed across 35 kb of genomic DNA. Its

. expression is driven by two promoters (distal and proximal)

that are active at different stages of development [15]. All of
these data suggest that LCK contributes to the pathogenesis
of ‘AD. To date,- the poténtial roles for LCK have been
reported in T-cell leukemia, colon cancer, type 1 diabetes,
systemic lupus erythematosus, relapsing—remitting multiple
sclerosis, and rheumatoid arthritis [16-23]. However, there
~are mno reports regarding the association of LCK gene

polymorphism  with AD. In this study, we investigated -

whether LCK gene polymorphlsm could contribute to the
risk of sporadic AD

2. Subjects and methods

The Ethics Committee of Ehime University School of

Medicine approved the study protocol. Patients were
selected using NINCDS-ADRDA criteria for definite or
probable AD, and non-demented controls were rigorously
.evaluated for cognitive impairment using the Mini-Mental
State Examination (MMSE)[24,25]. Brain and blood sam-
ples were obtained with informed consent from the patients
“(or their guardians) in the Chubu, Kansai and Ehime areas of

Japan [26,27]. A total of 376 unrelated AD patients had

been diagnosed previously, and 376 controls (outpatients or
healthy volunteers) were selected and matched for age and

place of residence for each patient. The mean age:SD-

(years) at the time of this study was 78.2+8.3 for late-onset
~ ADand 75.5+4.9 for controls. Genomic DNA was extracted
from the. brain or peripheral blood using the phenol-
-chloroform method [28]. .

During screening for LCK gene mutation and poly-
-morphism, we detected a common single nucleotide poly-
morphism (SNP) of +6424 A/G (C/T) (hCV1895446) in the
intron 1 region (minor allele frequency: 0.34). It was
consistent with the SNP database, NCBI build 34 Genome
(Caucasian 0.14, African—American 0.01, Japanese 0.33,
and Chinese 0.30). Genotyping of SNPs was performed
~using the TagMan-PCR method. The primers and probes

Table. 1

were obtained by ABI assay-on-demand C_1895446_10.
Amplification was performed according to the manufac-
ture’s protocol. The fluorescent intensity of the PCR
products was measured using an ABI PRISM 7900HT
Sequence Detection System (Applied Biosystems). The
person who assessed the genotype was blinded to the
clinical data of the subjects from whom the samples
originated. To investigate the contribution of the gene to
sporadic LOAD, we compared allele frequencies between
LOAD and control subjects. Because APOE-e4 is a risk
factor for AD, we stratified the population by &4 carrier
status. APOE genotyping was performed as described
previously [26]. Allelic and genotypic distribution were
analyzed by the usual Chi-squared test of association. The
genotypic frequencies were compared by Chi-squared: test
with the values predicted under the assumption of Hardy—

‘Weinberg equilibrium in the sample. Values of p <0.05 were .

considered significant. Odds ratios were calculated with
two-tailed p values and 95% confidence intervals. The

relation of genotypic factors and the effect of APOE-g4 on

AD were assessed by logistic regression analysis. Statistical
analyses were performed w1th SPSS software vers1on 11.0
(SPSS Inc., Chicago, IL). =~

3. Results

Table 1 shows the distribution of the three genotypes
(GG, GA, AA). The distribution obtained for the patients
and controls were in Hardy—Weinberg equilibrium. The GG
genotype was found in 53% of the 376 total AD patients
(57% of early-onset AD (EOAD) and 52% of late-onset AD
(LOAD)) and 44% of the 378 control subjects. A significant
association was observed between the +6424 A/G poly- »
morphism and total AD (p<0.02), and LOAD (p<0.05).
The odds ratio (OR) for AD associated with the GG
genotype was-1.41 (95% CI=1.06-1.87; Table 2) and that

_for LOAD was 1.37 (95%CI=1.02-1.85). Stratifying AD
. patients by sex, no statistically significant .differences in

allele distribution were observed (data not shown). As
expected, APOE-e4 conferred an increased risk for AD
(OR=5.06, 95% CI: 3.60-7.12; Table 2). After the logistic
regression analysis, a co-dominant model (g4 dose—effect)

Genotype and allele numbers and frequencies for G/A polymorphism in LCK.
Group » Genotype (frequency) Allele (frequéﬁcy)
‘GG GA AA AA+GA G A

Control (378) 167 (0.44) 168 (0:44) 43 (0.12) 211 (0.56) 502 (0.66) 254 (0.34)

Total AD (376) 198 (0.53) - 138 (0.37) . 40 (0.10) 178 (0.47y= 534-(0.71) 218 (0.29)

EOAD (53) 30 (0.57) 15 (0.28) 8 (0.15) 23 (0.43) 75 (0,71) 31.(0.29)
~LOAD (323) 168 (0.52) 123 (0.38) 32 (0.10) "155 (0.48)* 459 (0.71) 187 (0.29)
" BOAD: early-onset AD, LOAD: late-onset AD. ’ )

* p<0.05.

# p<0.02.



W, Zhong et al. / Jowrnal of the Neurological Sciences 238 (2005) 53-57 . 55

Table 2
Relative risk for interaction between APOE-e4 and +6424GG
‘ AD cases Controls Odds radio 95%CI

+6424G/A

Non-GG 178 211 Reference

GG .198 167 1.41 1.06~-1.87
APOE-e4 » :
- 195 320 Reference
+ 185 ° 60 5.06 3.60-7.12
APQE-g4 GG ‘
- o= . 86 181 Referente |
- o+ 108. 137 1.66 1.16-2.38"
+. - 92 30 © 645 3.97-10.5
+ + 90 - 30 - 631 . 3.88-10.3

APOE-g4 (+),0ne or two copies of g4; APOE-e4 (— ), no copies of e4; 95%

CI, confidence interval at 95% level.

provided the best fit (P=0.024; Exp(8)=2.78; 95%
CI=1.14-6.77), but a dominant model could not be rejected
(P=0.054; Exp(f)=2.50; 95% CI=0.98—6.34). After
logistic regression analysis, a combination of a recessive
model of LCK and a co-dominant model of APOE-g4

provided the best fit (P=0.014; Exp(B)=3.01; 95%

CI=1.24-17.30). We then examined the GG genotype as a
risk factor for AD, considering the APQE status.  To
quantify possible interactions. between  APOE-g4 and

LCK-GG, we analyzed- the -data with respect to various-

carrier status combinations, taking subjects who had neither
APOE-e4 nor LCK-GG as a reference (Table 2). Four
categories were defined by the presence (+) or absence (—)
of an &4 or GG genotype. The GG genotype. alone showed
an increased risk (OR=1.66; 95% CI=1.16-2. 38), and OR
for APOE-g4 and the GG genotype was 6.31.. As for the

interaction between the APOE-&4 and LCK-G alleles for the

‘risk of AD, logistic: regression analysis did net indicate a
significant effect (P=0.61). The synergistic effect of G
allele in patients having APOE-e4 was weak. Interestingly,
the allele distribution was similar among the AD patients

- regardless of age at onset (EOAD and LOAD) in the APOE- -
&4 non-carrier subgroup. The LCK +6424G allele frequency -

was also significantly higher in AD patients than in controls

(0.66 vs. 0.70—0.73) (Table 3). The results showed that the

LCK gene was associated with- AD regardless of the APOE
© genotype.

Table 3

4. Discussion.

We carried out. an association analysis of LCK poly-
morphism with AD. Our data showed that LCK GG
homozygosity was associated with significantly increased
risk of AD, especially in patients without the APOE-€4 allele.
Patients with the G allele had a higher risk of AD than those
with the A allele. The association was obvious not only
between total AD patients and. controls but also between
LOAD patients and controls, even excluding the effect of
APOE-e4. The APOE gene is the only established genetic
risk factor for LOAD. However, 50% of LOAD cases carry
no APOE-&4 alleles, suggesting that there-must be additional
risk factors. Our preliminary data suggest that the LCK gene,
or 2 nearby gene:(1p35), is one of the additional risk factors,
independent of the APOE gene in AD. We can also suppose
thatthe GG genotype in intron 1 may influence the expression
of LCK and could be involved in the selective vulnerability of
neurons in. AD. The LCK gene consists of 13 exons. The
proximal promoter, like that of Src family members, is TATA-

_less ‘and contains multiple start sites for initiation of

transcnptlon Mulse-Helmencks and Rosen determined ‘a
potentially important sequence located at positions —474 to
—466 acts as' a strong repressor. of transcription. [29],
Although the SNP studied here is located in intron 1, it lies
only 7 kb.downstream from the critical region of transcription
regulation site. According to the SNPbrowser Version 2.0
(Applied Biosystems), strong linkage disequilibrium is

- shown around the LCK gene. Therefore, it is reasonable to -

think that +6424A/G polymorphism in intron 1 can contrib-
ute to promoter activity. +6424A/G may be the representative
marker that influences gene expression. In our data, EOAD
patients with the GG genotype did not show ‘a significant
difference compared with controls, but the P values are near
the threshold. This may be due to a small sample size,

The results of this study support the hypothesis that
immunologlcal response contributes.to the selective vulner-

ability of neurons in the entorhinal cortex in AD, and altered

patterns of LCK immunoreactivity may play an important
role in'the pathophysiological - processés of AD [13].
Although the detailed mechanism of the involvement of
LCK in AD-is unknown, our data raise the possibility that
LCK contributes to the pathogenesis of AD. -

Genotype and allele numbers and frequencies for G/A polymorphism in LCK without APOE-c4

Group Genotype (frequency) Allele (frequency) -
- GG GA AA _AA+GA: . G A

Control (318) 137 (0.43) 146 (0.46) 35(0.11) 181 (0.57) 420 (0.66) 216 (0.34)
"AD (194) 108 (0.56)** 65 (0.33) 21 (0.11) 86 (0.44y= 281 (0.72)* 107 (0.28)
EOAD (35) 20 (0.57) 9 (0.26) 6 (0.17) 15 (0.43) 49 (0.70) 21 (0.30)
‘LOAD (148) 88 (0.55) 56 (0.35) 15 (0.10) 71 (0.45)+* 232 (0.73)* 86 (0.27)
EOAD: early-onset AD, LOAD: late-onset AD. : : ‘

* p<0.05.

** p<0,02.

ek p<0.01.
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LCK might be involved in a new signal transduction
pathway. Five of the Src family members, Ick, lyn, fyn, src,
and yes, have been reported to be expressed in the CNS
[30—-32]. The adult fyn-deficient brain exhibits abnormal
hippocampal development and impairment of long-term
-potentiation. Although Ick knock-out mice have no obvious
neurological disorder, a complementation mechanism which
expresses a consistent increase in the amount of Src protein
may mask its actual effect [33,34]. Furthermore, there is
evidence that members of the Src PTK family play
important roles in synaptic transmission and plasticity at
excitatory synapses in the CNS [35]. In particular, src itself
has.been shown to up-regulate the. activity of the N-methyl-
D-aspartate (NMDA) subtype of glutamate receptor in the
“hippocampus and spinal cord [36,37]. The efficiency with
which N-methyl-D-aspartate receptors (NMDARs) trigger

[6] Togo T, Akiyama H, Iseki E, Kondo H, Ikeda X, Kato M, et al.
Occurrence of T cells in the brain of Alzheimer’s disease and other
neurological diseases. J Neuroimmunol 2002;124:83-92.

[7] Galimberti D, Fenoglio C, Lovati C, Gatti A, Guidi I, Venturelli E, et
al. CCR2-641 polymorphism and CCR5Delta32 deletion in patients
with Alzheimer’s disease. J Neurol Sci 2004;225:79—83. ‘

- [8] Glaichenhaus N, Shastri-N, Littman DR, Turner JM. Requirement for
association of p56lck with CD4 in antigen-specific s1gnal transducnon
in T cells. Cell 1991;64:511-20.

“[9 Veillette A, Davidson D. Src-related protein tyrosine kinases and T-
cell receptor signaling. Trends Genet 1992;8:61-6. ‘

[10] Mustelin T, Burn. P. Regulation of src family tyrosine kinases in
lymphocytes. Trends Biochem Sci 1993;18:215-20.

[11] Omri B, Crisanti P, Marty MC, Alliot F, Fagard R, Molina T, et al. The
Lck tyrosine kinase is expressed in brain neurons. J Neurochem 1996;
67:1360—4.

[12] Van Tan H, Allee G, Benes. C, Barnier JV, Vincent JD, Fagard R.
Expression of a novel form of the p56lck . protooncogene in rat v
cerebellar-granular neurons. J Neurochem 1996;67:2306—15.

intracellular signaling pathways governs neuronal plasticity,
development, senescence, and disease [38]. To date, the
potential. roles- for LCK have been reported in T-cell
leukemia, colon cancer, type 1 diabetes, systemic lupus
erythematosus, relapsing—remitting multiple sclerosis, and
theumatoid arthritis [16—23]. However, there are no reports
tegarding the association of LCK gene. polymorphism with
'AD. Our data should be further examined by functional
analysis of LCK polymorphisms in AD. A systematic
survey in a larger cohort of subjects and family studies

are required to evaluate the functional relevance of all SNPs, o

alone or in combination, in-patients. Our study also provides
a direction for further investigation of the function of p56lck
in the central nervous system.
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