
Problem Set 1          (Due January 21st) 

1. Using the KEGG PATHWAY website:  

 

a. Sugar Metabolism:  

i. What metabolite can either continue through glycolysis or enter the Pentose phosphate 

pathway? 

ii. The conversion of Glucose-6-phosphate (G6P) to Gluconate-6-phosphate happens in 

two steps.   

1. Draw and name the intermediate. 

2. If cofactors are required in this process, draw the cofactor and explain its role. 

3. In humans, there are two possible paths from G6P to Gluconate-6-phosphate.  

Describe the difference in these two related paths. 

4. Consider the one step pathway.  What is the name of the enzyme and the Gene 

ID in humans (HSA)?  

5. Is this enzyme important in any other pathways? 

6. What disease is linked to this enzyme in humans?  

a. A direct role in this disease seems unlikely, but the link is made in KEGG.  

Please describe how this enzyme is related to this disease. 

b. If you navigate to the Steroid hormone biosynthesis page directly from the 

Disease page, the relevant enzyme is highlighted in red.  What is the 

name of this enzyme and what cofactor does it rely on?  How might this 

be related to the oxidation of G6P? 

 

b. In Nitrogen Metabolism:  

i. What is the name of the enzyme that facilitates nitrogen fixation? 

ii. Click on the Taxonomy button.  What are three species that can fix Nitrogen?  (red 

highlights = genomes with this gene). 

iii. What is the net chemical reaction? 

iv. This enzyme is composed of two independent proteins.  Name these proteins and the 

cofactors are involved with each? 

 

2. What cofactors are important for energy storage?  Draw each and explain why they are important. 

 

3. Most transmembrane regions of transporters are composed of helices.  Describe how multiple 

helices can combine to form a pore for aqueous molecules.  Be specific. 

 

4. Chemical potential (G): 

 

a. If the sodium ion concentration inside the cell is 50mM and outside it is 560 mM, determine the 

chemical potential difference across the membrane if the membrane potential is 100 mV (inside 

negative). 

b. Calculate the maximum ratio [glucose]in/[glucose]out that can be transported with this potential.  

Make sure to consider the Na/glucose stoichiometry for this symporter. 

 

 

5. Clearly describe the affect that a sodium ionophore would have on the system described in 4. 



6. You isolate a new strain of bacteria that has evolved to rely heavily on leucine and ethylene glycol for 

energy.  Of course, these molecules need to get inside the cell to be useful.  One of these molecules 

enter in a mediated fashion and the other through passive diffusion.   

a. Based on the experimental data below, determine which is which.   

b. For the passive diffuser, determine the permeability coefficient.  Assume that [A]in is equal for all 

trials. 

c. For the mediated diffuser, determine Kt and Jmax. 

Leucine 
 

Ethylene glycol 

Concentration (M) 
Initial Uptake Rate 

(M s-1)  
Concentration 

(mM) 
Initial Uptake 
Rate (mM s-1) 

1 110 
 

0.5 50 

2 220 
 

1 110 

5 480 
 

5 220 

10 830 
 

10 480 

30 1700 
 

50 830 

100 2600 
 

100 1709.8 

500 3100 
 

    

1000 3200 
   

 

7. Familiarize yourself with the attached journal article (Wakisaka, M, et. al. Biochim. Biophys. Acta 1362, 87-
96.) 

a. How did the authors monitor glucose uptake? 

b. Carefully inspect Figure 2.  Based on this data, what type of glucose transporter (GLUT or 

sodium symporter) is present in each cell type? 

c. Phlorizin is an inhibitor of sodium-coupled glucose transporters.  Look up the structure of this 

molecule and propose a reason for this observation. 

d. Which figure confirms that phlorizin effectively inhibits sodium-dependent glucose transport in 

retinal pericytes? 

e. Why was choline chloride chosen as a control? 

f. Figure 7a shows us that phlorizin is not able to completely prevent glucose uptake.  Propose a 

reason for this observation. 
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Abstract

This study was performed to clarify the presence of sodium-dependent glucose uptake and its role in the synthesis of type
IV and type VI collagen by cultured bovine retinal pericytes. The glucose uptake by retinal pericytes and retinal endothelial
cells was measured using 3H-D-glucose in the presence or absence of sodium. Glucose uptake in the presence of sodium was
twice as high as that observed in the presence of phlorizin and sodium or in the absence of sodium. Sodium-dependent
glucose uptake was observed at different sodium concentrations, and its half-maximal stimulation occurred at 48 mM. These
findings were not observed in retinal endothelial cells. Levels of type IV and type VI collagen produced by retinal pericytes
were significantly increased at glucose concentrations higher than 20 mM. Phlorizin decreased both collagen synthesis and
glucose consumption by retinal pericytes incubated with 30 mM of glucose to the levels observed with 5 mM of glucose.
These data suggest that sodium-dependent glucose uptake is present in retinal pericytes and that excessive glucose entry into
the cell is an important factor for overproduction of collagen. Phlorizin normalized the synthesis of type IV and type VI
collagen with decreasing glucose consumption under high glucose conditions. q 1997 Elsevier Science B.V.

Keywords: Retinal pericyte; Type IV collagen; Type VI collagen; Retinal endothelial cell; Phlorizin; Sodium-coupled glucose transporter

1. Introduction

In the retina, the ratio of endothelial cells to
pericytes is 1:1. Pericytes are reported to prevent

w xendothelial cell damage 1,2 and may play an impor-
tant role in diabetic microangiopathy. The retinal
microvascular pericyte loss and thickening of base-
ment membrane that occur in the early stages of
diabetic retinopathy may be important in predispos-

) Corresponding author. Tel.: 81-92-642-5256; fax: 81-92-642-
5271.

ing the retinal circulation to the later development of
microaneurysms, capillary nonperfusion, and the for-

w xmation of new vessels 3 . One of the mechanisms for
retinal pericyte loss is explained by sorbitol accumu-

w xlation in the cells via the polyol pathway 4,5 . Sor-
bitol accumulation reportedly reduces myoinositol
levels in the cells, which in turn decreases Na–K–

w xATPase activity 6,7 . Reduced Na–K–ATPase activ-
ity in the presence of diabetes induces an increase of

w xsodium in the cells 8 and subsequently seems to
accelerate swelling and damage of pericytes. For this
reason, sodium metabolism in retinal pericytes seems
to be very important.

0925-4439r97r$17.00 q 1997 Elsevier Science B.V. All rights reserved.
Ž .PII S0925-4439 97 00071-9
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The retinal pericytes regulate blood flow in the
retina and may modify the function and growth of

w xretinal endothelial cells 9,10 ; thus, their function
resembles that of the mesangial cells in the glomeru-

w x w xlus 11 . Wakisaka et al. 12 have reported the
presence of a sodium-coupled glucose transporter
Ž .SGLT , through which glucose and sodium ions
enter into the cell simultaneously, as well as the

Ž .presence of facilitated glucose transporter 1 GLUT1
and a small amount of facilitated glucose transporter
Ž .4 GLUT4 in rat mesangial cells, by the method of

demonstrating mRNA for these glucose transporters.
Increases in the rate of type IV and type VI collagen
synthesis by rat mesangial cells under conditions of

w xhigh glucose have been also reported 13 . Overpro-
duction of extracellular matrices seems to contribute
to thickening of the basement membrane, which leads
to the occlusion of retinal microvessels in diabetic

w xretinopathy 14–16 or occlusion of glomerular mi-
crovessels and glomerular expansion in diabetic

w xnephropathy 17,18 . Furthermore, overproduction of
collagens is reported to correlate with glucose con-

w xsumption by mesangial cells 13 . In light of these
associations, the investigation of collagen synthesis
and the kinetics of glucose uptake are important to
clarify the mechanism of diabetic complications. The

wuse of phlorizin, a specific inhibitor for SGLT 19–
x22 , has been shown to reduce about 50% of the

glucose uptake by rat mesangial cells when adminis-
w xtered in the presence of 145 mM of NaCl 12 . It is

unknown whether this reduction of glucose uptake by
phlorizin decreases collagen synthesis.

This study was performed to determine whether
sodium-dependent glucose uptake is present in retinal
pericytes and to assess type IV and type VI collagen
synthesis by the cells. The effect of phlorizin on type
IV and type VI collagen synthesis by bovine retinal
pericytes was also investigated.

2. Materials and methods

2.1. Pericyte and retinal endothelial cell preparation

Bovine eyeballs were purchased from a local
slaughterhouse. The retinas were removed, cut into
small pieces, and incubated at 378C for 40 min in the

Ž .Dulbecco’s modified Eagle’s medium DMEM

Ž .Sigma, St Louis, MO containing 200 mgrml of
collagenase. The cells were obtained by centrifuging
after washing three times with DMEM. The cells
were incubated at 378C in an atmosphere of 95% air
and 5% CO in DMEM containing 10% fetal bovine2

Ž . Ž .serum FBS GIBCO BRL, Grand island, NY . After
small colonies of cells were formed on the collagen-
coated plates, they were separated into retinal en-
dothelial cells and pericytes by removal of other cells
using small glass pipettes under light microscopy.
After the cells were separated, the retinal endothelial
cells were cultured in DMEM containing 10% FBS,
and the retinal pericytes were cultured in DMEM–F12
Ž . Ž .Sigma 1:1 containing 10% FBS and 10% Nu-

Ž .serum Collaborative Research, Bedford, MA as well
Ž . Ž .as penicillin 100 Urml , streptomycin 100 mgrml

Ž .and amphotericin B 0.25 mgrml . The retinal peri-
cytes and retinal endothelial cells were identified by
their morphological characteristics and DiI-labeled

Ž .acetylated low-density lipoprotein DiI–Ac–LDL
w xuptake 23 after overnight incubation in a medium

Žcontaining 10 mgrml of DiI–Ac–LDL Biochemical
.Technologies, Stouton, MA . Less than 8th passage

of retinal pericytes and retinal endothelial cells were
used for this experiment.

2.2. Glucose uptake by retinal pericytes and retinal
endothelial cells

Prior to the experiments, confluent retinal peri-
cytes and retinal endothelial cells were cultured for

Ž48 h in 12 well plates 23-mm diameter; Nunc,
.Roskide, Denmark with either 1 ml of DMEM–F12

Ž . Ž . Ž1:1 retinal pericytes and DMEM retinal endothe-
.rial cells containing 5 mM of glucose and 5% FBS;

the media were changed daily to maintain the glucose
concentration. After the cells were washed twice with
20 mM of TrisrHEPES buffer, pH 7.4, containing
1.0 mM of CaCl , 5 mM of KCl and 2.5 mM of2

MgSO and either 145 mM of NaCl or 145 mM of4

choline-Cl, they were incubated in 500 ml of media
w 3 x Žcontaining 5mCirml of 2- H- D-glucose Dupont-

.NEN, Boston, MA , 0.1 mmolrl of D-glucose, and an
appropriate concentration of NaCl with and without
different inhibitors for 30 min. a-Methyl-D-glucoside
Ž .AMG uptake was also determined using the same

Ž w14 xbuffer containing 0.1 mM AMG 2 m Cirml of C -
.a-methyl-D-glucoside . The incubations were termi-
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nated by rapid aspiration of the media followed by
three washings with ice-cold phosphate buffered

Ž .saline PBS . Solubilization of the cells was then
achieved at room temperature with 500 ml of 0.5 M
NaOH. Following neutralization with 2 M acetic acid,
400 ml of aliquots were taken to measure radioactiv-
ity using a Aloka liquid scintillation counter LSC

Ž .1000 Aloka, Tokyo, Japan . Protein concentrations
of the aliquots were determined by the Coomassie
brilliant blue method using the Bio-Rad protein assay
Ž .Bio-Rad and bovine serum albumin as a standard.
All of the incubations were carried out in quadrupli-
cate for each of the experiments. D-Glucose and
AMG uptake values were calculated per mg of cell
protein.

2.3. SDS–PAGE and immunoblot for type IV and
type VI collagen

The confluent retinal pericytes were cultured for
Ž .48 h in six well plates 35 mm diameter, NUNC with

Ž .DMEM–F12 1:1 containing 5 mM glucose, 5% FBS
and 5% Nu-serum; the media were changed daily.
The cells were subsequently incubated for 48 h with
2 ml of DMEM containing 1% FBS and 1% Nu-
serum, 0.28 mmolrl of ascorbic acid, 0.5 mmolrl of
1-proline, 0.2 mmolrl of b-amino propionitrile, and
either 5, 10, 20, 30 mM of glucose. The effect of
phlorizin on collagen synthesis and glucose consump-
tion was determined by adding 0.2 mmolrl of phlo-
rizin to the same media with 5 or 30 mM of glucose.
The media recovered from the second 24 h were
subjected to sodium dodecyl sulfate polyacrylamide

Ž .gel electrophoresis SDS–PAGE according to
w x ŽLaemmli 24 , using an ATTO apparatus ATTO,

.Tokyo, Japan ; the non-gradient 7% acryl amide sep-
arating gel overlaid by 3.5% stacking gel was used to
determine type IV and type VI collagen synthesis.
The proteins were transferred to a nitrocellulose

Žmembrane using a Bio-Rad Transblot Cell both sup-
.plied by Bio-Rad Laboratories, Hercules, CA . The

membrane was washed with PBS containing 0.5%
Tween-20, and then treated with polyclonal antibod-

Žies against bovine type IV and type VI collagen both
. Ž .supplied by LSL, Tokyo, Japan 1:300 dilution

followed by treatment with peroxidase-labeled pro-
Ž .tein A Amersham, Arlington, IL . The antigen–Ig–

G– protein A complexes were visualized by ECL

Ž .Western blotting detection reagents Amersham us-
Žing X-omatic AR film Eastman–Kodak, Rochester,

.NY . Densitometric analysis was performed using
two-dimensional scanning with an EPSON image

Ž .scanner GT8000 Epson, Tokyo, Japan on a Macin-
tosh Quadra 800 computer using the public domain

ŽNIH image program written by Wayne Rasband at
.the US National Institute of Health .

2.4. Other determinations

The glucose concentrations of the media were
determined by the glucose oxidase method using a

ŽBeckmann glucose autoanalyzer 2 Beckman, Fuller-
.ton, CA . The DNA content of each well was deter-

Ž .mined by the Hoechst 2235 dye Sigma method
Ž .using a TKO 100 Hoeffer, San Francisco, CA and
Žcalf thymus DNA Clontech Laboratories, Palo Alto,

.CA as a standard. The data were expressed as rela-

Fig. 1. Effect of phlorizin on glucose uptake by retinal pericytes
Ž . Ž .A and retinal endothelial cells B in the presence and absence

w 3 xof sodium. The cells were incubated with 2- H -D-glucose
Ž .0.1 mM, 5mCirml in the presence of 145mM of NaCl or

Ž . Ž .145mM of Choline-Cl with q or without y 0.2 mM of
phlorizin. Glucose uptake is expressed as nmolrmg cell
proteinrh. I without phlorizin; B: with phlorizin; )))):
p-0.001 vs. NaCl without phlorizin.
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Fig. 2. Effect of sodium on glucose uptake by retinal pericytes
and retinal endothelial cells. The cells were incubated with
w 3 x Ž .2- H -D-glucose 0.1 mM, 5mCirml at different NaCl concen-
trations up to 180mM with substitution of 180mM of Choline-Cl

Ž .to maintain constant osmolarity. A Glucose uptake by retinal
pericytes was increased with increasing sodium concentrations.
The r 2 value for a logarithmic regression curve of the data was

Ž .0.93 p-0.001 . Half-maximal stimulation occurred at 48 mM
Ž .of sodium. B Glucose uptake by retinal endothelial cells did not

change at different sodium concentrations.

tive density compared with 5 mM of glucose adjusted
for DNA. Neither type IV nor type VI collagen was
detected by Western blot in the media containing 1%
FBS and 1% Nu-serum without cells.

2.5. Statistical analysis

Ž .Student’s t-test two-tailed and analysis of vari-
Ž .ance ANOVA were used for statistical determina-

tion. For the kinetics of glucose uptake, a logarithmic
regression analysis was used. Data were expressed as
the mean"SEM.

3. Results

Fig. 1 shows D-glucose uptake by retinal pericytes
and retinal endothelial cells at 0.1 mM glucose in the

Ž . Ž .presence NaCl and absence choline-Cl of sodium.
Ž Ž ..Glucose uptake by retinal pericytes Fig. 1 A was

1.18"0.07 nmolrmgrh and was significantly re-
duced to 0.61"0.04 nmolrmgrh in the presence of
phlorizin in the medium containing sodium. Glucose
uptake in the absence of sodium was 0.67 "
0.07 nmolrmgrh and was reduced to 0.58 "
0.02 nmolrmgrh after phlorizin was added; neither
value was significantly different from those observed
in the presence of sodium and phlorizin. In contrast,
glucose uptake by bovine retinal endothelial cells
Ž Ž ..Fig. 1 B was comparable in the presence and

Žabsence of sodium 1.58 " 0.05 and 1.37 "
.0.06 nmolrmgrh, respectively and was not changed

Žby the addition of phlorizin 1.46"0.06 and 1.38"
.0.08 nmolrmgrh, respectively .

Fig. 2shows sodium-dependent glucose uptake by
retinal pericytes and retinal endothelial cells. Glucose

Ž .Fig. 3. a-Methyl-D-glucoside AMG uptake by retinal pericytes.
w14 xThe cells were incubated with C -a-methyl-D-glucoside

Ž .Ž .AMG 0.1 mM, 2 mCirml in the presence of 145mM of NaCl
with or without 0.2 mM of phlorizin or 145mM of choline
chloride. AMG uptake in 145mM NaCl was 10-fold higher than
that in 145mM Choline-Cl, and was decreased to the level
observed in 145mM Choline-Cl by the addition of phlorizin.
)))): p-0.001 vs. NaCl without phlorizin.
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Fig. 4. Kinetics of glucose uptake by retinal pericytes in the
presence and absence of sodium. The cells were incubated with
w 3 x Ž .2- H -D-glucose 0.1 mM, 5mCirml at different glucose con-
centrations ranging from 0.5 to 10 mM. Glucose uptake at 145mM

Ž . Ž .of NaCl v and 145mM of Choline-Cl ` is expressed as
Ž .nmolrmg cell proteinrh. Sodium-dependent glucose uptake B

Žwas calculated as the net increase in glucose uptake glucose
.uptake in NaClyglucose uptake in Choline-Cl . The inset shows

the Lineweaver–Burk plot of the data. The r 2 values for loga-
rithmic regression curve of the data from glucose uptake at
145mM of NaCl or 145mM of Choline-Cl and sodium-depen-

Ž . Ž .dent glucose uptake were 0.94 p-0.001 , 0.93 p-0.001 ,
Ž .and 0.91 p-0.001 , respectively.

uptake by retinal pericytes increased with increasing
sodium concentrations of up to 180 mM; the half-
maximal stimulation occurred at 48 mM sodium ion

Ž Ž ..Fig. 2 A . In contrast, glucose uptake by retinal
endothelial cells did not change at different sodium

Ž Ž ..concentrations Fig. 2 B .
Ž .Fig. 3 shows a-methyl-D-glucoside AMG uptake

by retinal pericytes in 145 mM NaCl in the presence
and absence of 0.2 mM phlorizin or in 145 mM
Choline-Cl. AMG uptake in 145 mM NaCl was 10-
fold higher than in 145 mM Choline-Cl, and was
decreased to the level observed in 145 mM Choline-Cl
by the addition of phlorizin.

Effects of sodium ions on glucose uptake by reti-
nal pericytes at different glucose concentrations with
and without sodium are shown in Fig. 4. Glucose
uptake increased with increasing glucose concentra-
tions. The K values determined from Lineweaver–m

Burk plots in the presence and absence of sodium
were 2.54 and 2.39 mM, respectively, while the Vmax

values were 19.30 and 11.85 nmolrmgrh, respec-
tively. The K and V values of the calculatedm max

Žsodium-dependent glucose uptake net increase of
glucose uptake between the presence or the absence

w x.of sodium 15 were 7.68 nmolrmgrh and 2.84 mM,
respectively.

Effect of inhibitors on D-glucose uptake by retinal
pericytes in 145 mM Choline-Cl and 145 mM NaCl
with 0.1 mM glucose are summarized in Table 1.
D-Glucose uptake was decreased both in the presence

Ž .and absence of sodium p-0.001, respectively by
the additions of D-glucose of 0.5 and 5 mM. Both 0.5

Table 1
Ž . Ž .Effect of inhibitors on D-glucose uptake by bovine retinal pericytes in the presence 145 mM NaCl or absence 145 mM Choline-Cl of

sodium

Inhibitor n Relatvive uptake

Choline-Cl NaCl Sodium dependent

Ž .None 4 1.00"0.07 2.26"0.06 1.26 100%
Ž .0.5 mM D-glucose 4 0.67"0.02 1.26"0.10 0.59 47%
Ž .5 mM D-glucose 4 0.37"0.01 0.51"0.08 0.14 11%
Ž .0.5 mM a-methyl-D-glucoside 3 0.99"0.12 1.94"0.19 0.95 75%
Ž .5 mM a-methyl-D-glucoside 3 0.98"0.14 1.76"0.08 0.78 62%
Ž .0.5 mM D-galactose 3 0.96"0.07 2.15"0.27 1.19 94%
Ž .5 mM D-galactose 3 0.90"0.09 1.98"0.10 1.08 86%
Ž .5 mM 2-deoxy-glucose 3 0.77"0.09 1.91"0.09 1.14 90%
Ž .0.2 mM phlorizon 4 0.95"0.16 1.08"0.05 0.13 10%

ŽThe cells were incubated in TrisrHEPES buffer containing 1.0 mM CaCl , 5 mM KCl, 2.5 mM MgSO , 0.1 mM D-glucose 5 mCirml of2 4
w 3 x .2- H- D-glucose and 145 mM NaCl or 145 mM Choline-Cl with inhibitors for 30 min.
The data were normalized to the uptake observed in Choline-Cl in the absence of inhibitors. Sodium-dependent D-glucose uptake was
estimated by the calculation that the uptake in NaCl minus that in Choline-Cl.
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and 5 mM AMG inhibited glucose uptake only in the
Žpresence of sodium p-0.0005, p-0.001, respec-

.tively . Inhibitory effects of D-galactose and 2-deoxy
Ž .glucose 2DOG on D-glucose uptake were also ob-

served in the presence and absence of sodium. Five
mM D-galactose and 2DOG inhibited D-glucose up-
take to the level with 0.5 mM AMG in the presence
of sodium. Among these inhibitors, phlorizin and
D-glucose were most effective on the calculated
sodium-dependent glucose uptake followed by AMG.
The inhibitory effect of D-galactose and 2DOG was
less.

Fig. 5 shows immunoblots for type IV and type VI
collagen from the medium cultured with retinal peri-
cytes. Immunoblots for type IV collagen demon-

Ž .strated a single band a1; M 200 kD and those forr

Fig. 5. Immunoblots for type IV and type VI collagen from the
medium cultured with retinal pericytes. The cells were incubated

Ž .with DMEM–F12 1:1 containing 1% FBS and 1% Nu-serum
with ascorbic acid, b-aminopropionitril, l-proline and 5 or 30 mM
of glucose in the presence or absence of 0.2 mM phlorizin; the
medium was changed daily. Media from the second 24 h incuba-
tion were used for determination of type IV and type VI collagen.

ŽImmunoblots for type IV collagen revealed 1 band a1; Mr
. Ž200kD and those for type VI collagen revealed 2 bands a3; Mr

.205kD and a1, a2; M 150kD . N: 5 mM glucose, H: 30 mMr

glucose.

Ž .Fig. 6. Effect of different glucose concentration on type IV A
Ž .and type VI B collagen synthesis by bovine retinal pericytes.

Ž .The cells were incubated with DMEM–F12 1:1 containing 1%
FBS and 1% Nu-serum with ascorbic acid, b-aminopropionitril,
l-proline, and 5 to 30mM of glucose; the medium was changed
daily. Media from the second 24 h incubation were used for
determination of type IV and type VI collagen by immunoblot in
quadruplicate. The data are expressed as relative density com-
pared with 5 mM of glucose after correction for the DNA content.
): p-0.05; )): p-0.01 vs. 5 mM of glucose.

Žtype VI collagen demonstrated 2 bands a3: Mr
.205 kD; and a1, a2: M 150 kD .r

Ž Ž ..Fig. 6 shows type IV Fig. 6 A and type VI
Ž Ž ..collagen synthesis Fig. 6 B by retinal pericytes at

different glucose concentrations. Both type IV and
type VI collagen were synthesized by retinal peri-
cytes. Collagen synthesis increased significantly with
increasing glucose concentrations, to a maximum 2-
fold increase at more than 20 mmolrl of glucose.

Fig. 7 shows the effects of phlorizin on net glucose
Ž Ž ..utilization Fig. 7 A and type IV and type VI

Ž Ž . Ž ..collagen synthesis Fig. 7 B and C by bovine
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Ž .Fig. 7. The effect of phlorizin on glucose consumption A and
Ž . Ž .synthesis of type IV B and type VI C at 5 mM or 30 mM of

glucose by bovine retinal pericytes. The cells and media were
treated as described in Fig. 4. I: without phlorizin, B: with
phlorizin Glucose consumption is expressed as nmolr100 mg
DNAr24h. ): p-0.05; )): p-0.01; ))): p-0.001 vs.
30 mM of glucose; a: p-0.05 vs. 5 mM glucose with phlorizin.

retinal pericytes. Net glucose consumption by retinal
pericytes in the media with 30 mM of glucose was
significantly higher than with 5 mM of glucose, and
was significantly lower with phlorizin than without.
Glucose consumption at 5 mM of glucose was com-
parable to that observed with 30 mM of glucose and
phlorizin. Synthesis of type IV collagen and type VI
collagen at 30 mM of glucose with phlorizin was
comparable to that seen with 5 mM of glucose. Colla-
gen synthesis in the medium containing 5 mM of
glucose and phlorizin was not reduced and was com-
parable to that observed with 5 mM of glucose.

4. Discussion

Ž .This study revealed that 1 sodium dependent
D-glucose uptake occurs in bovine retinal pericytes;
Ž .2 in the presence of sodium and phlorizin, this
uptake is suppressed to 50%. These findings does not
seem to be derived from the secondary effects of
sodium and phlorizin, since neither the sodium de-
pendent uptake nor the inhibitory effect of phlorizin
were observed in retinal endothelial cells. These find-
ings resemble previously reported results regarding
sodium-dependent glucose uptake by rat mesangial

w xcells 12 . Sodium-dependent AMG uptake into cells
via SGLT has also been observed in retinal pericytes
and has been suppressed about 90% by the addition

w xof phlorizin, as reported by Loike et al. 25 . The
half-maximal sodium concentration for glucose up-
take by retinal pericytes was 48 mM, which was

Žnearly the same as that of rat mesangial cells K sm
. w x35 mM 12 . The V values for sodium-dependentmax

and independent glucose uptake in retinal pericytes
Ž .11.9 and 7.68 nmolrmgrh, respectively were lower

Žthan those in mesangial cells 29.5 and
. w x18.0 nmolrmgrh, respectively 12 , which indicates

that sodium-dependent and independent glucose up-
take occurred at a ratio of nearly 1:1 in both cells.

Ž .The sodium-coupled glucose transporter SGLT ,
through which glucose entry into the cell is sodium
dependent, is known to be localized in the epithelial

w xcells of the small intestine and renal tubules 19–22 .
In rat mesangial cells, mRNA for SGLT has been
identified together with GLUT 1 and a small amount

w xof GLUT 4 12 . The presence of SGLT has also been
detected in bovine brain cortical vessels by demon-

w xstrating SGLT-like protein and gene 26 . To our
knowledge, the present study is the first to demon-
strate sodium-dependent glucose uptake by retinal
pericytes.

At least two sodium-coupled glucose transporters
Žhave been reported. One has high-affinity K sm

.0.3 mM and relatively low-capacity for D-glucose,
and is present in the distal tubules of the kidney and

Ž .the intestine SGLT 1 . Another has low-affinity
Ž .K s2 to 6 mM and high-capacity, and is presentm

Žprimarily in the proximal tubules of the kidney SGLT
. w x2 27,28 . The calculated K of sodium-dependentm

glucose uptake by retinal pericytes was 2.84 mM,
which was similar to that of rat mesangial cells
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Ž . w x1.93 mM 12 . D-Galactose is reported to enter into
cells through SGLT 1 but not through SGLT 2
w x29,30 , while D-galactose enters into cells through
GLUT 1 which has a higher K value for D-galac-m

Ž . Ž . w xtose 30 mM than for D-glucose 2.6 mM 31 . The
inhibitory effect of D-galactose on D-glucose uptake
by retinal pericytes in this study was less compared
with those of D-glucose and AMG, which is similar
to the previous report of D-glucose uptake in proxi-

w xmal tubules of the kidney 32 . These data suggest
that SGLT 2 may be present in bovine retinal peri-
cytes.

Immunohistological studies have shown that type
w xI–V and IX collagens are present in the retina 14,15 .

Here, we have demonstrated that bovine retinal peri-
cytes produce type VI and type IV collagens as do rat
and bovine mesangial cells, bovine glomerular en-

w xdothelial cells 13,33 , rat cardiac endothelial cells
w x w x34,35 , and rat cardiac pericytes 36 . These colla-
gens increased significantly with high glucose con-

Ž .centrations more than 20 mM in the medium. Since
an increase of mRNA for type IV collagen is also

w xreported in human diabetic retinopathy 16 , overpro-
duction of these collagens by bovine retinal pericytes
at high glucose concentrations seems to lead to base-
ment-membrane thickening and microvessel occlu-
sion, which lead in turn to diabetic retinopathy.

Interestingly, addition of phlorizin to the media
with high-glucose served to directly attenuate type IV
and type VI collagen synthesis by normalizing glu-
cose consumption, although phlorizin is often used to
decrease blood glucose levels in animals with strepto-
zotocin-induced diabetes via inhibition of glucose
absorption from the small intestine and glucose reab-

w xsorption from the kidney 37,38 . As reported previ-
ously, glucose consumption by rat mesangial cells
under high-glucose conditions increased during 48 h
observation, and the collagen synthesis increased with

w xincreasing glucose consumption 13 . Recently, Heilig
w xet al. 39 reported that the increased glucose utiliza-

tion by mesangial cells with overexpressed GLUT 1
induced overproduction of type IV collagen synthesis
under normal glucose conditions. These observations
suggest that increased glucose entry into the cells
may be an important factor for over-production of
collagens.

Excessive entry of glucose into the cells under
high-glucose conditions increases cellular sorbitol,

w xwhich is mediated by aldose reductase 7 , and pro-
Ž .tein kinase C PKC through de novo synthesis of
w xdiacylglycerol 40 . The aldose reductase activities in

w x w xthe retinal pericytes 4,5 and mesangial cells 41 are
reported to be one of the important factors in diabetic
retinopathy, as well as in nephropathy. Abnormal
PKC activity in the diabetic state is found in a variety
of vessels. Increased PKC activity induces vascular
dysfunction, such as overproduction of extracellular

w xmatrices 42 . Although we did not examine intra-
cellular sorbitol contents and PKC activity, the nor-
malization of glucose entry into the retinal pericytes,
in which sodium-dependent and independent glucose
uptake are functioning at similar levels, under high-
glucose conditions by phlorizin may improve in-
creased sorbitol concentrations and PKC activity, and
these improvements normalize collagen synthesis
even under high-glucose conditions.

In conclusion, sodium-dependent glucose uptake is
present in retinal pericytes. Excess entry of glucose
into the cell via this glucose transporter may be an
important factor for overproduction of type IV and
type VI collagen.

References

w x1 R.G. Tilton, E.J. Miller, C. Kilo, J.R. Williamson, Pericyte
form and distribution in rat retinal and uveal capillaries,

Ž .Invest. Ophthalmol. Vis. Sci. 26 1985 68–73.
w x2 R.G. Petty, J.D. Pearson, Endothelium – the axis of vascular

Ž .health and disease, J. R. Coll. Phys. London 23 1989
92–102.

w x3 T. Kuwabara, D.G. Cogan, Retinal vascular patterns. VI
Mural cells of the retinal capillaries, Arch. Opthalmol. 69
Ž .1963 492–502.

w x4 Y. Akagi, P.F. Kador, T. Kuwabara, J.H. Kinoshita, Aldose
reductase localization in human retinal mural cells, Invest.

Ž .Ophthalmol. Vis. Sci. 24 1983 1516–1519.
w x5 P.F. Kador, Y. Akagi, H. Terubayashi, M. Wyman, J.H.

Kinoshita, Prevention of pericyte ghost formation in retinal
capillaries of galactose-fed dogs by aldose reductase in-

Ž .hibitors, Arch. Ophthalmol. 106 1988 1099–1102.
w x6 D.A. Greene, S.A. Lattimer, A.A.F. Sima, Sorbitol, phos-

phoinositides, and sodium–potassium–ATPase in the patho-
genesis of diabetic complications, New Engl. J. Med. 316
Ž .1987 599–606.

w x7 A. Winegrad, Does a common mechanism induce the di-
Ž .verse complications of diabetes?, Diabetes 36 1987 396–

406.
w x8 S. Gupta, I. Sussman, C.S. McArthur, K. Unheim, R.A.

Cohen, N.B. Ruderman, Endothelium-dependent inhibition



( )M. Wakisaka et al.rBiochimica et Biophysica Acta 1362 1997 87–96 95

of Naq–Kq ATPase activity in rabbit aorta by hyper-
Ž .glycemia, J. Clin. Invest. 90 1992 727–732.

w x9 A. Antonelli-Orlidge, K.B. Saunders, S.R. Smith, P.A.
D’Amore, An activated form of transforming growth factor
b is produced by cocultures of endothelial cells and peri-

Ž .cytes, Proc. Natl. Acad. Sci. U.S.A. 86 1989 4544–4548.
w x10 Y. Sato, D.B. Rifkin, Inhibition of endothelial cell move-

ment by pericytes and smooth muscle cells, activation of a
latent transforming growth factor b1-like molecule by plas-

Ž .min during co-culture, J. Cell Biol. 109 1989 309–315.
w x11 M. Kashgarian, R.B. Sterzel, The pathobiology of the

Ž .mesangium, Kidney Int. 41 1992 524–529.
w x12 M. Wakisaka, Qi He, M.J. Spiro, R.G. Spiro, Glucose entry

into rat mesangial cell is mediated by both Na-coupled and
Ž .facilitative transporters, Diabetologia 38 1995 291–297.

w x13 M. Wakisaka, M.J. Spiro, R.G. Spiro, Synthesis of type VI
collagen by cultured glomerular cells and comparison of its
regulation by glucose and other factors with that of type IV

Ž .collagen, Diabetes 43 1994 95–103.
w x14 J.A. Jerdan, B.M. Glaser, Retinal microvessel extracellular

matrix: an immunofluorescent study, Invest. Ophthalmol.
Ž .Vis. Sci. 27 1986 194–203.

w x15 S.R. Russell, J.D. Sherpherd, G.S. Hageman, Distribution of
glycoconjugates in the human retinal internal limiting mem-

Ž .brane, Invest. Ophthalmol. Vis. Sci. 32 1991 1986–1995.
w x16 S. Roy, M. Maiello, M. Lorenzi, Increased expression of

basement membrane collagen in human diabetic retinopathy,
Ž .J. Clin. Invest. 93 1994 438–442.

w x17 S.M. Mauer, M.W. Steffes, D.M. Brown, The kidney in
Ž .diabetes, Am. J. Med. 70 1981 603–612.

w x18 R.G. Spiro, Pathogenesis of diabetic glomerulopahy: a bio-
Ž .chemical view, in: C.E. Mogensen Ed. , The Kidney and

Hypertension in Diabetes Mellitus, Nijhoff, Boston, MA,
1988, pp. 117–130

w x19 R.J. Turner, M. Silverman, Interaction of phlorizin and
sodium with renal brush border membrane D-glucose trans-
porter: stoichiometry and order of binding, J. Membr. Biol.

Ž .58 1981 43–55.
w x q20 C.A. Rabit, D.A. Austiello, Na -dependent sugar transport

in cultured epithelial cell line from pig kidney, J. Membr.
Ž .Biol. 54 1980 31–38.

w x q21 K. Amsler, J.S. Cook, Development of Na -dependent hex-
ose transport in a cultured line of porcine kidney cells, Am.

Ž .J. Physiol. 242 1982 C94–101.
w x22 A. Moran, J. Turner, J.S. Handler, Regulation of sodium

coupled glucose transport by glucose in a cultured epithe-
Ž .lium, J. Biol. Chem. 258 1993 15087–15090.

w x23 J.C. Voyta, D.P. Via, C.E. Butterfield, B.R. Zetter, Identifi-
cation and isolation of endothelial cells based on their
increased uptake of acetylated low density lipoprotein, J.

Ž .Cell Biol. 99 1984 2034–2040.
w x24 U.K. Laemmli, Cleavage of structural proteins during the

assembly of the head of bacteriophage T4, Nature 227
Ž .1970 680–685.

w x25 J.D. Loike, S. Hickman, K. Kuang, M. Xu, L. Cao, J.C.
Vera, S.C. Silverstein, J. Fischbarg, Sodium–glucose co-

transporters displays sodium- and phlorizin-dependent water
Ž .permeability, Am. J. Physiol. 271 1996 C1774–1779.

w x26 T. Nishizaki, A. Kammesheidt, K. Sumikawa, T. Asada, Y.
Okada, A sodium- and energy-dependent glucose transporter
with similarities to SGLT1-2 is expressed in bovine cortical

Ž .vessels, Neurosci. Res. 22 1995 13–22.
w x27 M.F. White, C.R. Kahn, Molecular aspects of insulin action,

Ž .in: C.R. Kahn, G.C. Weir Eds. , Joslin’s Diabetes Mellitus
13th, Lea and Philaderphia, Febiger., 1994, pp. 139–62

w x28 Y. Kanai, W.S. Lee, G. You, D. Brown, M.A. Hedeger, The
human kidney low affinity Naqglucose cotransporter SG-
LUT2 delineation of the major renal reabsorption mecha-

Ž .nism for D-glucose, J. Clin. Invest. 93 1994 397–404.
w x29 G. You, W.S. Lee, E.J. Barros, Y. Kanai, T.L. Huo, S.

Khawaja, R.G. Wells, S.K. Nigam, M.A. Hediger, Molecu-
lar characteristics of Naq-coupled glucose transporters in

Ž .adult and embryonic rat kidney, J. Biol. Chem. 270 1995
29365–29371.

w x30 B. Mackenzie, D.D.F. Loo, M. Panayotova-Heiermann, E.M.
Wright, Biophysical characteristics of the pig kidney
Naqrglucose transporter SGLT2 reveal a common mecha-

Ž .nism for SGLT1 and SGLT2, J. Biol. Chem. 271 1996
32678–32683.

w x31 N.R. Cohen, D.A. Knecht, H.F. Lodish, Functional expres-
sion of rat GLUT 1 glucose transporter in Dictyostelium

Ž .discoideum, Biochem. J. 315 1996 971–975.
w x32 R.J. Turner, A. Moran, Heterogeneity of sodium-dependent

D-glucose transport sites along the proximal tubule: evidence
Ž .from vesicle studies, Am. J. Physiol. 242 1982 F406–F414.

w x33 T. Danne, M.J. Spiro, R.G. Spiro, Effect of high glucose on
type IV collagen production by cultured glomerular epithe-

Ž .lial, endothelial and mesangial cells, Diabetes 42 1993
170–177.

w x34 M.J. Spiro, He Qi, M.L. D’Autilia, Effect of high glucose
on formation of extracellular matrix components by cultured

Ž .rat heart endothelial cells, Diabetologia 38 1995 430–436.
w x35 M.J. Spiro, T.J. Crowley, Increased rat myocardial type VI

collagen in diabetes mellitus and hypertension, Diabetologia
Ž .36 1993 93–98.

w x36 Qi He, M.J. Spiro, Isolation of rat heart endothelial cells and
pericytes: evaluation of their role in the formation of extra-

Ž .cellular matrix components, J. Mol. Cell. Cardiol. 27 1995
1173–1183.

w x37 S.M. Brichard, J.C. Menguin, J. Girard, Phlorizin treatment
of diabetic rats partially reverses the abnormal expression of
genes involved in hepatic glucose metabolism, Diabetologia

Ž .36 1993 292–298.
w x38 A. Korner, A.C. Eklof, G. Celsi, A. Aperia, Increased renal

metabolism in diabetes. Mechanism and functional implica-
Ž .tions, Diabetes 43 1994 629–633.

w x39 C.W. Heilig, L.A. Concepcion, B.L. Riser, S.O. Freytag, M.
Zhu, P. Cortes, C.C. Hassett, J.D. Gilbert, S.S. Sastry, K.O.
Heilig, J.M. Grondin, Overexpression of glucose trans-
porters in rat mesangial cells cultured in a normal glucose
milieu mimics the diabetic phenotype, J. Clin. Invest. 96
Ž .1995 1802–1814.



( )M. Wakisaka et al.rBiochimica et Biophysica Acta 1362 1997 87–9696

w x40 P.A. Craven, C.M. Davidson, F.R. DeRubertis, Increase in
diacylglycerol mass in isolated glomeruli by glucose from

Ž .de novo synthesis of glycerolipds, Diabetes 39 1990 667–
674.

w x41 R. Kikkawa, K. Umemura, M. Haneda, T. Arimura, K.
Ebata, Y. Shigeta, Evidence for existence of polyol pathway

Ž .in cultured rat mesangial cells, Diabetes 36 1987 240–243.

w x42 R.K. Studer, P.A. Craven, F.R. DeRubertis, Role for protein
kinase C in the mediation of increased fibronectin accumula-
tion by mesangial cells grown in high glucose medium,

Ž .Diabetes 42 1993 188–196.


	ps1a.pdf
	1 - Glucose Uptake

