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Although FDG uptake is closely related to the expression of the
glucose transporter (GLUT) in malignant tumors, such a rela-
tionship has not been fully investigated in inflammatory lesions.
The aim of our study was to determine the expression of GLUT
subtypes in experimental inflammatory lesions and to compare
the results with those in malignant tumors in relation to FDG
accumulation. Methods: Rats were inoculated with a suspen-
sion of Staphylococcus aureus or allogenic hepatoma cells
(KDH-8) into the left calf muscle. Five days after S. aureus
inoculation (n = 9) and 14 d after KDH-8 inoculation (n = 11),
['*C]FDG was injected intravenously and its accumulation in the
infectious and tumor tissues was determined as the percentage
activity of the injected dose per gram of tissue (%ID/g). The
expression of glucose transporters (GLUT-1 to GLUT-5) was
investigated by immunostaining the infectious tissues (n = 6)
and the tumor tissues (n = 6). Immunohistochemical grading
was assessed semiquantitatively by 5 observers. Results: The
['“C]JFDG uptake was significantly higher in the tumor lesion
than in the inflammatory lesion (2.04 + 0.38 %ID/g vs. 0.72 =
0.15 %ID/g; P < 0.0001). The tumor and inflammatory tissues
highly expressed GLUT-1 and GLUT-3. The GLUT-1 expression
level was significantly higher in the tumor tissue than in the
inflammatory tissue (P < 0.05). Conclusion: The results based
on our models showed a high FDG uptake and high GLUT-1
expression level not only in the tumor lesion but also in the
inflammatory lesion. The higher GLUT-1 expression level in the
tumor lesion may partially explain the higher FDG accumulation
in the tumor than in the inflammatory lesion.
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creased glucose utilization in most tumors. However, recent
investigationshave shown that FDG accumulates not only in
malignant tumors but also in inflammatory lesioiis1J). It is

now important to investigate how to differentiate malignant
tumors from inflammatory lesions to obtain increased accu-
racy in diagnosing malignant tumors by FDG PET.

FDG is rapidly transported through the cell membrane
into the cytosol, phosphorylated by hexokinase (a key gly-
colytic enzyme), and metabolically trapped intracellularly
as FDG-6-phosphatd?-14. Thus, FDG accumulation de-
pends on the rate of transport through the cell membrane,
the activity of hexokinase, and the rate of dephosphoryla-
tion in the tissue 15,19. The transport of FDG across cell
membranes is mediated by5 structurally related proteins
(family of glucose transporters [GLUT-1 to GLUT-5).7).

The GLUT expression and its relation to FDG accumulation
in malignant tumors have been extensively investigated in
clinical and experimental studied1-20Q. Significantly el-
evated expression levels of GLUT-1 and GLUT-3 are con-
sidered to be a factor contributing to the accumulation of
FDG in malignant tumors2(l).

On the other hand, little is known about the factors
contributing to FDG accumulation in inflammatory lesions.
To our knowledge, the expression of GLUTs and its rela-
tionship to FDG accumulation in inflammatory lesions have
not been studied. If the contribution of GLUTs to FDG
accumulation in inflammatory lesions is different from that
in malignant tumors, this may provide a clue for differen-
tiating malignant tumors from benign lesions by FDG PET.
The aim of this study was to investigate the expression of
GLUT subtypes in inflammatory lesions and to compare the

widely used technique to visualize and classify maligesults with those in malignant tumors in relation to FDG

nanttumors into stages and to differentiate malignasides

accumulation using rat models of malignant tumor and

from benign lesions isfF]FDG PET (—6). These applica- inflammation.

tions are based on the accumulation of FD&used by in-
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MATERIALS AND METHODS

Preparation of Animal Models
All procedures involving animals were performed in accordance
with institutional guidelines of Hokkaido University for the care
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and use of laboratory animals. KDH-8 rat hepatoma cells werauscle (tumor model, 0.25% 0.02 %ID/g; inflammatory
used to generate a tumor mod8taphylococcus aureusas ap- model, 0.18+ 0.02 %ID/g) P < 0.0001) (Table 1). In
plied to induce infectious inflammation. Female Wistar Kingqdition, [C]FDG accumulation in the tumor tissue was

Aptekman/Hok (WKA/H) rats (Experimental Animal Institute, gignificantly higher than that in the inflammatory tissue
Graduate School of Medicine, Hokkaido University, Sappor(tP < 0.0001)

Japan) weighing 170-200 g were inoculated with a suspension*of
KDH-8 (1 X 1 cells per rat) ofS. aureug1 X 10° organisms per Expression of GLUTs
rat) into the left calf muscle. A high intensity of staining was observed in the tissue
[“C]FDG Uptake Study sec_tions that_reacted with anti-GLUT-_l and anti-GLUT-3
Five days afterS. aureusinoculation o = 9) and 14 d after antibodies (Fig. 1). The GL_UT expression was observed at
KDH-8 inoculation = 11), when the tumor and inflammatoryth€ surface of tumor cells in the tumor model. The GLUT
tissues were 1-2 cm in diameter, each rat was injected intra®Xpression was also observed in white blood cells in the
nously with 37 kBq J*CJFDG (Amersham Life Science, Tokyo, inflammatory model. The results of immunohistochemical
Japan). Sixty minutes aftetC]FDG injection, the animals were grading are summarized in Figure 2. The expression levels
killed and the tumor, infectious tissues, and muscle were excisef. GLUT-1 and GLUT-3 estimated on the basis of inten-
The tissue samples were weighed and the radioactivity was detsity X percentage positive were significantly higher than
mined with a liquid scintillation counter (1414 WinSpecttdB; those of GLUT-2, GLUT-4, and GLUT-5 in the inflamma-
Wallac, Turku, Finland). The accumulation of¢]FDG in the 4y and tumor tissues. There was no significant difference
tssues Wasf ‘?Xpress(‘fd ?S the percentage activity of injected dsey e expression patterns of GLUTs between the inflam-
per gram of tissue (%ID/g). matory and tumor tissues. The GLUT-1 expression level
Immunohistochemistry was significantly higher in the tumor (38.22 7.64) than
The expression of GLUT-1 to GLUT-5 was studied in formalinthat in the inflammatory tissue (27.390 7.98) @ < 0.05).
fixed paraffin sections of the tumor tissues= 6) and inflamma- On the other hand, the GLUT-3 expression level appeared to
tory tissues if = 6) according to a standard immunostaininthe slightly higher in the inflammatory tissue (34.58

procedure 20). Briefly, deparaffinized sections were incubateq 4 55) than that in the tumor tissue (2348.11), although
with each of the anti-GLUT antibodies (Chemicon Internationghe difference was not statistically significant.

Inc., Temecula, CA) for 30 min at 37°C. The bound antibody was
visualized using the avidin/biotin conjugate immunoperoxida
procedure with the HISTOFINE SAB-PO kit (Nichirei, Tokyo,ﬁSISCUSSION
Japan) and 3;3diaminobenzidine tetrahydrochloride. Our data indicate that{C]FDG uptake was significantly
. ] . higher in the tumor than that in the inflammatory lesion, that

'mmu"Oh's.tOChem".:al Grad.'"g . _the tumor and inflammatory tissues highly expressed

Immunohistochemical grading was performed bll_ndly by 5 mGLUT-l and GLUT-3, and that the GLUT-1 expression
dependent researchers on 6 randomly selest2d0 microscopic !

fields for each section. The intensity of staining (intensity) Walgvel was significantly higher in the tumor than that in the

graded from 0 to 3 (0, not stained; 1, equivocal; 2, intense; and'g,ﬂammatory t'Ssue'
very intense) according to the criteria of Higashi et aR)( Also, The increase in the glucose transport rate and the over-
the percentage of positively stained cells (percentage positive) vpression of GLUT-1 are well established in cells that are
graded from 1 to 5 (1, 0%-20%; 2, 21%—40%; 3, 41%—60%; &fimulated by mitogens or growth factors or are transformed
61%-80%; and 5, 81%—100%). The mean values of these scdpgsvarious viruses or activated oncogen2s,29. Flier et
determined by the 5 observers were used. The expressionadf (25) indicated that the increase in the glucose transport
GLUTs was assessed semiquantitatively by the product of thggge and the overexpression of transporter messenger RNA
scores (intensity< percentage positive). are induced by ras or src oncogenes. In addition, the
Statistical Analyses GLUT_—l gene was act?vate_d by oncogenes through_ bio-
A pairedt test and an unpairetitest were used to assess th&hemical intracellular signaling pathway2¢]. Our semi-
significance of differences in the“C]JFDG uptake between 2 quantitative analysis data also showed the expression of
tissues in the same model group and between the tumor and
inflammatory tissues, respectively. A 2-way ANOVA was per-

formed to assess the significance of differences attributed to the TABLE 1
model (tumor or inflammation) and the GLUT subtypes (intensi- ['“C]JFDG Accumulation in Tissues
ty X percentage positive). A 2-tailed value Bf < 0.05 was
considered significant. Tumor Inflammation
Parameter model model P
RESULTS Lesions 2.04 = 0.38 0.72 = 0.15 <0.0001
Calf muscle 0.25 = 0.02 0.18 £ 0.02 NS
14 :
['“C]JFDG Accumulation Study ~0.0001 ~<0.0001

[Y“C]FDG accumulation in the tumor tissue (2.640.38
%ID/g) and in the inflammatory tissue (0.720.15 %ID/g)

was significantly higher than that in the normal right calf S = not significant.
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FIGURE 1. Staining with anti-GLUT-1 (A) and anti-GLUT-3 (B) antibodies in tumor tissue and staining with anti-GLUT-1 (C) and
anti-GLUT-3 (D) antibodies in inflammatory tissue. Significant amounts of GLUT-1 and GLUT-3 are expressed in tumor and
inflammation models. (x200)

GLUT-1 in the KDH-8—inoculated rat. This finding is con-reported a high accumulation of FDG in turpentine-induced
cordant with previous reports showing a high expressionflammatory tissues. The accumulation of FDG observed
level of GLUT-1 in various types of human malignanin their microautoradiography study occurred in the zone
tumor (17-20. surrounding the abscess wall. From these results, it may be
The GLUT-3 expression was also noted in our tumaossible to observe the high expression level of GLUTs and
model. Younes et al2() also reported the high expressiorthe high accumulation of FDG in white blood cells of
level of GLUT-3 in stage | non—small cell lung carcinomanflammatory lesions.
that was associated with poor survival. Our data may sup-Two major differences in FDG uptake and GLUT expres-
port their clinical findings. On the other hand, Higashi et akion between the tumor and inflammatory lesions are the
(18) did not observe any expression of GLUT-3 in humahigher FDG uptake and the higher expression level of
pancreatic tumors in their immunostaining study. AlthougBLUT-1 in the tumor than those in the inflammatory le-
they evaluated staining by qualitative analysis, the differestons. These differences may possibly provide a clue for
types of tumor showed different expression patterns diffferentiating these 2 lesions. However, such differentia-
GLUT-3. tion cannot be made on the basis of different patterns of
Little is known about the factors that contribute to FDGSLUT expression in the lesions. The GLUT-3 expression
accumulation in inflammatory lesions. To our knowledgdevel tended to be higher in the inflammatory lesions than
the expression of GLUT-1 and GLUT-3 in relation to FDGhat in the tumor, but the difference is not statistically
uptake in experimental inflammatory lesions has not besmnificant.
reported previously. Our study showed the expression ofWe used J*C]JFDG, instead of PF]JFDG, to measure
GLUTs in the surrounding zone of the abscess (Fig. 15DG activity for 2 major reasons. First, our cyclotron center
White blood cells exist in areas surrounding the abscesgas not ready for FDG labeling when we started these
Peters and Hause7) reported the accumulation of @3- experiments. In addition, our cyclotron was located far from
methyl[U-14C]glucose in lymphocytes. Yamada et &28( the animal experimental laborator#*C]FDG was more
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compare the difference in the expression of GLUTs between
inflammatory tissues and tumor tissues; thus, we believe
that this aim was achieved.

The results in this study were limited only to an inflam-
matory model §. aureuysand a tumor model (KDH-8). We
observed high-FDG-uptake tumors and low-FDG-uptake
404 '}' * —®— KDH-S$ tumors. The tumor grade is also related to the FDG uptake
—®— sa and the expression of GLUT2Y). The time after inocula-

30- e tion of S. aureusor tumor cells was also limited. In this
study, we measured the FDG uptake at 60 min after tracer
injection. It has been shown that the FDG uptake in tumors
does not reach a plateau within 90 min after injection.
Nakamoto et al.30) reported that delayed FDG PET scan-
ning may contribute to differentiation between malignant
and benign lesions in the pancreas. Hustinx et &)l.ré-
0 ' ' ' ' ' cently suggested that a dual time-point imaging protocol is
helpful in differentiating malignant lesions from inflamma-
tory lesions and normal tissues. Further studies, using a
variety of inflammatory and tumor models analyzed at var-
FIGURE 2. Immunohistochemical grading in inflammatory jous time points, are required to confirm our results and to

and tumor tissues. Percentage of positively stained cells and  qatermine the roles of GLUT in EDG accumulation in
intensity of GLUT have been visually graded and assessed by inflammatory and tumor tissues.

semiquantitative immunohistochemical grading performed by 2 . .
calculating product of intensity and percentage positive. Ex- The contribution of hexokinase activity to FDG accumu-

pression levels of GLUT-1 and GLUT-3 are significantly higher  lation in these tissues also remains to be investigated. FDG

than those of GLUT-2, GLUT-4, and GLUT-5 in inflammatory  that accumulated in the tumor is changed to FDG-6-phos-

sy R oy aoas i o flanary  Phale by hexokinase. The hexckinase activity may deter

tissue (TP < 0.05). SA. = S. aureus. mine FDG retention in the tumor. Haberkor_n et db)
observed that the uptake of FDG correlated with the expres-
sion of GLUT-1 and hexokinase. Moreover, in some tumors

easily applied for tissue counting because of its longsuch as breast cancer, hexokinase is the rate-limiting factor,

physical half-life. The biodistribution of FDG was essenwhereas this is not the case in lung can&)(Therefore,

tially the same for PF]JFDG and [“C]FDG. Unfortunately, itis also necessary to compare the expression of hexokinase

autoradiography was not performed in this study, althougind the uptake of FDG in inflammatory tissues.

an advantage of using“C]FDG over [¥F]FDG is the

applicability of fC]JFDG to autoradiography. Autoradio coNCLUSION

graphic studies that correlate the regional distribution of

FDG with the expression of GLUTS are necessary.

In this study, the expression of GLUTs was assess

mean + S.D.
60

50

Intensity X % Positive
*

20 4

10

GLUT-1
GLUT2
GLUT-3
GLUT4
GLUT-5

The results based on our models showed a high FDG
Btake and a high GLUT-1 expression level not only in

semiquantitatively on the basis of the intensity of stainin §/lugTyfplesion put also in the mf_larr_]r_natory Ie_3|0n. T_he
and the percentage of positively stained cells. The intens] Pl expression Ievel_ was _S|gn|f|cantly hlgher n

of GLUT was scored by a method similar to that of Higasil_e Rifnor lesion than that n the_ inflammatory Iesmn._The
et al. (18,29. They reported that GLUT-1 expression an |ghe_r GLUT'_l expression level in t_he t_umor may part|a_lly
cellularity were important factors for FDG uptake in humaiXplaln th_e h|gh_er FDG accumu_lanon in the tumor lesion
pancreatic tumors1@). Accordingly, we considered the than that in the inflammatory lesion.
intensity and the percentage positive as important factors for

FDG uptake in an in vivo study. In addition, the use of thACKNOWLEDGMENTS
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