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Abstract

The effect of i.v. versus i.p. glucose injections on blood flow rate of
Walker 256 carcinoma and several normal tissues of unanesthetized,
unrestrained female Sprague-Dawley rats was measured, using the radio

active microsphere technique prior to and 60 min after glucose adminis
tration (6 g/kg, i.v. or i.p.). Changes in systemic hemodynamics were also
investigated in an attempt to further quantify the mechanisms responsible
for tumor blood flow reduction. Most of the normal tissues showed either
no modification or a decrease in the blood flow rate following i.v. or i.p.
glucose injections. The response was more pronounced following i.p.
injection. Most of the tissues studied also exhibited significant modifi
cation in cardiac output distribution. A decrease in blood flow rate and
cardiac output distribution was also observed in the tumors following i.v.
or i.p. injections. However, as observed in the normal tissues, the response
was more pronounced following i.p. injection. Mechanisms for blood flow
reduction include systemic effects such as reduction and redistribution of
cardiac output. An additional systemic mechanism following i.p. injection
includes hypovolemic hemoconcentration which was evident by an in
crease in blood hematocrit. In rats, unlike observations in mice, the
change in hematocrit following i.p. injection is not as large and cannot
account for the total blood flow reduction. Local mechanisms include an
increase in red blood cell rigidity due to glucose itself and tissue acidosis.

Introduction

A number of studies have been performed to determine the
effect of hyperglycemia on tumor blood flow and pH and have
been reviewed in detail (1-3). A limited number of investigators
have also measured changes in blood flow and pH of some
normal tissues (1-3). The data suggest that reduction in tumor
pH following glucose injection is due to production of lactic
acid from glucose via anaerobic glycolysis and accumulation in
the tumor due to reduced tumor blood flow (4). A number of
mechanisms have been suggested for reduction in tumor blood
flow due to glucose (1-3). However, the exact mechanisms are
still not defined. Most of the investigations reported a signifi
cant decrease in tumor blood flow due to hyperglycemia regard
less of the host and tumor type. However, the amount of
reduction was greatly dependent on the route of injection.
DiPette et al. (5) showed that tumor blood flow is lowered in
both normal and tumor tissue following i.v. injection due to
both systemic effects (e.g., reduction in cardiac output) and
local (e.g., increase in red blood cell rigidity) changes. The latter
has been recently quantified by Sevick and Jain (6) using a
tissue-isolated tumor perfused ex vivo. These authors (7) have
also shown that systemic hematocrit increases by 11% in anes-
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thetized rats after i.p. glucose injection (6 g/kg). In contrast,
Vaupel et al. (8, 9) have shown that in mice, the hematocrit
increases by 29% following i.p. glucose injection (5 g/kg);
hence, they attributed the majority of blood flow reduction
following i.p. glucose to hypovolemic hemoconcentration. We
propose that larger rodents, such as rats, may not exhibit such
a large increase in hematocrit following i.p. glucose. Therefore,
the objective of the present study is to compare the effects of
i.v. versus i.p. glucose injections on systemic hemodynamics
and blood flow rates of both normal and tumor tissue to verify
those mechanisms responsible for hyperglycemia-induced blood
flow reduction in rats.

The radioactive microsphere technique (10, 11) was used to
determine the regional blood flow rate and cardiac output
distribution in conscious unrestrained rats bearing Walker 256
carcinoma. Two sets of microspheres labeled, respectively, with
l41Ceand 85Sr were used to obtain blood flow rates in the same

animal prior to and 60 min after both i.v. or i.p. glucose (6 g/
kg) injections. Saline (8 ml/kg) was injected both i.v. or i.p. in
other animals as a control. In addition to tissue blood flow
rates, changes in systemic hemodynamics including hematocrit
and hemoglobin concentration were also measured.

Materials and Methods

The materials and methods used were similar to those used in
previous studies (5, 12). Briefly, Walker 256 carcinoma was implanted
by inoculation of 0.1 ml of tumor slurry in both the right and left flanks
of female Sprague-Dawley rats (270-350 g; HarÃanSprague-Dawley,
Inc., Madison, WI). Once the tumor reached the desired stage of growth
(3-7 days post-implant of the tumor), polyethylene catheters (PESO)
filled with heparinized saline were inserted into the left ventricle of the
heart (via the carotid artery), into the caudal artery, and into the jugular
vein for microsphere injections, heart rate and blood pressure monitor
ing, and i.v. glucose or saline injections, respectively. Once the cannu-
lation procedure was completed, the rat was placed in an individual
cage allowing unrestrained mobility and permitted to become fully
awake for experimentation.

Once the rat was fully conscious (approximately 3-4 h following
awakening), ventricular and arterial pressure monitoring was begun.
The baseline values of cardiac output and regional perfusion rate of the
tissues were then determined by injecting 0.25 ml (approximately
125,000 spheres) of l4'Ce-labeled microspheres intraventricularly over

a 10 second period followed by a 0.5 ml saline flush. Fifteen s prior to
the microsphere injection, blood withdrawal from the caudal artery at
a rate of 0.44 ml/min was begun and continued for 1.5 min following
the injection. Blood was withdrawn prior to microsphere injection to
ensure smooth blood withdrawal from the arterial catheter and com
plete collection of the injected microspheres. Following the determi
nation of baseline values, saline (8 ml/kg) for control studies or glucose
(6 g/kg) for hyperglycÃ©miestudies was injected either into the jugular
vein or i.p. Similarly, 0.25 ml of 85Sr-labeled microspheres was injected

over a 10-s interval followed by a 0.5-ml saline flush to determine the
perfusion rate at 60 min postinjection. Blood was again withdrawn
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from the caudal artery as described previously. The animals were then
sacrificed and tissue samples were dissected, weighed, and counted for
radioactivity. The blood samples obtained from the caudal artery were
also counted for radioactivity. The tissues studied included the brain,
left and right kidneys, liver (for arterial blood supply), spleen, pancreas,
stomach, jejunum, colon, hindlimb and forelimb muscles, skin, peritu-
mor tissue (i.e., the muscle adjacent to the tumor), and the tumor. The
energy levels of the radiation emissions from the two isotopes were
sufficiently different to allow separate determinations of the systemic
and regional hemodynamics between the two injections in the same
animal.

In a separate set of experiments, glucose (6 g/kg) was injected into
the femoral vein or into the i.p. cavity of tumor-bearing Sprague-Dawley
rats and blood was withdrawn from a femoral artery catheter at 0. 30.
and 60 min postinjection. The blood samples were analyzed for blood
glucose, hematocrit, number of RBC, hemoglobin, mean corpuscular
hemoglobin concentration, and osmolality. A sample was also taken at
10 min post-i.v. injection to obtain the blood glucose concentration. A
paired / test was again performed to compare each value with its baseline
values.

Details on microsphere preparation and methods for calculation of
systemic and regional hemodynamic parameters are given in previous
studies (5, 12).

Results

Blood Glucose. After i.v. glucose injection, the blood glucose
concentration peaked immediately (within 1-2 min) and de
creased to 924 mg/100 ml in 10 min. The glucose concentration
continued to decrease, reaching 300 mg/100 ml in 30 min and
reaching the baseline value within 60 min. After i.p. injection,
the blood glucose concentration increased at a slower rate,
reaching a value of approximately 1360 mg/100 ml in 60 min
(data not shown).

Normal Tissue Response. The results obtained on blood flow
rate per g of tissue and modification in distribution of cardiac
output are shown in Table 1 for i.v. and i.p. glucose injections.
The normalized values with respect to the baseline values are
shown in Fig. 1 to better compare the i.v. versus i.p. effects.
Both i.v. and i.p. glucose injections led to changes in blood flow
rate in a number of the tissues studied. No change in blood
flow rate was observed in the spleen and the hind- and forelimb
muscles following i.v. injection. However, i.p. injection pro
duced a 76 and 33% decrease in blood flow rate in the spleen
and hindlimb muscle, respectively. Both the left and right
kidneys showed a decrease in blood flow rate following i.v.
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Fig. 1. The blood flow rates (RPR) and %CO distributions obtained from the
hyperglycÃ©mieexperiments (Table 1) were normalized with respect to the baseline
value to better illustrate the blood flow rate and %CO distribution changes in
normal tissues and the tumor. *. P < 0.05; paired t test; bars, SE. LK, left kidney;
RK. right kidney; LIVER, arterial liver flow rate: PANC, pancreas; STOM,
stomach; JEJ, jejunum; HIND, hindlimb muscle: FORE, forelimb muscle; PTU-
MOR, muscle adjacent to the tumor.

injection (31 and 9%, respectively). However, the decrease in
the right kidney was not significant. A 36% decrease in blood
flow rate was observed in both the left and right kidneys
following i.p. injection. No change in flow rate was observed in
the jejunum and peritumor tissue following i.p. injection
whereas i.v. injection produced a 33% decrease in both of these

Table 1 Blood flow rales and cardiac output distributions
Blood flow rate per g of tissue (RPR, ml/min/g) and percentage cardiac output per g of tissue (%CO/g) obtained prior to and 60 min following i.p. and i.v. glucose

injections (6 g/kg). Values are mean Â±SE (A'= 13, i.v. injection; A'= 6. i.p. injection).

RPR (ml/min/g) %CO/g

Glucose (i.v.) Glucose (i.p.) Glucose (i.v.) Glucose (i.p.)

Base line 60 min Base line 60 min Base line 60 min Base line 60 min

BrainLeft
kidneyRight
kidneyLiverSpleenPancreasStomachJejunumColonHindlimb

muscleForelimb
muscleSkinPeritumorTumor1.36

Â±0.087.98
Â±0.497.40
Â±0.710.29
Â±0.071.88

Â±0.191.35
+0.081.57

Â±0.172.99
+0.181.75

Â±0.160.11
Â±0.020.26

Â±0.050.14
Â±0.010.09

Â±0.010.28
Â±0.051.26

Â±0.06Â°5.51
Â±0.81Â°6.74

Â±0.810.48
Â±0.09Â°2.23

Â±0.260.93
Â±0.14Â°0.55
Â±0.04Â°2.00
Â±0.19Â°1.12
Â±0.09Â°0.08

Â±0.020.17
Â±0.030.07
Â±0.01Â°0.06
Â±0.01Â°0.08

Â±0.01Â°1.148.819.020.084.411.082.013.781.330.060.080.090.050.270.141.370.920.020.580.170.500.270.110.010.010.010.010.050.75

Â±0.09Â°5.63
Â±1.04Â°5.79
Â±1.30Â°0.60
Â±0.15Â°1.07

Â±0.13Â°0.26
Â±0.05Â°0.35

Â±0.05Â°3.07

Â±0.200.49
Â±0.06Â°0.04
Â±0.00Â°0.07

Â±0.010.03
Â±0.00Â°0.07

Â±0.010.02
Â±0.01Â°1.16

Â±0.086.69
Â±0.356.15

Â±0.550.24
Â±0.061.62

Â±0.171.17
Â±0.091.32
Â±0.122.52
Â±0.121.48
Â±0.120.09

Â±0.020.21
Â±0.020.12
Â±0.010.07

Â±0.010.24
Â±0.011.42

Â±0.08Â°5.98

Â±0.877.55
Â±0.870.54
Â±0.09Â°2.45
Â±0.30Â°1.03
Â±0.15Â°0.62
Â±0.05Â°2.23

Â±0.191.28
Â±0.090.08

Â±0.020.19
Â±0.030.07

Â±0.01Â°0.07

Â±0.010.09
Â±0.01Â°1.09

Â±0.118.19Â±
1.178.80

Â±0.980.08
Â±0.024.14

Â±0.191.07
Â±0.171.81
Â±0.353.71
Â±0.321.33
Â±0.170.06

Â±0.010.08
Â±0.010.09
Â±0.010.04
Â±0.000.26
Â±0.041.38

Â±0.28Â°8.92

Â±0.958.85
Â±1.420.90
Â±0.26"1.97

Â±0.40Â°0.45
Â±0.06Â°0.60
Â±0.05Â°5.67

Â±1.010.90
Â±0.18Â°0.09

Â±0.020.13
Â±0.030.05
Â±0.01Â°0.12
Â±0.01Â°0.03

Â±0.01Â°
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Table 2 Systemic hemodynamic results
Systemic hemodynamic parameters obtained prior to and at 30 and 60 min following i.p. and i.v. glucose injections. Values are mean Â±SE (A' = 4-13, i.v. injection;

N= 4-6, i.p. injection).

Glucose (i.v.) Glucose (i.p.)

Baseline 30 min 60 min Baseline 30 min 60 min

Mean arterial pressure (mmHg)Heart
rate(beats/min)Cardiac

output(ml/min)Cardiac
index(ml/min/g)TPRfmm

Hg/ml/min)Stroke
volume(ml/beat)Hematocrit

(%)No.
ofRBC(M/Â»il)Hemoglobin

(g/dl)Mean
corpuscular hemoglobin concentration(%)Osmolality

(mosmol/liter)122Â±

2391
Â±6119Â±6390

Â±201.06
Â±0.060.31
Â±0.0145.7

Â±1.17.77
Â±0.1415.9
Â±0.234.6

Â±0.6298
Â±6122

Â±3377
Â±6Â°44.1

Â±1.27.44
Â±0.1215.3

Â±0.834.8
Â±0.3322
Â±9"129404892901.480.2346.37.8715.84"94Â°10Â°0.09"0.01"0.70.090.234.2

Â±0.20301
Â±21223531063451.130.2942.77.6515.334.921211330.160.030.70.220.60.52933119

Â±4364
Â±1545.78.0415.733.51.2Â°0.210.60.7"308

5Â°107

Â±4Â°356

Â±1460
Â±7"I95Â±

24Â°1.90Â±
0.39Â°0.16

Â±0.01Â°46.2
Â±0.2Â°8.21

Â±0.12Â°16.3
Â±0.2Â°34.7

Â±0.5310
Â±4Â°

1P < 0.05

tissues. In the liver, the arterial blood flow rate increased 2-fold
following i.v. injection and 7-fold following i.p. injection. A
significant decrease was observed in all the other normal tissues
studied. However, the response was more pronounced following
i.p. injection.

Modification in distribution of cardiac output to various
organs was also observed following glucose injection. No
changes in %CO' were observed in the kidneys, jejunum, and

hind- and forelimb muscles following both i.p. and i.v. injec
tions. No changes were also observed in the colon and peritumor
following i.v. injection; however, when injection was i.p., the
%CO decreased by 32% in the colon and increased 3-fold in
the peritumor tissue. The %CO also decreased to the pancreas
(12%, i.v. and 58%, i.p.), stomach (53%, i.v.; 67%, i.p.) and
skin (42%, i.v.; 44%, i.p.). The %CO to the spleen increased by
51% following i.v. injection but decreased by 52% following i.p.
injection. Both the brain and liver showed significant increases
in %CO following i.v. or i.p. glucose injections.

Saline administration did not change blood flow rate or
cardiac output distribution in any of the normal tissues studied.

Tumor Tissue Response. The values of blood flow rate and
%CO to the tumor are also shown in Table 1 and Fig. 1.
Glucose administration i.v. decreased the tumor blood flow rate
by approximately 70% whereas i.p. administration decreased it
by 93%. The %CO decreased by approximately 60% following
i.v. injection and by 90% following i.p. injection. Saline injec
tion did not change blood flow rate or cardiac output distribu
tion in the tumors.

Systemic Hemodynamics. Table 2 shows the results obtained
for the systemic hemodynamics prior to and following glucose
injections. Following saline injection, the systemic hemody
namics remained constant except for a slight decrease in mean
arterial pressure (8%) following i.v. injection. Following i.v.
glucose injection, mean arterial pressure increased slightly (6%)
and heart rate decreased slightly (4%). Injection i.p. caused a
slight decrease in mean arterial pressure (12%) and no signifi
cant change in heart rate. Both i.v. and i.p. glucose injection
caused a decrease in cardiac output (25 and 43%, respectively).
Stroke volume was also decreased and total peripheral resist
ance increased by 40 and 68% following i.v. or i.p. injections,
respectively.

In addition to decreasing cardiac output, i.p. glucose injection
also produced a significant change in hematocrit. Hematocrit
increased by approximately 8% following glucose administra
tion and similar increases in the number of RBC (M/^l) (7%)
and hemoglobin (g/dl) (6.5%) was also observed 60 min post-

' The abbreviation used is: rÃCO.percentage of cardiac output.

injection. A slight decrease (4%) in mean corpuscular hemoglo
bin was also observed 30 min postinjection. No significant
changes in hematocrit or hemoglobin concentration were ob
served at 30 or 60 min following i.v. injection. Serum osmolality
increased by 8% 30 min following i.v. injection but decreased
to the baseline level 60 min postinjection. Osmolality increased
by 5% 30 min following i.p. injection. Mean corpuscular vol
ume, size of RBC and platelet number and volume were also
measured prior to and following glucose injection and no sig
nificant changes were observed.

Discussion

Normal Tissue Response. The first objective of this study was
to compare the effects of i.v. versus i.p. glucose injection on
regional blood flow rate and distribution of cardiac output of
various normal tissues.

Most of the tissues studied exhibited significant modification
in %CO following i.v. or i.p. glucose injection. This was ex
pected since most tissues are capable of controlling their flow
in proportion to their needs and functions. Basically, the results
showed that those organs which play an important role in
metabolic activity under hyperglycÃ©mieconditions, such as the
liver, increased their local flow, whereas the less vital tissues,
such as the skin and stomach, showed a decrease in %CO. It is
probable that these tissues modified their flow by autoregulatory
vasodilation and vasoconstriction. The reason for an increase
in %CO to the spleen following i.v. injection and a decrease
following i.p. injection is unclear. Although speculation, the
reduction in splenic blood flow following i.p. glucose injection
may be secondary to vasoconstriction from the increased en
dogenous production of norepinephrine (from sympathetic
nervous system activation) and angiotensin II (from renin-
angiotensin system activation). Both of these pressure systems
would be anticipated to be activated in response to intravascular
volume depletion secondary to the redistribution of volume into
the peritoneum due to osmotic forces. It is also interesting to
note that the %CO to the muscle adjacent to the tumor in
creased following i.p. injection.

Most of the organs showed either no modification or a
decrease in the blood flow rate following i.v. or i.p. glucose
injection. The blood flow rate of the liver increased due to the
large increase in %CO. Changes in blood flow rate were more
pronounced following i.p. injection as compared to i.v. injec
tion. Both the left and right kidneys showed a decrease in blood
flow rate following i.v. injection (31 and 9%, respectively).
However, the decrease in the right kidney was not significant.
Although the kidneys are symmetrical organs and the blood
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flow should theoretically be equal, this does not occur. The
radioactive microspheres do vary in their flow characteristics
and variation between the left and right kidney flow will occur.
This is because the microspheres do not perfectly flow in a
laminar manner. In addition, the microspheres are not uniform
in diameter [i.e., 15 Â±3 ^m (SEM)] and hence can lead to
variations in flows. Also, the anatomy of the right renal artery
may vary from rat to rat which will cause variations in right
kidney flow with microspheres when compared to the left
kidney flow. Thus, for any given rat, we allow about a 10-20%
difference between kidney flows. In this case, with i.v. glucose,
the difference was 18%. Hence this is normal variation. A 36%
decrease in blood flow rate was observed in both the left and
right kidneys following i.p. injection.

Our results agreed with those of Dickson and Calderwood
(13) who reported a significant decrease (40%) in blood flow
rate to the skin of rats l h following glucose injection (6 g/kg
i.p.). They reported a 50% increase in flow to the gastrocnemius
muscle of the leg and no significant change in flow in the
normal tissue of the foot (13, 14). We found a slight decrease
in blood flow to the hindlimb muscle following i.p. injection.
In contrast to our findings, Dickson and Calderwood reported
no significant change in flow rate to the liver. It should be noted
that the microsphere technique only measures arterial blood
flow rate to the liver which is a small contribution to the total
flow rate. In contrast to our results, Kalmus et al. (9) reported
no significant change in laser doppler flow rate to the skin of
mice following i.v. glucose injection (5 g/kg). However, they
did report a significant decrease in laser doppler flow rate to
the skin of mice following i.p. glucose injection (5 g/kg). The
difference in our results can be explained in part by the blood
flow measurement technique. The laser doppler method meas
ures the RBC flux and not perfusion rate. Therefore, any agent
which changes hematocrit significantly will affect the laser
doppler signal irrespective of changes in blood flow rate. Of
course, the microsphere method also has its limitations, as
discussed in our previous papers (5, 12).

Tumor Tissue Response. The second objective of this study
was to compare the effects of i.v. versus i.p. glucose injection
on regional blood flow rate and distribution of cardiac output
to tumors. Our findings on blood flow rate are in agreement
for the most part with previous studies (see Refs. 1-3 for
review). A decrease in blood flow rate and %CO was observed
in the tumors following i.v. or i.p. injections. However, as
observed in the normal tissues, the response was more pro
nounced following i.p. injection. Previous studies have reported
that changes in tumor blood flow due to hyperglycemia depend
on the size of the tumor (5). However, all of the tumors used
in this study were small (<0.60 g).

Mechanisms of Blood Flow Reduction. As previously men
tioned, hyperglycemia-induced blood flow modification in both
normal and tumor tissues is more pronounced following i.p.
injection as compared to i.v. injection. The third and main
objective of this study was to compare modifications in systemic
hemodynamics following i.v. versus i.p. glucose injection in an
attempt to further quantify the mechanisms responsible for
tumor blood flow reduction. Following i.v. or i.p. glucose injec
tion, respectively, 25 and 43% reductions in cardiac output were
observed. This reduction in cardiac output and redistribution
of cardiac output can account for part of the blood flow reduc
tion observed in normal and tumor tissues.

In addition to changes in cardiac output, hematocrit also
increased following i.p. glucose injection. This increase in hem-

Fig. 2. Various systemic and local mechanisms responsible for flow reduction
in tumors during hyperglycemia.

atocrit corresponded to an increase in hemoglobin concentra
tion and number of RBC. These results agree with those of
Sevick and Jain (7) who reported an 11% increase in hematocrit
in anesthetized rats after i.p. glucose (6 g/kg). In contrast,
Vaupel and Okunieff (8) reported a much greater relative in
crease in hematocrit in mice (29%) compared to what we found
in rats (8%) following glucose injection at doses of 5 g/kg i.p.
They also reported a significant osmotic water shift from the
vascular compartment into the abdominal cavity. They sug
gested that this water shift causes a substantial hypovolemic
hemoconcentration and hence leads to a larger reduction in
blood flow following i.p. injection. Our results support this
hypothesis since no modification in hematocrit was observed
following i.v. injection. However, our results clearly show that
the hemoconcentration and water shift after i.p. injection can
not totally account for blood flow reduction in rats, unlike
results in mice. This may be a result of pharmacokinetic differ
ences between rats and mice as evident from the differences in
the time course of plasma concentration [see Fig. 1-a of Kalmus
et al. (9)]. This could be due to differences in the peritoneal
volume and membrane and elimination by the kidney. It must
also be pointed out that at 30 and 60 min after i.p. injection,
the serum glucose absolute level was elevated to approximately
1300 mg/100 ml whereas the glucose level was decreased to
300 mg/100 ml 30 min after i.v. injection and to the baseline
value 60 min post-i.v. injection. These differences in glucose
levels would also be responsible for the blood flow differences
observed. It should be mentioned here that in a recent study,
Stohrer and Vaupel4 have found a 14% increase in hematocrit

(44.2% to 50.3%, Â«= 5) in rats at 60 min after 6-g/kg (50%
solution) i.p. injection. The slight difference in their results as
compared to our results could be due to the fact that they used
anesthetized rats whereas we used unanesthetized rats. They
also reported a significant decrease in mean arterial pressure
(120 to 60 mm Hg) 60 min post-glucose injection, not observed
in our study using unanesthetized rats.

Our results clearly suggest that local effects are responsible
for the hyperglycemia-induced blood flow reduction. It has been
suggested that a possible local effect could be an increase in
RBC rigidity due to tumor tissue acidosis caused by lactic acid
accumulation (15, 16) and also an increase in RBC rigidity due
to glucose itself (17). Rigid RBC can reduce flow in tumors by

4 M. Stohrer and P. Vaupel. personal communication.
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increasing blood viscosity and by becoming entrapped in the
tortuous vessels (Figure 2). Recently, Sevick and Jain (6) have
measured changes in the intratumor viscosity and geometric
resistance during hyperglycemia using a tissue-isolated tumor
perfused ex vivo. Their work suggests that the RBC rigidity
affects the viscous resistance and not the geometric resistance
due to glucose incubation. Similar mechanistic studies using
microscopic and macroscopic approaches (18, 19) with other
modifiers of tumor blood flow are now urgently needed for
more effective treatment of solid tumors. If local factors such
as RBC rigidity or tissue acidosis have a major impact on tumor
blood flow, a clinically useful approach could be developed for
treatment of solid tumors that combines new treatment modal
ities with hyperthermia.
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