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Cancer chemotherapy enhances the apoptosis, whereas apo-
ptosis is a suicidal mechanism requiring energy. We determined
the relationship between apoptosis and glucose utilization dur-
ing cancer chemotherapy using 99mTc-annexin V (99mTc-annexin
A5) and 18F-FDG and compared their uptake with histologic
findings in a rat tumor model. Methods: Allogenic hepatoma
cells (KDH-8) were inoculated into the left calf muscle of male
Wistar rats (WKA). Eleven days after the inoculation, the rats
were randomly divided into 3 groups: The first group (n � 7)
received a single dose of gemcitabine (90 mg/kg, intravenously),
the second group (n � 8) received cyclophosphamide (150
mg/kg, intraperitoneally), and the third group (n � 7) was un-
treated and served as the control group. We injected 99mTc-
annexin V 48 h after the chemotherapy and then injected 18F-
FDG to all rats 1 h before sacrifice. Six hours after 99mTc-annexin
V injection, the rats were sacrificed and the organs, including
the tumor, were removed and radioactivity was counted. The
radioactivities of 18F and 99mTc in the organs were determined
using normalization by tissue weight. Histologic evaluation by
the terminal deoxynucleotidyl transferase-mediated deoxyuri-
dine triphosphate nick-end labeling (TUNEL) method and the
immunostaining of glucose transporter-1 (GLUT-1) were also
performed to obtain the indices of apoptosis and glucose utili-
zation, respectively. The rate of positively stained cells was
calculated and analyzed statistically. Results: After chemother-
apy using gemcitabine and cyclophosphamide, the 99mTc-an-
nexin V uptake (percentage injected dose per gram � kg [(%ID/
g) � kg]; mean � SD) in tumor increased significantly (0.062 �
0.012 (%ID/g) � kg in the gemcitabine-treated group and
0.050 � 0.012 (%ID/g) � kg in the cyclophosphamide group vs.
0.031 � 0.005 (%ID/g) � kg in the control group; P � 0.01). In
contrast, the 18F-FDG in tumor decreased significantly (0.483 �
0.118 (%ID/g) � kg in the gemcitabine group and 0.583 � 0.142

(%ID/g) � kg in the cyclophosphamide group) compared with
that in the control group (0.743 � 0.084 (%ID/g) � kg; P � 0.01).
In addition, 18F-FDG uptake in tumor negatively correlated with
99mTc-annexin V uptake (r � �0.75; P � 0.01). In the gemcit-
abine and cyclophosphamide groups, the rate of TUNEL posi-
tively stained cells was significantly higher than that in the
control group (10.2% � 1.7% and 8.0% � 1.5% vs. 5.2% �
1.5%; P � 0.01), whereas the GLUT-1 expression level showed
no definite changes in histologic analyses. Conclusion: These
data indicate that an enhanced apoptotic reaction correlated
with suppressed tumor glucose utilization after cytotoxic che-
motherapy as determined using radiotracers and histologic
evaluation. The increase in 99mTc-annexin V and the decrease in
18F-FDG in tumor can be useful markers for predicting thera-
peutic outcomes and for prognosis at the early stage of che-
motherapy.
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Apoptosis, or programmed cell death, is activated in the
course of successful antineoplastic therapy (1–3). Determin-
ing baseline levels of apoptosis and the increment of apo-
ptosis induced by therapy can serve as useful prognostic
markers (4,5). Cancer chemotherapy with agents such as
2�,2�-difluoro-2�-deoxycytidine (gemcitabine) and cyclo-
phosphamide not only arrest metabolism and induce DNA
alkylation, respectively, but also enhance apoptosis (6,7).
Early in the course of apoptosis, phosphatidylserine (PS) is
expressed on the external leaflet of the cell membrane.
Annexin V (annexin A5), a human protein with a high
affinity for membrane-bound PS, can be labeled with 99mTc
for in vivo imaging of apoptosis (8). In an earlier study, we
used this imaging technique to quantify the time course and
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intensity of apoptosis induced by treatment with cyclophos-
phamide (7,9,10).

Because apoptosis requires energy to destroy cellular
DNA and produce apoptosomes, evaluating cellular metab-
olism in the course of apoptosis may identify the process
with an increase in substrate consumption. Since glucose is
a major substrate for tumor cells, serial images recorded
with the glucose analog 18F-FDG may be useful for this
purpose. Although 18F-FDG PET is widely applied for clin-
ical staging, differential diagnosis, therapy monitoring, de-
tecting recurrence, and prognostic prediction of malignant
diseases (11,12), clinical studies typically demonstrate a
decrease in 18F-FDG uptake before morphologic regression
after appropriate chemotherapeutic regimens. Furthermore,
the degree of initial metabolic suppression by chemotherapy
can be correlated with the therapeutic outcomes such as
malignant lymphoma or head and neck cancer (13,14).

This study was undertaken to compare the apoptotic
response with the metabolic response in animals with im-
planted hepatomas and to determine the relative sensitivity
of each approach to identify successful treatment.

MATERIALS AND METHODS

Preparation of Animal Models
All procedures involving animals were performed in accordance

with institutional guidelines (Guide for the Care and Use of Lab-
oratory Animals of Hokkaido University). KDH-8 is a rat trans-
plantable hepatocellular carcinoma induced by 3�-methyl-4-dimeth-
ylaminoazobenzene in Wistar King Aptekman/Hok (WKA/H) rats
(supplied by the Experimental Animal Institute, Graduate School
of Medicine, Hokkaido University, Sapporo) and maintained in
vivo by intraperitoneal passage every 5 d (supplied by the Depart-
ment of Pathologic Oncology, Graduate School of Medicine, Hok-
kaido University, Sapporo). KDH-8 rat allogenic hepatoma cells
(1 � 106 cells per rat) were inoculated into the left calf muscle of
8-wk-old male WKA/H rats (7,15). No obvious rejection or graft-
versus-host reaction was observed. Our previous study showed a
high uptake of 18F-FDG and high expression of GLUT-1 in this
KDH-8 rat tumor (16). Cyclophosphamide (Endoxan; Baxter) and
gemcitabine (GEMZAR; Eli Lilly) were each dissolved in saline
for injection. Eleven days after the intramuscular injection of
KDH-8 tumor cells, rats, which weighed 187–253 g (measuring
about 15 mm in diameter), with palpable tumors were randomly
divided into 3 groups. The first group (n � 7) was treated with a
single dose of gemcitabine (90 mg/kg, intravenously), the second
group (n � 8) was treated with a single dose of cyclophosphamide
(150 mg/kg, intraperitoneally), and the third group (n � 7) was

untreated (control group) (7,17). All rats were anesthetized with
pentobarbital (0.025 mg/kg, intraperitoneally) when these treat-
ments were undertaken.

Methods Using Radioactive Tracers and Determining
Biodistribution

Human annexin V was produced by expression in Escherichia
coli as described (8,18–21). Annexin V was derivatized with
hydrazinonicotinamide (HYNIC) and then labeled with 99mTc with
tricine as coligand as described (8) to a specific activity of 3.0
MBq/�g protein. Rats were fasted overnight before sacrifice.
99mTc-Annexin V (37 MBq) was injected intravenously approxi-
mately 48 h after chemotherapy. The animals were under pento-
barbital anesthesia at the time of radiopharmaceutical injection.
One hour before sacrifice, 20 MBq of 18F-FDG were injected
intravenously. The radiopharmaceuticals were injected intrave-
nously into the coccygeal vein. The blood sugar level was mea-
sured immediately before 18F-FDG injection (BS1) and immedi-
ately before sacrifice (BS2). Six hours after the 99mTc-annexin V
injection (1 h after 18F-FDG injection), the rats were sacrificed by
whole-blood sampling under ether inhalation anesthesia. The tu-
mor, an aliquot of blood, and the contralateral femoral muscle
were removed, cleaned, and weighed; radioactivity was deter-
mined using an automatic �-counter (1480 WIZARDTM3	; Wal-
lac Co., Ltd.). First, 18F activity was measured (energy peak, 511
keV � 20%). After 
24 h for decay of 18F, 99mTc activity was
determined (energy peak, 140 keV � 20%). A time-line diagram
of this study is shown in Figure 1.

Activity in each window was compared with an aliquot of the
injected dose to permit calculation of percentage uptake/gram of
tissue after normalization to the rat’s weight ((%ID/g) � kg). The
tumor samples were divided into 3 parts. Using aliquots of the
tumor tissues, formalin-fixed, paraffin-embedded specimens then
were prepared for subsequent histologic studies. The tumor-to-
muscle ratio (T/M ratio) and the tumor-to-blood ratio (T/B ratio)
were calculated from the (%ID/g) � kg value in each tissue
(7,10,15).

Histologic Evaluation
Apoptotic cells were determined by hematoxylin and eosin

staining and the direct immunoperoxidase detection of digoxige-
nin-labeled 3� DNA strand breaks by the use of the terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate
nick-end labeling (TUNEL) method. The formalin-fixed, paraffin-
embedded tissues were sectioned at 3-�m thickness. TUNEL was
performed according to a standard procedure using a commercially
available kit (Apoptosis in situ Detection Kit; Wako Pure Chem-
ical Industries, Ltd.).

The expression of glucose transporter-1 (GLUT-1) in adjacent
slices was examined according to a standard immunostaining

FIGURE 1. Time-line diagram of this
study. IV � intravenously.
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procedure. Deparaffinized sections were incubated with an anti–
GLUT-1 antibody (Chemicon International, Inc.) at 37°C. The
bound antibody was visualized using the avidin/biotin conjugate
immunoperoxidase procedure with a HISTOFINE SAB-PO kit
(Nichirei) and 3,3�-diaminobenzine tetrahydrochloride.

TUNEL and GLUT-1 positively stained cells were counted in
10 randomly selected high-power (�200) fields (with no knowl-
edge of the treatment to avoid experimental bias) (7,10,15). The
rate of TUNEL positively stained cells was determined by calcu-
lating the average percentage. The expression level of GLUT-1
was assessed semiquantitatively by the product of scores estimated
(intensity � % positivity) according to our previous reports
(16,22). The intensity of staining was graded (intensity) from 0 to
3 (0, not stained; 1, equivocal; 2, intense staining; and 3, very
intense staining) and the percentage of positively stained cells (%
positivity) was scored from 1 to 5 (1, 0%–20%; 2, 21%–40%; 3,
41%–60%; 4, 61%–80%; and 5, 81%–100%). The mean values of
these levels were determined as immunohistologic GLUT-1 ex-
pression level.

Statistical Analysis
All values are shown as mean � SD. Statistical analyses were

performed using an unpaired Student t test to evaluate the signif-
icance of differences in values between the control and treated rats
(7,10). Simple regression analysis was performed to compare the
uptake of 99mTc-annexin V and that of 18F-FDG. A 2-tailed value
of P � 0.05 was considered significant.

RESULTS

Determination of Apoptosis
The uptake of 99mTc-annexin V in tumor tissue after

gemcitabine and cyclophosphamide treatment was 0.062 �
0.012 and 0.050 � 0.012 (%ID/g) � kg, respectively (Table
1). The uptake of 99mTc-annexin V in tumor in both treated
groups was significantly higher than that in the control
group (0.031 � 0.005 (%ID/g) � kg; P � 0.01). Two of the
radiopharmaceuticals’ uptakes in blood and muscle were
not altered significantly by the 2 kinds of chemotherapeutic
treatments. The TBRs of 99mTc-annexin V were 2.021 �
0.323, 2.482 � 0.407, and 1.414 � 0.082 and the TMRs of
99mTc-annexin V were 7.283 � 1.632, 7.095 � 1.328, and
4.497 � 0.824 in the gemcitabine-treated, cyclophospha-
mide-treated, and control groups, respectively. Both TBR

and TMR in the treated groups were also significantly
higher than those in the control group (P � 0.01).

In the gemcitabine-treated, cyclophosphamide-treated,
and control groups, the rate of TUNEL positively stained
cells were 10.2% � 1.7%, 8.0% � 1.5%, and 5.2% � 1.5%,
respectively. These apoptotic rates also increased in both
treatment groups (Table 1).

Determination of Glucose Utilization
The uptake of 18F-FDG in tumor tissue after gemcitabine

and cyclophosphamide treatment was 0.483 � 0.118 and
0.583 � 0.142 (%ID/g) � kg, respectively (Table 2). The
uptake of 18F-FDG in tumor in both treated groups was
significantly lower than that in the control group (0.743 �
0.084 (%ID/g) � kg; P � 0.01). The TBRs of 18F-FDG
were 9.885 � 4.592, 12.21 � 7.145, and 15.21 � 1.487 and
the TMRs of 18F-FDG were 15.15 � 6.062, 7.859 � 4.464,
and 33.44 � 4.721 in the gemcitabine-treated, cyclophos-
phamide-treated, and control groups, respectively. Both the
TBRs and TMRs in the treated groups were also signifi-
cantly lower than those in the control group (P � 0.05).

The expression levels of GLUT-1 estimated on the basis
of positivity (intensity � percentage) were 58.3 � 4.9,
61.1 � 6.9, and 60.5 � 5.6 in the gemcitabine-treated,
cyclophosphamide-treated, and control groups, respec-
tively. Although all 3 groups showed very high expression
levels in the cancer cells, there was no statistically signifi-
cant difference in the expression level of GLUT-1 between
treated and control tissues (Table 2).

Relationship Between Uptake of 99mTc-Annexin V and
18F-FDG in Tumor

Figure 2 shows a scattergram of the uptake of 99mTc-
annexin V and 18F-FDG in tumor. 18F-FDG uptake in tumor
showed a significantly negative correlation with that of
99mTc-annexin V uptake (r � �0.75; P � 0.01).

Blood Glucose Level and Tumor Weight
The tumor weights were 3.239 � 1.520, 4.168 � 2.007,

and 3.503 � 1.145 g in the gemcitabine-treated, cyclophos-
phamide-treated, and control groups, respectively. The
blood glucose levels at BS1 was 114.1 � 13.01, 118.9 �

TABLE 1
Apoptotic Indices According to Uptake of 99mTc-Annexin V and Rate of TUNEL Positively Stained Cells

Parameter Control Gemcitabine Cyclophosphamide

Tumor uptake (%ID/g) � kg 0.031 � 0.005 0.062 � 0.012* 0.050 � 0.012*
Blood uptake (%ID/g) � kg 0.022 � 0.002 0.024 � 0.004* 0.025 � 0.004*
Muscle uptake (%ID/g) � kg 0.007 � 0.002 0.007 � 0.003* 0.009 � 0.002*
T/B ratio 1.414 � 0.082 2.021 � 0.323* 2.482 � 0.407*
T/M ratio 4.497 � 0.824 7.283 � 1.632* 7.095 � 1.328*
TUNEL positive (%) 5.2 � 1.5 10.2 � 1.7* 8.0 � 1.5*

*P � 0.01 compared with control group.
Data are mean � SD.
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12.29, and 117.3 � 5.283 mg/dL and those at BS2 were
93.86 � 13.45, 94.14 � 14.70, and 91.86 � 14.86 mg/dL in
the gemcitabine-treated, cyclophosphamide-treated, and
control groups, respectively. Both tumor weight and blood
glucose level in all groups did not change significantly after
chemotherapeutic treatment with gemcitabine and cyclo-
phosphamide (Table 3).

DISCUSSION

This study demonstrated that tumor glucose utilization
declined after a single dose of gemcitabine or cyclophosph-
amide, which was not based on reduced GLUT-1 expres-
sion. This decline in glucose utilization occurred at a time of
increased apoptosis. These molecular events occurred be-
fore the actual tumor regression. These data suggest that
apoptosis induced by chemotherapy is not always accom-
panied by glucose hypermetabolism for survival reactions
as previously reported (17,23).

In clinical oncology, the decrease in 18F-FDG uptake was
usually associated with a good lesion response, especially in
malignant lymphoma, esophageal cancer, and head and
neck cancer (13,14). Recently, there have been reports that

99mTc-annexin V is very useful for detecting and in vivo
imaging of apoptosis (4,24,25). The present study demon-
strated that induction of apoptosis with a single dose of
chemotherapy was associated with a striking reduction in
18F-FDG uptake and a modest increase in annexin localiza-
tion. Although appropriate chemotherapy induces metabolic
regression (reflected by a reduction in 18F-FDG uptake)
before morphologic change of cancer tissue, the basic mech-
anism underlying the decrease in glucose uptake is not well
understood. We observed that the uptake of 18F-FDG was
definitely decreased to approximately 55% of the control
value by both gemcitabine and cyclophosphamide before
the actual tumor regression. Both gemcitabine and cyclo-
phosphamide themselves rarely affected blood glucose
level, and our present results confirmed this observation.
Mazurek et al. (26,27) suggested the following mechanisms:
Chemotherapeutic agents damage DNA and then they acti-
vate adenosine diphosphate ribosyl transferase to repair
DNA for proliferation. Because this repair requires a great
amount of energy, intracellular nicotinamide adenine dinu-
cleotide, which is an electron carrier, and adenosine triphos-
phate, which is required in intracellular phosphorylation, are
so exhausted by anaerobic hyperglycolysis, they cannot
compensate. This intracellular “famine” may depress im-
portant glycolytic enzymes. Consequently, glucose uptake
in cancer cells decreases as a result of these intracellular
reactions.

The relationship between apoptosis and glucose utiliza-
tion at the early stage of cancer chemotherapy is also
controversial (17,28). Haberkorn et al. reported an increase
in glucose (18F-FDG) uptake early after chemotherapy using
gemcitabine for Morris hepatoma and interpreted it as a
stress reaction of cancer cells as a protective mechanism
against apoptosis (17). This interpretation may be reason-
able since a great amount of energy is required for DNA
repair. Furthermore, DNA damage promotes apoptosis via
other pathways, such as the activation of tumor-suppression
gene (e.g., p53) and inhibition of antiapoptotic molecules
(e.g., Fas and phosphatidylinositol 3-phosphate kinase
(PI3K-Akt)) (29–32). Activated caspases also have an es-
sential role in the series of apoptosis. As a result of these

FIGURE 2. Negative correlation between 18F-FDG uptake and
99mTc-annexin V uptake in control, gemcitabine-treated, and
cyclophosphamide-treated groups. 18F-FDG uptake ((%ID/g) �
kg) � 0.932 � (6.956 99mTc-annexin V uptake ((%ID/g) � kg))
(r � �0.75; P � 0.01).

TABLE 2
Tumor Glucose Metabolic Markers According to Uptake of 18F-FDG and Index of GLUT-1 Positivity

Parameter Control Gemcitabine Cyclophosphamide

Tumor uptake (%ID/g) � kg 0.743 � 0.084 0.483 � 0.118* 0.583 � 0.142*
Blood uptake (%ID/g) � kg 0.048 � 0.005 0.045 � 0.011* 0.036 � 0.007*
Muscle uptake (%ID/g) � kg 0.022 � 0.002 0.021 � 0.004* 0.026 � 0.006*
T/B ratio 15.21 � 1.487 9.885 � 4.592* 12.21 � 7.145*
T/M ratio 33.44 � 4.721 15.15 � 6.062* 7.859 � 4.464*
GLUT-1 (intensity � %) 60.5 � 5.6 58.3 � 4.9 61.1 � 6.9

*P � 0.01 compared with control group.
Data are mean � SD.
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molecular interactions, an irreversible DNA-laddering reac-
tion occurs at the end of programmed cell death. Because
this reaction must use energy, glucose demand may increase
temporarily. Occasionally, a “metabolic flare” was often
observed on 18F-FDG PET images after hormonal therapy
was administrated for estrogen receptor–positive human
breast cancer. This phenomenon may indicate responsive-
ness (33). Here, we speculated that tumor glucose hypome-
tabolism was finally superior to the energy demand. Previ-
ous studies demonstrated maximal apoptosis 1 or 2 d after
chemotherapy (7,10,34). Although ATP depletion and de-
crease in glucose uptake occur as apoptosis progresses after
chemotherapy, these 2 phenomena themselves were re-
ported to promote apoptosis (26,35). Thus, we confidently
assumed that tumor glucose utilization after chemotherapy
increasingly becomes hypometabolic and, finally, irrevers-
ible. Additionally, Spaepen et al. suggested that FDG up-
take mainly correlates with the viable tumor cell fraction for
15-d monitoring of tumor response using a leukemia model
in mice with severe combined immunodeficiency (36).
However, changes in glucose metabolism by chemotherapy
still remain to be clarified. Correlation between tumor up-
take of 18F-FDG and 99mTc-annexin V may help clarify the
significance of early glucose utilization changes in clinical
oncology. A long-time course of chemotherapeutic effects
should also be evaluated in vivo models. Cremerius et al.
reported FDG PET must be performed 2 wk after comple-
tion of therapy of metastatic germ cell tumor (37). Until the
various histologic changes that influence glucose utilization
become inactive, a high accuracy of FDG PET evaluation
cannot be maintained. The serial 18F-FDG and 99mTc-an-
nexin V images each provide useful data for predicting a
therapeutic response.

In this study, we investigated whether GLUT-1 expres-
sion affects tumor glucose utilization. However, GLUT-1
protein expression level did not change significantly after
chemotherapy in our immunohistologic analyses. Histologic
GLUT-1 overexpression correlated significantly with tumor
characterization and prognosis in many cancer tissues. If
18F-FDG uptake is high, GLUT-1 expression level also
tends to be high. These findings are usually seen more with
malignant lesions (38). In the present study, GLUT-1 ex-
pression was evaluated with “percent positive” and “inten-

sity” per randomly selected high-power microscopic field.
However, changes in cellularity by chemotherapy may af-
fect the values of GLUT-1 expression rate if it is normalized
to the cell number. Further evaluation considering the cel-
lularity is needed to confirm the present results, although no
apparent difference in the cell numbers (approximately
1,000 cells per field) was observed among the 3 groups.
Unfortunately, little was known in our study as to why
GLUT-1 positivity was not seemingly altered by chemo-
therapy. Using MR spectroscopy and western blotting,
Rivenzon-Segal et al. suggested that glycolysis and
GLUT-1 expression in breast tumor cells were positively
correlated at both estrogen stimulation and tamoxifen inhi-
bition (39). We deduce 2 points: (a) GLUT-1 protein ex-
pression is maintained for self-survival and (b) there is a
time lag between the present protein expression on the cell
surface and messenger RNA expression. Furthermore, this
mechanism is more complicated because of the participation
in hexokinase or the other GLUTs. Cyclophosphamide
treatment was reported to modify tumor glycolytic rate and
increase the intracellular lactate concentration in RIF-1 tu-
mor (40).

In the present study, the animals were anesthetized with
pentobarbital, which is known to depress glucose metabo-
lism. This kind of barbiturate is a sedative-hypnotic drug,
and its high lipophilicity has a direct effect on the central
nervous system. The depressed glucose metabolism by pen-
tobarbital may cause systemic errors. On the other hand,
direct competition between FDG and blood glucose is re-
garded as the cause of impaired FDG uptake in tumors.
Accordingly, we used anesthetized animals to avoid any
physiologic variations, including blood glucose concentra-
tion, among the groups. It is also well known that blood
glucose concentration is easily affected by any stress in
awake animals.

The weakness of our study is the acute or chronic nature
of our measurements. The animals received a single, high
dose of chemotherapy to treat a rapidly growing tumor. The
tumor response was evaluated within hours of chemother-
apy administration. Whether serial administration of more
moderate doses could produce a similar early result cannot
be determined from the present study. However, there are
clinical instances when an early indication of therapeutic

TABLE 3
Blood Glucose Level and Weight of Whole Body and Tumor

Parameter Control Gemcitabine Cyclophosphamide P

BS1 (mg/dL) 117.3 � 5.283 114.1 � 13.01 118.9 � 12.29 ns
BS2 (mg/dL) 91.86 � 14.86 93.86 � 13.45 94.14 � 14.70 ns
Whole-body weight (g) 209.6 � 14.59 215.4 � 14.29 204.9 � 14.86 ns
Tumor weight (g) 3.503 � 1.145 3.239 � 1.520 4.168 � 2.007 ns

ns � not significant.
Data are mean � SD.
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response is required. This is particularly necessary when
toxic chemotherapy is used in tumors, such as gastric or
lung cancer, where the response rate is around 50%. In those
cases, an indication of nonresponse would permit a rapid
redirection of therapy to other agents.

CONCLUSION

We found that the enhanced apoptotic reaction correlated
with suppressed tumor glucose utilization after cytotoxic
chemotherapy. The imaging results were confirmed by his-
tologic evaluation. The decrease in tumor glucose utiliza-
tion was independent of GLUT-1 overexpression. The in-
crease in 99mTc-annexin V uptake in tumor as well as the
decrease in 18F-FDG uptake can be useful markers for
predicting therapeutic outcomes and for prognosis at the
early stage of chemotherapy.
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