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FIGURE 1. Serum total cholesterol concentrations in patients with IBD,
T-CHOL, total cholesterol; CD, CD; CD-PR, CD postresection of distal
fleumn; UC, ulcerative colitis.
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(Thermo Fisher Scientific, Waltham, MA) equipped with an
HESI-II probe and a Prominence ultra fast liquid chromatography
system (Shimazu, Kyoto, Japan).

Serum concentrations of C4 were determined by LC-MS/
MS without alkaline hydrolysis.*® Deuterium-labeled C4 was
added to 20 L of serum, and C4 was extracted with acetonitrile.
After derivatization into the picolinyl ester, the sample was ana-
lyzed by the LC-ESI-MS/MS system described above,

Calculation of Relative Noncholesterol
Sterol Concentrations

In this study, we assayed CYP3A4 -activity and steroid
metabolism by measuring serum sterol markers. Because most
noncholesterol sterols are transported in serum with cholesterol,??
each sterol level expressed relative to total cholestero] concentra-
tion seems to be a more reliable biomarker compared with the
absolute concentration especially when dyslipidemia is present.??
We first compared total serum cholesterol concentrations among
CD, UC, and contro] groups. As shown in Figure 1, total serum
cholesterol concentrations in patients with CID were significantly
lower than those of UC and control subjects. Therefore, the data
of serum noncholesterol sterols were expressed as relative to the
total cholesterol concentration.
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Quantification of Serum FGF19

Serum FGF19 levels were determined using a commercially
available ELISA Kit (Quantikine Human FGF-19 Immunoassay;
R&D Systems, Inc., Minneapolis, MN) following the manufac-
turer’s instruction.

Statistics

Data are expressed as the mean = standard error of the
mean. The statistical significance of differences between the
results in the different groups was evaluated using nonparametric
Mann-Whitney test. Correlation was tested by calculating Pear-
son’s correlation coefficient, r. For all analyses, significance was
determined at the level of P < 0.05.

RESULTS

Evaluation of CYP3A4 Activity in Patients
with CD

Serum oxysterol levels are shown in Figure 2. The concen-
trations of 4B-hydroxycholesterol (4B-HC) and 25-hydroxycho-
lesterol (25-HC), immediate CYP3A4-induced metabolites of
cholesterol, were both reduced in patients with CD compared with
UC and control subjects. The reduction was more remarkable in
patients with CD with the history of ileal resection and was sta-
tistically significant compared with patient with CD without a his-
tory of previous surgery. In contrast, the serum concentrations of
other major oxysterols, 24S-hydroxycholesterol (24S-HC), and
27-hydroxycholesterol (27-HC) that are products of CYP46A1
and CYP27Al, respectively, were not decreased but rather
increased in patients with CD compared with controls,

Bile Acid Metabolism in Patients with CD

Serum concentrations of C4 and FGF19 were compared
among CD, UC, and control subjects (Fig. 3). The levels of C4 in
patients with CD were significantly higher than that of controls. In
particular, the levels in patients with CD with the history of ileal
resection were markedly elevated and were significantly higher
than that in patients with CD without a history of previous sur-
gery. On the other hand, serum levels of FGF19 in patients with
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FIGURE 2. Serum oxysterol concentrations in patients with IBD, 4B-HC, 4B-hydroxycholesterol; 25-HC, 25-hydroxycholesterol; 245-HC, 245-hy-
droxycholesterol; 27-HC, 27-hydroxycholesterol; CD-PR, CD postresection of distal ileum.
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FIGURE 3. Serum C4 and FGF19 concentrations in patients with IBD.

C4, 7a-hydroxy-4-cholesten-3-one; FGF19, fibroblast growth factor 19;
CD-PR, CD postresection of distal ileum,

CD were significantly lower than those in UC and tended to be
Iow (0.05 < P < 0.1) compared with those in control subjects.
Patients with CD with the history of ileal resection showed
remarkable reduction of serum FGF19 concentrations, and
FGF19 levels were significantly lower than those in patients with
CD without a history of previous surgery.

The relationships between serum C4 levels and serum 43-
HC and 25-HC concentrations in all 21 patients with CD with and
without a history of previous surgery are shown in Figure 4. Both
4B-HC (r = —0.530, P < 0.05) and 25-HC (r = —0.553, P <
0.01) concentrations were negatively correlated with C4
concenirations.

Cholesterol Metabolism in Patients with IBD
Serum concentrations of sitosterol, campesterol, and lath-
osterol in CD, UC, and control subjects are shown in Figure 5.
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FIGURE 4. Correlations between serum concentrations of C4 and 4B-HC
(A) or 25-HC (B) in 21 patients with CD, Closed circles represent patients
with CD without a previous history of surgery (n = 17), whereas open
squares show patients with CD after resection of distal ileum (n = 4). C4,
7a-hydroxy-4-cholesten-3-one; 4B-HC, 4B-hydroxycholesterol; 25-HC,
25-hydroxycholesterol.
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FIGURE 5. Serum plant sterols (sitosterol and campesterol) and lath-
osterol concentrations in patients with IBD. CD-PR, CD postresection of
distal ileum.

The levels of sitosterol and campesterol, markers for intestinal
cholesterol absorption,** were not significantly different among
the groups. In contrast, the concentrations of lathosterol, a marker
of whole-body cholesterol biosynthesis,”® were significantly
increased in patients with CD compared with UC and control
subjects. In particular, the concentrations in patients with CD with
the history of ileal resection were markedly elevated and were
significantly higher than those in patients with CD without a his-
tory of previous surgery.

Effects of Disease Location and Medications
on Serum Markers

Effects of disease location and medications on serum
markers in patients with CD are shown in Table 2. Among the
17 patients with CD without a previous history of surgery, 16
were ileum or ileum + colon type and only 1 was colon type.
When we compared serum markers in the colon-type patient
with those in the other ileum and ileum + colon types, total
cholesterol, 4B-HC, and FGF19 concentrations were high, and
the lathosterol concentration was low and similar to the UC and
control subjects. Effects of medications on serum markers were
also studied in the 17 patients with CD without a previous
history of surgery. The use of corticosteroids, azathioprine, or
infliximab did not significantly affect the serum concentrations
of any markers we studied.
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TABLE 2. Effects of Disease Location and Medications on Serum Markers for Cholesterol Metabolism

Medications
Location of CD Corticosteroid Azathioprine Infliximab

Tleum or ileum + colon  Colon With Without With Without With Without
Serum markers n=16 n=l n=4 n=13 n=_3 n=9 n=29 n=2_§
T-CHOL (mg/dL} 140 * 9 (120-160) 166° 13225 144%9 13112 151 %13 13813 145%13
Lathosterol (ng/mg CHOL) 44 * 05 (3.3-5.5) 2.3% 3407 4606 51+09 36x03 48=*08 37=x04
Sitosterol (ug/mg CHOL) 13 £ 0.1 (1.1-1.6) 1.6 15201 1301 1201 15*x02 13*01 14%02
Campesterol (ug/mg CHOL) 14 = 0.1 (1.1-1.7) 1.5 1401 14=x02 1301 15%02 14=%01 14x02
4B-HC (ng/mg CHOL) 23 + 2 (18-27) 292 25+ 4 23 %2 213 25+ 3 23+ 3 23+ 3
25-HC (ng/mg CHOL) 82 *+ 1.0 (6.1-10.4) 9.8 123 73207 96=17 72x10 93%15 13=x11
248-HC (ng/mg CHOL) 44 = 3 (38-50) 28% 539 40 =2 47«5 39+3 47 =5 38:+3
27-HC (ng/mg CHOL) 120 * 14 (91-149) 92 124 37 11614 137225 1029 130 £23 10510
C4 (ng/mg CHOL) 28 * 6 (15-40) 16 21+ 6 29 =7 29%6 25+9 27+%6 27 =10
FGF19 (ng/mL) 162 * 36 (85-239) 356° 16076 178 x42 12041 22154 11037 245+ 55

*Qutside the 95% confidence intervals for means of ileumn or ileum + colon types of CD.

CHOL, cholesterol; 48-HC, 4B-hydroxycholesterol; 25-HC, 25-hydroxycholesterol; 248-HC, 248-hydroxycholesterol; 27-HC, 27-hydroxycholesterol; C4, Ta-hydroxy-4-cholesten-3-one.
Mean = standard error of the mean values are given. Ninety-five percent confidence intervals for means are in parenthesis.

DISCUSSION

Our data clearly demonstrated that serum 4§-HC and
25-HC concentrations were significantly decreased in patients with
CD especially in those with a history of ileal resection. Since both
4B-HC and 25-HC are synthesized from cholesterol by CYP3A4%
and 4B-HC is considered as a biomarker of whole-body CYP3A4
activity,?® the reduction of these oxysterols strongly suggests that
CYP3A4 activity is downregulated in patients with CD. In contrast
to CD, patients with UC did not show significant reduction of these
oxysterol concentrations, which suggests that the inhibition of
CYP3 A4 activity is not a common feature of all IBD.

There were some possibilities that the drugs used in patients
with CD affected the CYP3A4 activity. However, S-aminosalicylates
had been used in all patients with IBD (Table 1). When we com-
pared serum markers in patients with CD with and without taking
corticosteroids, azathioprine, or infliximab, they were not signifi-
cantly affected by these drugs (Table 2). Therefore, the inhibition
of CYP3A4 activity in patients with CD was not explained by these
medications.

CYP3A4 is one of the most important enzymes involved in
the metabolism of xenobiotics and is found in many organs in the
human body. The expression of CYP3A4 in both the intestine and
liver is a clinically important determinant of serum concentrations
of certain medicines. In patients with CD, however, the destruction
of intestinal mucosa does not seem to be a direct cause of the
reduced CYP3A4 activity measured by the serum markers because
this enzyme activity in the ileum is much lower than that in
duodenum and in jejunum,?” and the main locus of inflammation in
our patients was the ileum. In addition, Paine et al*® have demon-
strated that median intestinal microsomal CYP3A protein content is
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several times lower than that in the liver, and the total microsomal
mass for the whole intestine is about 26 times lower than that for
the liver, Therefore, total expression amount of CYP3A4 in the
intestine is calculated to be about 100 times lower than that in
the liver.?® Thus, decreased serum 4B-HC and 25-HC concentra-
tions observed in patients with CD seems to reflect mainly the
decreased CYP3A4 and PXR activities in the liver,

Why is hepatic PXR deactivated in this intestinal disease? It
has been reported that proinflammatory cytokines, such as TNF-a,
can downregulate the gene expression of CYP3A.*® However, our
results showed that treatment of CD with infliximab, a monoclonal
antibody against TNF-«, did not affect serum concentrations of
either 4B8-HC or 25-HC (Table 2). Since bile acids are ligands
of PXR and induce CYP3A4 expression through the activation of
PXR,"®*® reduced enterohepatic circulation of bile acids due to
BAM was strongly suggested as the mechanism of PXR deacti-
vation in the liver. Although we did not measure hepatic bile acid
concentrations directly in our patients with CD, these levels
seemed to be reduced irrespective of the history of ileal resection.
Serum concentrations of C4, a marker for hepatic bile acid bio-
synthesis,'® were significantly elevated to compensate for the
reduced bile acid pool, and the levels of FGF19, a marker for
intestinal bile acid flux,!? were reduced in both ileal-resected and
nonresected patients with CD.

A previous report by Lenicek et al'’ also showed that serum
concentrations of C4 were high not only in ilealresected patients
with CD but also in nonresected patients with CD with ileitis.
However, it was still controversial if the elevation of serum C4
concentrations commonly occurs in the nonresected patients with
CD or not.*! While Lenicek et al measured serum C4 concentrations
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by a less sensitive HPLC-UV method, we quantified the levels with
1000 times more sensitive HPLC-MS/MS method using [?H;]C4 as
an internal standard.32 Qur data support their result that the elevation
of serum C4 concentrations commonly occurs in nonresected pa-
tients with CD with ileitis, In addition, serum 4f3-HC and 25-HC
levels were significantly reduced in our nonresected pafients with
CD. When we plotted serum C4 concentrations against serum 4p-
HC or 25-HC concentrations in all patients with CD, a significant
inverse correlation was observed (Fig. 4A, B). The results suggest
that BAM develops not only in ileal-resected but also in patient
with nonresected CD with ileitis, and the inhibition of CYP3A4 or
PXR activity in patients with CD is associated with the severity of
BAM.

Although we do not have any data on intestinal CYP3A4 or
PXR activities in patients with CD, these molecules: are likely
deactivated by the reduced enterohepatic bile acid pool. Since the
activation of PXR inhibits the production of TNF-,%° deactivated
PXR in patients with CD may relate to the continuous overpro-
duction of this cytokine. In addition, the reduced bile acid pool
deactivates not only PXR but also another nuclear receptor, FXR.
Similar to PXR, FXR activation also inhibits proinflammatory
cytokine production and may ameliorate intestinal inflamma-
tion.*® Deactivation of FXR in CD but not in patients with UC
was reported by demonstrating reduced intestinal mRNA expres-
sion levels of the FXR target gene small heterodimer partner
(SHP).** Qur data also suggest that FXR is deactivated in CD
but not in patients with UC because the expression of FGF19,
another target gene of FXR,* was decreased only in CD.

CYP3A4 is the most abundantly expressed form of P450 in
human liver (as much as 60% of all hepatic P450)* and small
intestine,”” and it has been estimated that more than 50% of pre-
scription drugs are metabolized by this P450 enzyme. Our results
showed that bile acids were the critical molecules for maintaining
baseline activity of hepatointestinal CYP3A4 and that BAM sig-
nificantly downregulated CYP3A4 activity in patients with CD.
These results suggest that bioavailability of CYP3A4-metaboliz-
ing drugs in patients with CD can be increased by BAM and by
direct injury of intestinal mucosa.

Finally, hypocholesterolemia is one of the biochemical
features of patients with CD. Our data also showed that total
serum cholesterol concentrations were significantly lower in
patients with CD compared with control and patients with UC.
However, intestinal cholestero! absorption measured by serum
sitosterol and campesterol concentrations and cholesterol bio-
synthesis measured by serum lathosterol concentration were not
significantly reduced in our patients with CD (Fig. 5). Therefore,
it is important to note that hypocholesterolemia in patients with
CD is caused not only by cholesterol malabsorption but also by
increased bile acid synthesis due to BAM.

In summary, serum biomarker analyses strongly suggested
that hepatointestinal CYP3A4 activity was downregulated in
patients with CD with ileal inflammation or resection. Enterchepatic
circulation of bile acids is a key factor for the preservation of
baseline activity of hepatointestinal PXR. The deactivation of PXR

can affect the pharmacokinetics of CYP3A4-metabolizing drugs
and may relate to the continuous overproduction of proinflamma-
tory cytokines in patients with CD.
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ABSTRACT

The anti-cancer therapy of irinotecan (CPT-11) is often limited due to severe late-onset diarrhea. Because the higher
toxic form of CPT-11/its active metabolite (SN-38) is produced at acidification, the usefulness of oral sodium bicarbon-
ate treatment against the CPT-11/SN-38-induced intestinal injuries and diarrhea has been confirmed, However, the roles
of bicarbonate have been suggested to affect not only intestinal pH environment but also intracellular pH and
CPT-11/SN-38 dynamics. The present study proposed to clarify the hypothesis in CPT-11/SN-38-exposed colon cell
line in various pH conditions adjusted by bicarbonate. HT29 cell pre-exposed to ~1.0 pM SN-38 lactone or carboxylate
forms was incubated at different pH adjusted by either bicarbonate or HCI/NaOH. The degrees of SN-38-induced cell
injury depended on the higher proportion of the toxic form (lactone) of SN-38 rather than mere pH condition of medium.
Apoptosis and cell injury induced by SN-38 were significantly inhibited by bicarbonate in a dose-dependent manner.
Intercellular pH acidification induced by SN-38 was significantly prevented by 30 mM bicarbonate. Cell cytotoxicity of
SN-38 depended on not only extracellular but also intracellular pH that converts the SN-38 form, while the intracellular
acidification was prevented by bicarbonate. The multiple regulations of bicarbonate on both exracellular and intracellu-
lar pH would be essential mechanism against intestinal cell injury by CPT-11/SN-38.

Keywords: Bicarbonate; SN-38; CPT-11; pHi; Anti-Cancer Drug; Intestine

1. Introduction

Irinotecan hydrochloride (CPT-11; 7-ethyl-10-[4-(1-pi-
peridino)-1-piperidino] carbonyloxy-camptothecin) is a
water-soluble derivative of camptothecin, an alkaloid
isolated from Camptotheca acuminata, and presents a
wide spectrum of antitumor activity through the inhibi-
tion of DNA topoisomerase I [1]. This chemotherapeutic
agent has been approved by the FDA for treatment of
colorectal cancer in the United States, but has shown
clinical responses for many other malignancies such as
lung, gastric, pancreatic, cervical, and ovarian cancers as
well as leukemia and lymphoma [2-6]. However, this
agent has major limitation in the therapeutic use for the
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patients with cancer due to severe side effect as the lethal
delayed diarrhea [7,8] including the marked intestinal
injury and the presence of pseudomembranous jejuno-
ileitis [9]. ,

CPT-11 is hydrolyzed to active 7-ethyl-10-hydrocy-ca-
mptothecin (SN-38) by hepatic carboxylesterase [10],
and SN-38 has at least a 100-fold more potent antitumor
effect than CPT-11 [1]. The ability of both CPT-11 and
SN-38 relies on pH. Both CPT-11 and SN-38 have a la-
bile o-hydroxy-3-lactone ring, which undergoes reversi-
ble hydrolysis at a rate that is mainly pH-dependent [11].
At acidic condition, the lactone ring of CPT-11/SN-38
closes, and this form is called as a lactone form. On the
other hand, the lactone ring opens at physiological pH
and higher, and yields a carboxylate form. The carboxy-
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late form is a less potent inhibition of the topoisomerase I
and has much weaker antitumor activity than its lactone
counterpart. Therefore, one of the possible strategies for
prevention from the CPT-11-induced side effects might
be manipulating the pH-dependent interconversion. In-
deed, we and others have previously confirmed the oral
bicarbonate (HCO; ) administration prior to and/or dur-
ing CPT-11 treatment avoided acidifications in intestinal
lumen and stool, and consequently, could decrease the
incidence of side effects including delayed diarrhea,
naunsea, vomiting, myelotoxicity, and lymphocytopenia in
the patients with lung cancer [12], advanced gastrointes-
tinal cancer [13] or colorectal cancer [14], and the ex-
perimental animal model [12,15]. Therefore, it has been
believed that oral HCOj treatment is effectiveness on
the attenuation of the side effects in CPT-11 anticancer
therapy through the keeping of intestinal alkalization.

Additionally, our previous studies also confirmed that
there was significant difference in the initial uptake rate
of CPT-11/SN-38 by isolated hamster intestinal cells
between the respective lactone and carboxyrate forms
[9,15]. The uptake rate of the lactone form that is pas-
sively transported was higher than the carboxyrate form
that is actively absorbed. Therefore, the regulation of
ambient pH environment is aiso important factor for the
intracellular uptake of CPT-11/SN-38.

Furthermore, intracellular pH (pHi) is also associated
with anti-cancer action of the agent, because it generally
influences the cellular proliferation and death [16-19].
Because intracellular acidification is an early event in
apoptosis and also essential in genomic DNA destruction
[17], it has been also considered as one of the multiplier
factors to emphasize the inhibitive action of SN-38 on
the topoisomerase I [20]. In addition to the regulation of
ambient pH, HCO; has been reported to act as a regu-
lator of pHi in some cells through Na*-dependent
CI'/HCO; exchange, Na'-independent CI/HCO; ex-
change, and Na'-HCO; cotransport [21-23]. So, it is
suggested that HCO; might have another potential
protective action against SN-38 through the regulation of
the pHi.

While the oral HCO; treatment has demonstrated
scientific and clinical benefits on CPT-11 treated anti-
cancer therapy, there is few understanding of its action.
In the present study, we purposed to clarify the implica-
tion of HCO; on pH-dependent CPT-11/SN-38 toxicity
in the human colon adenocarcinoma HT29 cell line under
various culture pH environments adjusted with/without
HCO; .

2. Materials and Methods
2.1. Materials
SN-38 was supplied by Yakult Honsha Co., Ltd. (Tokyo,

Copyright © 2013 SciRes.

Japan) and was 98% - 99% pure as judged by gas-liquid
chromatography. Nigericine was purchased from Sigma
(St. Louis, MO). Snarfl-AM was from Calbiochem (San
Diego, CA). Other chemicals were of the highest purity
available. Dulbecco’s Modified Eagle Medium (DMEM)
and fetal bovine serum (FBS) were purchased from Gib-
co®, Invitrogen Corporation (Carlsbad, CA). For the cul-
ture conditions, the HT29 cell line (ATCC®, Manas- sas,
VA) was maintained in DMEM supplemented with 10%
heat-inactivated FBS, as previously described [9,24, 25].
The HT29 model was selected since we have previ- ously
reported a similar respective mechanism of uptake of
SN-38 lactone and carboxylate to that reported in iso-
lated intestinal cells [26]. Moreover, HT29 cells allow
for long-term studies that are not possible using the iso-
lated enterocyte model.

2.2. Chemical (SN-38) Preparation

SN-38 stock solution was prepared by dissolution with
DMSO due to highly hydrophobicity. The SN-38 stock
solution was incubated with 50 mM PBS, pH 3.0 or 9.0,
overnight at RT, as a 100-fold dilution, to obtain the lac-
tone and carboxylate forms, respectively [27]. At this
final concentration, DMSO was confirmed to have no
effect on the initial uptake of the agent [26]. SN-38 at
concentrations up to 5 pM did not significantly change
the pH of the culture medium. The resultant solution was
98% lactone form at pH 3.0 and 97% carboxylate form at
pH 9.0 (HPLC determination by Dr. K. Arimori and T.
Hidaka, Dept. Pharmacy, Miyazaki Medical School, Mi-
yazaki, Japan). For cell culture, SN-38. was diluted to
final concentrations of 0.5 or 1.0 uM in DMEM.

2.3. Effect of Extracellular pH on SN-38-Induced
Cytotoxicity

HT29 cells seeded on a 96-well plate as density at 1 %
10 cells/well were cultured for 24 h, and then exposed to
either 0 or 0.5 uM SN-38 lactone/carboxylate in DMEM
for 2 h that the exposed period does not affect the inter-
conversion of SN-38 [10,28]. The cells were then washed
twice with PBS, and further incubated in DMEM without
the SN-38 at pH 6.2 or 7.2 set by HCI/NaOH for 96 h.
Thereafter, cell viability was measured by the MTT as-
say, and expressed as a relative ratio to control (0 pM
SN-38) in each culture condition.

2.4. The Effect of Bicarbonate-Adjusted pH
before and after SN-38 Exposure

HT29 cells seeded on a 24-well plate at a density of 5 x
10* cells/well were cultured in standard condition for 24
h, and then, were incubated with DMEM containinig 25
mM HEPES and increasing concentrations (5, 20, 44,
100 mM) of HCO; for 2 h prior to SN-38 exposure.
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The HCO; concentrations resulted in the pH adjust-
ment at 7.0, 7.2, 7.4, and 7.8, respectively. The osmo-
lality was maintained constant among the different
HCO; buffers. After the incubation with HCO3, cell
was exposed to either 0.5 or 1.0 uM SN-38 lactone for an
additional 2 h. Thereafter, cell was washed twice with
PBS, and further incubated for an additional 96 h with
the respective HCOj containing culture medium with-
ont SN-38. In parallel experiments, HT29 cell was cul-
tured without HCO; prior to the SN-38 exposure, and
were incubated with the different concentrations of
HCO; during the additional 96 h exposure.

2.5. Cell Viability in Various pH Conditions
with/without Bicarbonate

HT29 cell cultured under standard condition containing
DMEM with 44 mM HCO;, at pH 7.4, was exposed to
either 0 or 1.0 uM SN-38 lactone for 2 h. Thereafter, the
washed cell was further incubated for an additional 48 h
with 5-set points of pH at 6.8, 7.0, 7.4, 7.8, or 8.2 in cul-
ture medium adjusted by either increasing concentrations
of HCO; [5, 10, 20, 44, 100 mM, respectively; HCO;
(+)] or NaOH with 5 mM HCO; [HCO; (-)]. During
cell culture, acidification of medium is usually induced
due to respiration of cells. Therefore, in the present ex-
periment, the cell was cultured with different media in
each condition to maintain pH during culture. DMEM
contained 2.5 mM-L-glutamate, 1 mM sodium pyruvate,
and 10% FBS, and each culture medium was constituted
as shown in Table 1. The constitution of the medium was
based on a previous study by Eagle ef al. [29] and further
modified in the present study. Cell proliferation after
culture in these conditions was determined by the MTT
assay.

For detection of apoptotic cells in the various pH co-

Table 1. Conditions of culture medium at different pHs.

HCO; (+) pH68 pH70 pH14 pHT8 pHSE2
NaHCO; (mM) 5 10 20 44 100
Hepes (mM) 25 25 25 25 25
HCO; () pH68 pHTO pHT4 pH78 pHS2
NaHCO; (mM) ‘5 5 5 5 S
Trice (mM) =~ 10 0 0 0 0
Hepes (mM) 25 25 20 20 20
Tris-base (mM) O 0 25 25 25
NaH,P04 (M) 10 10 0 0 0

The cefl was incubated in 5% and 0% CQa,in HCO; (+)and HCO; (=),
respectively.

Copyright © 2013 SciRes.

nditions either with or without HCO;, following expo-
sure to SN-38 lactone, the cell was incubated with 3-set
points of pH at 6.8, 7.0, or 7.8 with increasing HCO;
concentrations [ HCO; ()] or without HCO; [HCO;
()] for an additional 48 h,

2.6, Cell Viability Assay

Cell viability was analyzed as cell proliferation and
apoptosis by the MTT assay [30] and flow cytometry,
respectively. In the MTT assay, following incubation of
the cell with the indicated concentration of the agents,
the medium was removed and the cell was further incu-
bated with 0.5 mg/mL MTT in medium for 4 h at 37°C.
The blue formazan compound was solubilized with me-
thanol containing 0.01 N HCI. The absorbance was de-
termined at 560 nm, with 670 nm used as a reference in a
spectrophotometer. In the flow cytometry, apoptotic
HT29 cell was determined by annexin V and propidium
iodide (PI) double staining using a commercially avail-
able kit (Annexin V-EGFP Apoptosis Detection Kit,
BioVision, Inc., Mountain View, CA). Following the
respective culture condition, the cell was harvested with
trypsin and suspended with annexin V-enhanced green
fluorescent protein (EGFP) and P, and then analyzed by
flow cytometry (FacSort, Becton Dickinson, San Jose,
CA).

2.7, Intracellular pH Determination

HT29 cell plated at 1 x 10° cells per well was incubated
with and without 0.5 uM SN-38 lactone for 2 h in culture
medium containing increasing concentrations of HCO;
(10 - 58 mM). After removal of SN-38, the cell was
maintained under the same culture conditions for an ad-
ditional 4 h period before being loaded with § pM
Snarf-1 acetoxymethyl acetate for 20 - 40 min at 37°C.
The cell was then washed, and the respective cellular
fluorescence level was determined with the ACAS 570
laser scanner cytometer (Meridian Instruments Inc.,
Okemos, MI). A pH standard curve (6.8, 7.2, 7.4, 7.6,
and 8.0) using high potassium concentration (100 mM)
was determined for each series of experiments using ei-
ther PIPES for buffer pH < 7 or HEPES for buffer pH >
7 and 10 pM nigericin. The cell membrane potassium
ionophore nigericin causes the interior of the cells to
equilibrate with the external pH of the buffer. The cells
were excited with a 514 nm argon laser beam (5 W, In-
nova 90/5, Coherent) and the 587 nm and 640 nm emis-
sions were simultaneously collected, The fluorescence
intensity at each wavelength was detected using a pho-
tomultiplier tube. Images were acquired by scanning
several fields of cells. Each image consisted of 3000 -
5000 discrete sample points. The ratio of the 640/587 nm
emission data was used to determine the pHi. On
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average, the data were collected from 12 - 20 successive
scans.

2.8, Statistical Analysis l

Statistically significant differences were assessed by app-
lying the Student’s unpaired #test, paired #-test, or analy-
sis of variance (ANOVA) where applicable with an «
level of 0.05. Control experiments, using only the vehicle
for solubilizing the respective agent, were performed in
parallel. The results were expressed as the mean £ SD of
the mean based on the number of studies. Each experi-
ment was performed in duplicate or triplicate.

3. Results

3.1. Effect of Extracellular pH on SN-38-Induced
Cellular Toxicity

Table 2 shows the cell viability of HT29 cell after exp-
osure to either the SN-38 lactone or carboxylate form in
different two pH conditions at 7.4 or 6.2 adjusted by
NaOH/HCL. At pH 7.4, cell viability was significantly
decreased in the exposure to carboxylate form compared
to that in the control, and was further and significantly
decreased in the exposure to lactone form compared to
that in other conditions. The significantly decreased cell
viability in the lactone form rather than the carboxylate
form was also observed at pH 6.2. In addition, the viabil-
ity in lactone form at pH 6.2 was significantly lower than
carboxylate form at pH 7.4, Compared between pH 74
and 6.2, the toxic level of SN-38 lactone was aimost sim-
ilar, These results are in agreement with the previous
study reporting that cell cytotoxicity of SN-38 depended
on the form, i.e., lactate or carboxylate forms rather than
extracellular pH [15].

3.2. The Difference of Bicarbonate Treatment
between before and after SN-38
Exposure at Various pH Conditions in
the Cellular Toxicity

Figure 1 presents the cell viability of HT29 cells cult-

Table 2. Effect of medinm pH on SN-38 toxicity.

Agents pH Cuiture medium  Cell viability (%)
Control 74 100
SN-38 Lactone 74 453 1.1
SN-38 Carbonate 7.4 66.6:3.8
SN-38 Lactonc 6.2 448+16"
Control 6.2 100

The values of cell vjubility are shown as the mean = 8D (%) relative io the
respective control, g < 0.05; Significantly differcnce from (he respective
control, "p < 0,05; Significantly difference from SN-38 Carbonate,

Copyright © 2013 SciRes.
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Figure 1. Effect of bicarbonate on SN-38-induced toxicity in
HT29 cell. The cell was incubated with SN-38 (0.5 or 1.0 pM)
for 2 h and increasing concentrations of bicarbonate

(HCO; ; 5, 20, 44, and 100 mM) corresponding to pH 7.0,
7.2, 7.4, and 7.8, respectively, either for 2 h before (Closed

squares) or after (Opened triangles) the SN-38 exposure.
The cell in both conditions was further cultured in the me-
dium with these increasing concentrations of HCO; for
additional 96 h. Cell viability was determined by the MTT
assay. Data are shown as the mean % SD of the percent of
the respective control (0 pM SN-38 treatment). "Signifi-
cantly different from the respective control determined in
the presence of 5 mM bicarbonate, p < 0,05.

ured with increasing concentrations of HCO; before to
or after SN-38 exposures (0.5 or 1.0 uM) for 2 h, With
HCO; treatment before 0.5 pM SN-38 exposure, cell
viability was significantly higher at pH 7.2, 7.4, and 7.8
than at pH 7.0, and at pH 7.8 was the highest. Similarly,
with HCOj treatment after 0.5 nM SN-38, cell viabil-
ity at pH 7.4 and 7.8 was significantly higher compared
to that at pH 7.0. Moreover, these characteristic patterns
of viability seen in the 0.5 pM SN-38 were also observed
in the exposure to 1.0 pM SN-38. There was no differ-
ence in SN-38-induced toxicity in the respective pH con-
dition between HCO; treatment before and after SN-38
exposures. The results indicate that HCO; does not
affect the conversion of SN-38 in the relatively short 2 h
exposure period that is similar to small intestine transit
time.

In addition, HT29 cell was incubated with the different
HCO; buffers for 4 h before and during 1.0 pM SN-38
lactone exposure, The cell was then washed and incu-
bated in fresh DMEM containing 44 mM HCO; (pH
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7.4) for 96 h. Because the result showed that SN-38-in-
duced toxicity was around 50% under all the different
conditions (data not shown), it implied that HCOj
could not modify the influence of SN-38 on cell viability.

3.3. Effect of Bicarbonate-Adjusted pH on Cell
Viability

Figure 2(a) shows the viability of HT29 cell treated with
various pA conditions (6.8 - 8.2) adjusted by increasing
concentrations of HCO; or NaOH for 48 h following a
2 h SN-38 exposure. In the HCO] treatment, the cell
vigbility was significantly enhanced at pH 7.4, 7.8, and
8.2 compared to that at pH 6.8. On the other hand, there
was no difference in the viability of HT29 cell treated
without HCO; among these pH conditions. In these
experiments, the pH in the medium was almost perfectly
maintained even after cell culture, and there was no dif-
ference in pH after culture between control and SN-38
exposure in both experiments (Figure 2(b)).

Figure 3 shows the flow cytometry image (Figure
3(a)) and the percentage of apoptotic cells analyzed by
flow cytometry (Figure 3(b)) in the different pH condi-
tions (48 h) with or without HCO; following a 2 h ex-
posure to 1 M SN-38 lactone. In the control, the per
centage of necrotic cells (double positive for annexin
V-EGFP and PI) was higher at pH 6.8 with 5 mM
HCO; than at pH 7.8 with 44 mM HCO; (Figure
3(a)). The necrosis at pH 6.8 was further aggravated by
exposure to SN-38. Furthermore, the percentage of apop-
totic cells (annexin V-EGFP positive) was increased. In
the SN-38-exposed cells, the numbers of apoptotic and
necrotic cells were lower at pH 7.8 than at pH 6.8. In the
control cells, apoptotic cells were around 10% in all 3-set
pH conditions despite of HCO; treatment (Figure
3(b)). In case of SN-38-exposed cells, the apoptosis was
enhanced by around 40% in all three pH conditions of
HCO; (-). On the other hand, the SN-38-induced apop-
tosis was significantly inhibited at p# 7.0 and 7.8 with
increasing HCO, concentrations compared to that at
pH 6.8. These results show that higher pH conditions
adjusted by HCO; could inhibit the cellular toxicity
induced by SN-38.

3.4, Effect of Bicarbonate on pHi Alternation
Induced by SN-38

The level of pHi was determined in the presence of either
10 or 30 mM HCO; following SN-38 (Figure 4). In
the 10 mM HCO;, pHi level in SN-38-exposed cells
was significantly decreased compared to that in the con-
trol. On the other hand, there was no significant differ-
ence in the pHi between the control and SN-38-exposed
cells in the presence of 30 mM HCO; . Similar results
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Figure 2. Effect of bicarbonate-adjusted pH on cell viability
(a) and pH values in medium after cell culture (b). The cells
incubated with/without 1.0 uM SN-38 for 2 h were cultured
with pH set media at 5 points (6.8, 7.0, 7.4, 7.8, 8.2) adjusted
by either different concentrations (5, 10, 20, 44, 160 mM,
respectively) of bicarbonate [ HCO; (+)] or NaOH [ HCO;

(). (@) Cell viability evaluated by MTT assay was shown as
the percent of the respective control (0 tM SN-38). "p < 0.05;
Significantly different from pH 6.8; (b) The 5-set points of
culture media adjusted by either increasing concentrations
of bicarbonate [HCO; (#)] or NaOH [HCO; ()] were
measured after the cell culture. The dotted lines on each
column show the set-pH values before the cell culture. The
DPH in each culture medium was measured using a standard
DPH meter in triplicate from three samples immediately after
culture,

were obtained with a higher concentration of HCOj
(58 mM) as those obtained with 30 mM HCO; (no data
shown). The results indicate that higher concentrations of
HCO; could prevent intracellular acidification caused
by SN-38.

4, Discussion

Diarrhea’ is one of the lethal major side effects in the
cancer patients receiving CPT-11 [7,31]. We and others
have previously demonstrated that intestinal alkalization
by HCO; could reduce CPT-11/8N-38-induced cell
injuries and diarrhea in both in vifro and in vivo studies
[12,13,15]. These studies were based on the role of
HCO; on intestinal pH regulation because of the pH-
dependent cytotoxicity of CPT-11/SN-38 [1,9,10,12,14,
15,28,32,33]. In addition to the regulation of pH in the
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Figure 3. Effect of bicarbonate-adjusted pH on apoptosis.
The cell following exposure to SN-38 was incubated for an
additional 48 h in 3-set pH conditions (6.8, 7.0, or 7.8) either
in HCO; (+) or HCO; (-) medium. See the legend of
Figure 2 for the bicarbonate concentrations that were used
to set the pH in the medium. Figure 3(a) shows the images
of flow cytometry in the cells exposed to either 0 or 1.0 pM
SN-38 lactone in HCO; (+) conditions set at pH 6.8 or 7.8.
The apoptetic cells were expressed as the percentage of cells
stained with annexin V-EGFP positive and P1 negative to
the total numbers of cells, and shiown as the mean = SD in
Figure 3(b).

intestinal lumen, we suggested that HCO; might play
other roles on cytoprotection against CPT-11/SN-38
through influence on pHi environment. Palissot e/ al.
have reported that the CPT-11/SN-38-induced apoptosis
was less in the multidrug-resistant HL60-Vinc leukemic
cells that could keep pHi higher, while apoptosis was
much in drug-sensitive HL60 cell which intercellular
acidification was induced following CPT-11/SN-38 treat-
ment [34]. Therefore, the regulation of pHi level would
be associated with the sensitive to CPT-11/SN-38 [18].
Accordingly, we designed a series of experiments in
the large intestine cell line to test the hypothesis that the
HCO; might influence on not only extracellular pf but
also pHi environments, and consequently, disturb the
intracellular conversion of SN-38 from the less toxic
carboxylate form fo the more toxic lactone form [9,35].
In the result, the cytotoxicity induced by SN-38 lactone
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Figure 4. Effect of bicarbonate on SN-38-induced change in
intracellular pH. Changes in pHi was assessed following
incubation of the HT29 cell in the presence and absence of
0.5 pM SN-38 for 2 h and in a culture medium containing
either 10 or 30 mM bicarbonate. The pHi was determined 4
h after removal of SN-38.

form was attenvated in a dose-dependent matter of
HCO;j, but not by the respective pH condition merely
adjusted by NaOH/HCl with low concentration of
HCO; . Although the HCO; itself changes medium pH,
the result implies that the cell damages induced by SN-38
would depend on not only ambient pH environment be-
cause the exposed time to SN-38 was only 2 hours that is
too short to cause interconversion of SN-38 forms, and
therefore, HCO; might play other roles on the protec-
tion against SN-38. One of the possibilities is that
HCO; would be uptaked into cells, and then, would
affect the pHi. Indeed, the present study confirmed that a
higher concentration of HCO; (30 mM) could inhibit
SN-38-induced intracellular acidification (Figure 4).
Furthermore, cellular acidification becomes a trigger
in the early phase of apoptosis because of activation of
endonucleases, and thus, regulation of pHi is critically
important for tumor development [21]. The present study
showed that the SN-38 itself has the action to cause in-
terceltular acidification in the intestinal cell, Besides the
inhibition of DNA topoisomerase I, it means that inter-
cellular SN-38 also behaves as a trigger of apoptosis.
Therefore, the regulation of pHi should be further im-
portant for attenuation of the side effects on CPT-11/
SN-38 therapy. In addition to the effect of HCO; on
SN-38-induced intercellular acidification, Flow Cytome-

‘try assay showed that apoptosis following SN-38 expo-

sure was significantly decreased by increasing concentra-
tions of HCOj, but not in the respective pH level ad-
justed by NaOH/HCL These findings implied that the
regulation of pHi by HCOj is effectiveness on the
prevention of SN-38 induced apoptosis in intestinal cells.

In addition to the interconversion of CPT-11/SN-38,
PH envirenment is also associated with other characteris-
tics of the agents. Gabr ef al. have reported in L1210
leukemia cells that the uptake of radiolabeled CPT-11
was more rapidly at pf 6.2 than at physiological pH 7.4,
and the intercellular retention was predominant at pA 6.2
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[36]. Similarly, we have previously reported that the up-
take of SN-38 into HT29 cells was significantly in-
creased at ambient lower pH [9]. In this point, HCO; is
indirectly contributed on the cellular uptake of SN-38 by
regulation of ambient pH level.

In conclusion, the present study confirmed that
HCO; could keep alkalization/neutralization in not only
extracellular but also infracellular pH environments, and
consequently, cytotoxicity in large intestine cells would
be attenuated through the reductions of interconversion
to more toxic form and cellular uptake of SN-38. These
results would certify the multiple roles of HCO; on the
attenuation of side effects; cell injuries and diarrhea, in
CPT-11/SN-38 antitamor therapy.
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Aim: Proton beam therapy is safe and more effective than
conventional radiation therapy for the local control of nodular
hepatocellular carcinoma (HCC). However, evaluating thera-
peutic response by imaging is hot accurate during the early
post-irradiation period. Therefore, we examined whether the
histopathological study of biopsy specimens obtained at 3
weeks after irradiation can be used to more accurately assess
therapeutic response.

Methods: Fifteen HCC lesions from 13 patients were treated
with proton beam irradiation. Tissue biopsy samples were
obtained using abdominal ultrasound-guided percutaneous
fine-needle aspiration from the center of the tumor before, 3
weeks after and 1 year post-proton therapy. The specimens
were examined after staining with hematoxylin-eosin {HE}
and a MIB-1 antibody.

Resulfts: MIB-1 labeling indices (LI} before treatment were
13.0:£ 8.5% {mean £ SD; range, 0.6~27.0}, whereas those 3

weeks after proton therapy were significantly reduced to
3.2+ 2.4% {range, 0.6-8.9) {P < 0.05). Although the tumor size
was reduced, we did not observe a reduction in tumor blood
flow by dynamic computed tomography or degenerative
changes by HE. All lesions that displayed reduced MIB-1 L} at
3 weeks post-proton treatment were ultimately diagnosed as
complete response at 1 year after treatment. In contrast, one
case with increased MiB-1 LI at 3 weeks had significant tumor
size progression at 1 year post-treatment.

Conclusion: The percutaneous fine-needle aspiration biopsy
of HCC is a safe and useful tool that can be used to evaluate
the response to proton irradiation. In particular, MIB-1 Lt may
provide additional information to assess the therapeutic
response of HCC during the early post-irradiated period.

Key words: dynamic computed tomography, hepatocellular
carcinoma, MIB-1, needle biopsy, proton radiotherapy

INTRODUCTION

EPATOCELLULAR CARCINOMA (HCC) is the
fourtly most common cause of cancer in fapan,
and its incidence is increasing worldwide because of the
increase in chronic infections with hepatitis B virus
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(HBV) and hepatitis C virus (HCV)."* Curative surgical
resection of HCC offers the best treatment outcome, but
fewer than 30% of all patients are able to undergo sur-
gical resection because of the presence of underlying
cirthosis. For unresectable HCC, radiofrequency abla-
tion {RFA) or transcatheter arterial chemoembolization
(TACE) is performed;*® however, the former is only
suitable for small tumors (<3 ¢m), and the latter is not
suitable for patients with poor liver function or those
with associated portal vein thrombus.

Whereas conventional radiation is almost useless for
treating HCC, proton irradiation has recently been suc-
cessful in treating unresectable HCC.**? The proton
beam has a Bragg peak, which limits beam distribution
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and reduces the amount of radiation that reaches sur-
rounding non-cancer tissues. Therefore, this therapeutic
option is available to treat patients with poor liver func-
tion or portal vein thrombus. In addition, even large
tumor volumes (>10 ¢m) were effectively irradiated at
high doses without significant dose exposure to non-
targeted areas.?

In the future, proton imradiation therapy will become
more common for the treatment of HCC, and it is nec-
essary to develop a powerful diagnostic option to evalu-
ate HCC after therapy. Computed tomography (CT),
magnetic resonance imaging and contrast-enhanced
color Doppler ultrasonography (CECDU) are all useful
methods to evaluate the therapeutic response of
HCC after proton irradiation. However, these imaging
methods are not accurate during the early post-
irradiated period because the reduction in tumor size or
reduced blood flow in the tumor are not dear during
this period using these techniques.”

MIB-1 is an anti-Ki-67 monoclonal antibody devel-
oped by Cattoretti et al., and it is used for the easy
and accurate evaluation of cell proliferation potential
in formalin-fixed paraffin-embedded tissues using an
antigen retrieval technique."*'* We previously reported
that the MIB-1 labeling indices of HCC samples
obtained using ultrasound-guided, fine-needie liver
biopsies were significantly correlated with tumor
volume doubling times and were better indicators of
turmor aggressiveness than the conventional indices of
histological atypia.’

The present study was undertaken to compare the
histological changes of HCC before and after proton
irradiation therapy. In addition, MIB-1 labeling indices
in these tissues were used to examine if the indices
during the early post-irradiated period can assess HCC
therapeutic response for longer periods after proton
irradiation,

METHODS

Patients and treatment

HIRTEEN PATIENTS DIAGNOSED with a single

HCC or multinodular FICC (up to three) from
1988-1993 at the Department of Gastroenterology,
Tsukuba University Hospital were selected for proton
therapy because they either refused hepatectomy or
had unresectable HCC with complications of advanced
liver cirthosis, renal failure or heart failure. Insufficient
accumulation of lipiodol (Laboratorie Guerbert, Paris,
France) and the presence of viable cells (evaluated by
histological examination of needle biopsy specimen) in

© 2013 The Japan Society of Hepatology
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the lesion by TACE was also included in the selection
criteria. Informed consent was obtained from all sub-
jects, and the study protocol was approved by the ethics
committee of Tsukuba University.

The patient characteristics are displayed in Table 1.
Cases 2, 8 and 15 had ectopic or asynchronous HCC
that appeared in the same patient. All patients had HCV
antibody positive liver cirrhosis, and Child-Pugh classi-
fication of the disease severity' was A in seven patients,
B in three patients and C in three patients. The size
of the treated HCC ranged 15-60 mm in maximum
diameter with an average size of 34.7%14.5 mm
(mean =+ standard deviation {SD]). Twelve of the 15
cases (80.0%) were treated using proton irradiation
monotherapy, while the other three cases (20.0%) were
treated using proton radiotherapy after unsatisfactory
TACE results. The total proton beam irradiation dose
ranged 68.8-84.C Gy (physical dose) with an average
dose of 79.2%+4.0 Gy. HCC in patients treated using
proton monotherapy were followed using CT after
the insertion of an iridium marker needle under the
ultrasound guide. For patients who received lipiodol-
targeted chemotherapy, the locations of the HCC were
determined using CT on the lipiodol-contrasted lesions.

CT follow up

In 14 cases, the size and contrast enhancement of the
HCC before, 3 weeks after and 1 year post-proton
therapy were compared using dynamic CT. Tumor treat-
ment response was judged according to the Response
Evaluation Criteria in Cancer of the Liver (RECICL).” In
the remaining case, because we could only analyze the
size of the HCC using plain CT because of renal failure,
the response was judged only by tumor size reduction.
The size reduction rate was calculated using the equa-
tion below after calculating the product of the major
axis of the maximum cross-section by the maximum
diameter crossing the major axis at a right angle: size
reduction rate = ([product before treatment] — [product
after treatment]) / (product before treatment) X 100.

Standard histological examination

Hepatocellular carcinoma tissue samples were obtained
using abdominal ultrasound-guided, percutaneous fine-
needle aspiration biopsies (Majima needle, 21G; Top,
Tokyo, Japan) taken from the center of the tumor
before, 3 weeks after and 1 year post-proton therapy.
The biopsy specimens were fixed in 10% neutral buff-
ered formalin and were routinely processed by dehydra-
tion in graded ethanol, clearing in xylenes and
embedding in paraffin blocks. Each paraffin block was
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Table 1 Patient characteristics

Histopathology of HCC after proton therapy 3

Case no. Age Sex Tumor size Child-Pugh Treatment Total dose Histological
(years) (mm) class ((&5)] differentiation
1 59 M 60X 57 B TACE + proton 84.0 Well
271 67 M 50 x50 A Proton 83.0 Poorly
3 66 M 46X 20 A TACE + proton 77.0 Moderately
4 70 F 25%25 @ Proton 78.0 Well
5 73 M 37x37 A Proton 78.0 Moderately
6 59 M 30%x29 A Proton 78.0 Moderately
7 73 P 44 x 39 A Proton 78.0 Moderately
8t 67 M 20X 20 A Proton 83.0 Well
9 62 M 30x30 B Proton 68.8 Moderately
10 66 M 38x30 C Proton 80.0 Moderately
11 73 M 15x 15 B Proton 80.5 Well
12 58 M 15x% 15 A TACE + proton 84.0 Well
13 59 M 50 x50 A Proton 82.0 Moderately
14 57 M 45 x40 C Proton 78.0 Well
151 67 M 15%x15 A Proton 75.5 Well

+Ectopic or asynchronous HCC appeared in the same patient.

Histological differentiation was determined according to a modified version of Edmondson-~Steiner classification: well, grade I (well
differentiated); moderately, grade II (moderately differentiated); poorly, grade I and IV {poorly differentiated).*”
F, female; HCC, hepatocellular carcinoma; M, male; proton, proton irradiation; TACE, transcatheter arterial chemoembolization.

sectioned at 3 pm and stained using hematoxylin—eosin
{HE). We examined the degrees of histological differen-
tiation (before treatment) and pathological changes
(after treatment).” ,

Immunohistochemistry for MIB-1

The lesions that displayed the presence of viable cancer
cells by HE staining 3 weeks after proton therapy (11
cases) were further examined by immunohistochemical
staining using a MIB-1 antibody, as previously
described.'® Briefly, paraffin sections were dewaxed in
xylenes, rehydrated in graded ethanol and subjected to
heat-induced antigen retrieval in citrate buffer (pH 6.0)
at 120°C for 10 min. After the inactivation of endog-
enous peroxidase activity by incubating with 0.3% H.O-
at room temperature for 15 min, the sections were
stained using the labeled streptavidin-biotin peroxidase
technique using the Histofine SAB-PO (M) kit (Nichirei,
Tokyo, Japan) and the MIB-1 monocional antibody
{mouse immunoglobulin G, mo. 0607; Immunotech,
Marseille, France} at a dilution of 1:50. Finally, the sec-
tions were stained with diaminobenzidine-hydrogen
peroxide (Sigma-Aldrich, St Louis, MO, USA} and coun-
terstained with hematoxylin, A normal lymph node was
simultaneously stained for use as a positive controi.
For all specimens, three or more fields were randomly
selected, and 500 or more tumor cells were examined

using a CAS-200 Image Analyzer (Cell Analysis Systems,
Lombard, IL, USA) at a magnification of x400. The
MIB-1 labeling index (LI} was calculated by the number
of immunoreactive nuclei divided by the total number
of neoplastic nuclei.

Statistical analysis

MIB-1 LI obtained before and 3 weeks post-proton treat-
ment were compared using the Wilcoxon rank sum test,
and P < 0.05 was considered to be significant.

RESULTS

Treatment evaluation using CT

UMOR SIZE AND histological findings before and

after proton radiotherapy are compared in Figure 1.
One year post-proton irradiation, a reduction in tumor
size with pathological coagulative necrosis was observed
in 14 out of 15 lesions (93.3%). While five out of the 14
lesions disappeared (100% reduction), the reduction
rate of the other nine lesions did not reach 100% by 1
year post-proton imradiation. However, hypervascularity
disappeared in these nine lesions; therefore, all 14
lesions were diagnosed as having complete response
(CR). In contrast, one case revealed tumor expansion
with hypervascularity at 1 year post-proton therapy. This

© 2013 The Japan Society of Hepatology
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Figure 1 Change in tumor size and histological findings
before and after proton beam irradiation. TACE, transcatheter
arterial chemoermnbolization. O, viable; ¢, degenerative change;
®, necrosis; A, not done; —, proton; - - -, TACE + proton.

case was diagnosed as having progressive disease {PD),
and additional treatment was started without a
follow-up biopsy.

At 3 weeks post-proton therapy, a reduction in tumor
size had already been observed in six out of the 14 CR
lesions (42.9%); however, tumor size was not reduced
in the other eight CR lesions {57.1%). The vascularity of
13 CR lesions was also studied using dynamic CT at 3
weeks post-proton therapy. All lesions preserved hyper-
vascularity and no sign of tumor necrosis was detected
at this time.

Treatment evaluation by standard
histological examination

Histological findings of the 14 CR lesions at 3 weeks
post-proton therapy are displayed in Figure 1. Coagula-

©® 2013 The Japan Society of Hepatology
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tive necrosis in the whole specimen was observed in
four lesions (28.6%), and sporadic celluiar swelling due
to degeneration in viable cancer cells (Fig. 2d) was
observed in six lesions {42.8%). The other four lesions
(28.6%) did not show significant pathological changes,
and these specimens were diagnosed as being viable
HCC.

Treatment evaluation by
immunohistochemical staining for MIB-1

As shown in Figure 2(a,b), although both specimens
were diagnosed as viable HCC by standard HE staining,
the M1IB-1 pasitive cell numbers in post-treatment speci-
mens were clearly reduced compared to the pretreat-
ment specimens. MIB-1 LI obtained before and 3 weeks
after proton treatment were compared in 11 lesions
that did not have coagulative necrosis at 3 weeks
(Fig. 3). MIB-1 LI before treatment were 13.0 +8.5%
(mean + 8D; range, 0.6-27.0) whereas those 3 weeks
after proton treatment were 3.2+ 2.4% (mean+SD;
range, 0.6-8.9). Thus, at 3 weeks post-proton treatment,
a reduction of MIB-1 LI had been observed in all
lesions that had achieved CR at 1 year after treatment
(P <0.05). In contrast, one case that was diagnosed as
having PD at 1 year after treatment did not show a
change in tumor size or changes in histology at 3 weeks
post-treatment, The MIB-1 LI from this case at 3 weeks
after treatment was relatively high compared to before
treatment. There was no significant relation between the
histological or immunohistological changes observed at
3 weeks post-treatment and a history of TACE.

DISCUSSION

UR DATA DEMONSTRATED that at 3 weeks post-

proton therapy, local control of HCC could be
expected when: (i) tumor size reduction was observed
by CT; (ii) a degenerative change in the biopsy specimen
was observed by HE staining; or (iii) MIB-1 LI in the
biopsy specimen was reduced. However, there were
many cases that did not demonstrate: (i) a reduction
tumor size; or (ii) degenerative changes at 3 weeks, and
then diagnosed as having a CR at 1 year post-proton
therapy.

During the early post-irradiated period it may be dif-
ficult to assess the therapeutic response of ICC using an
imaging diagnosis such as CT. Upon assessment of the
direct effect of proton irradiation on the target HCC
tumor, both size reduction and the disappearance of
hypervascularity of the nodule are important findings by
dynamic CT."* However, the tumor size determined by
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Figure 2 Comparison of immunohis-
tochemical findings using the MIB-1

monoclonal antibody before and after N °

proton beam irradiation. Cells with . -~ @
clear brown staining of the entire |
nucleus or nucleolus were defined as e
being MIB-1 positive cells. (a) Case 7.
Before proton irradiation; moderately
differentiated hepatocellular carcinoma ¢
(HCC); MIB-1 labeling index (LI}=
12.0%. (b) Case 7. Three weeks after
proton imradiation, cancer cells appear
viable but MIB-1 LI is markedly reduced
to 2.2%. {c) Case 13. Before proton
irradiation; moderately differentiated
HCC; MIB-1 LI=15.2%. {d) Case 13.
Three weeks after proton irradiation,
cancer cells are swelling due to degen-
erative change; MIB-1 LI=17%.
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{Original magnification, x400.) T

CT often remains unchanged even though the tumor is
completely necrotic.'” Furthermore, hypervascularity is
not always a characteristic feature of undamaged HCC
because an increase in blood flow in the nodule (due to
radiation-induced liver injury) is often observed during
the early post-irradiated period.!***?* We previously
studied tumor blood flow using CECDU and reported
that a transient increase in tumor blood flow was also
recognized by this method in more than half of the
patients immediately after proton therapy.*

Because of the insufficient diagnosability using CT
and CECDU for the degeneration of HCC during the
early post-irradiated period, percutaneous fine-needle
aspiration biopsy was performed. Taking HCC biopsies
is not generally recommended because there is the pos-
sibility of the tumor seeding outside of the liver.*
However, percutaneous biopsy using the coaxial cutting
needle technique was demonstrated to prevent seeding
risk.** We still need to pay attention to other complica-
tion risks such as bleeding, but recent reports demon-
strated that a needle biopsy of HCC is a safe and useful
method for tumor grading® and gathering prognostic
information.*® In our cases, no patient had post-biopsy
bleeding or detectable seeding within 1 year after
treatment.

The effects of conventional radiation therapy on
tumor histopathology are well-documented by Shimo-
sato et al.® After irradiation, cancer tissue scars via a
degenerative change that includes both viable and non-

Histopathology of HCC after proton therapy 5
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viable cancer cells. In contrast, proton beam irradiation
causes ballooning degeneration in uveal melanoma;*®
however, histopathoelogical reports about the effects of
proton therapy on cancer tissues are limited. In the
present study, cellular swelling due to degenerative
changes was observed by HE staining in 42.8% of the 14
CR lesions at 3 weeks post-proton beam irradiation.
However, no degenerative change was observed in the
other 28.6% of the lesions, which means the effect of
proton therapy cannot be completely evaluated by the
HE staining of early post-irradiated biopsy samples.

In contrast, significant reduction of MIB-1 LI at 3
weeks post-proton therapy was observed in all lesions
that had CR at 1 year after treatment. In spite of the
lesions that were diagnosed as viable HCC by standard
HE staining, the MIB-1 positive cell number was clearly
reduced, which suggested that most cancer cells were no
longer in growth phase at 3 weeks after proton therapy.
Indeed, one case diagnosed as having PD at 1 year after
treatment demonstrated elevated MIB-1 LI at 3 weeks
after therapy relative to the before treatment measure-
ment. Thus, MIB-1 LI was a simple and useful index to
evaluate response to proton irradiation during the early
post-irradiation period when tumor size reduction or
the disappearance of hypervascularity of the nodule
cannot be observed using imaging analysis. We could
not set up the cut-off value of MIB-1 LI using the early
post-therapeutic needle biopsy specimen. Comparison
between pre- and post-therapeutic needle biopsies is

© 2013 The Japan Society of Hepatology
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Figure 3 Comparison of MIB-1 labeling indices before and
after proton beam imradiation. CR, complete response; PD,
progressive disease. @, CR after 1 year; O, PD after 1 year.

needed to assess the therapeutic response of HCC by
MIB-1 LI. However, the evaluation by MIB-1 LI may
be difficult in cases with low MIB-1 LI of the pre-
therapeutic needle biopsy.

The proton beam irradiation technique has one
advantage in that a large amount of radiation can be
focused directly on the lesion. Therefore, it is necessary
to set the irradiation field accurately and to synchronize
with the organ motion that accompanies breathing. Our
previous study has suggested that a few lesions did not
achieve Jocal conwol after proton therapy because of a
geographic miss due to imperfect treatment planning.”
The case diagnosed as having PD in the present study is
also thought to have uncontrolled disease for this same
reason.

In summaty, the percutaneous fine-needle aspiration
biopsy of HCC is a safe and useful tool 10 evaluate

© 2013 The Japan Society of Hepatology
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response to proton irradiation during the early post-
irradiated period. In particular, MiB-1 immunostaining
of biopsy specimens was significantly associated with
radiation effects afier proton beam irradiation. When
tumor size reduction or the disappearance of hypervas-
cularity of the nodule was not detected during the early
post-irradiated stage by imaging, comparing the MIB-1
LT before and after proton irradiation therapy may
provide additional information to assess the therapeutic
response of HCC.
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