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R E S EARCH ART I C L E
CHEMOTHERAPY
The Four-Herb Chinese Medicine PHY906 Reduces
Chemotherapy-Induced Gastrointestinal Toxicity
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PHY906, a four-herb Chinese medicine formula first described 1800 years ago, decreases gastrointestinal toxicity in-
duced by the chemotherapeutic drug CPT-11 (irinotecan), as shown in a phase I/II clinical study. Similarly, in a murine
colon 38 allograft model, PHY906 increased the antitumor activity of CPT-11 while decreasing animal weight loss
caused by CPT-11. Here, we have further examined the effect of PHY906 on the intestinal toxicity caused by CPT-11
inmice. PHY906 did not protect against the initial DNAdamage and apoptosis triggered by CPT-11 in the intestine, but
by 4 days after CPT-11 treatment, PHY906 had restored the intestinal epithelium by promoting the regeneration of
intestinal progenitor or stem cells and several Wnt signaling components. PHY906 also potentiated Wnt3a activity in
human embryonic kidney–293 cells. Furthermore, PHY906 exhibited anti-inflammatory effects in mice by decreas-
ing the infiltration of neutrophils or macrophages, tumor necrosis factor–a expression in the intestine, and pro-
inflammatory cytokine concentrations in plasma. Chemical constituents of PHY906 potently inhibited nuclear
factor kB, cyclooxygenase-2, and inducible nitric oxide synthase. Our results show that the herbal medicine PHY906
can counteract the toxicity of CPT-11 via several mechanisms that act simultaneously.
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INTRODUCTION

Many effective chemotherapeutics for cancer are burdened by toxici-
ties that can reduce patient quality of life or hinder their effective use.
Attempts to eliminate toxicity by using isolated compounds have
largely been unsatisfactory, especially for nonhematological toxicities.
Herbal medicines, composed of multiple biologically active com-
pounds, are widely claimed to help a variety of diseases. However,
they have not been fully accepted by mainstream medicine because
of the complex nature of the formulae, as well as a lack of stringent
quality control.

PHY906 is derived from the formulation ofHuangQinTang, which
was first described in Chinese canonical medicine about 1800 years ago
for the treatment of different gastrointestinal symptoms, including
diarrhea, nausea, and vomiting (1). PHY906 consists of four herbs:
Glycyrrhiza uralensis Fisch (G), Paeonia lactiflora Pall (P), Scutelleria
baicalensisGeorgi (S), and Ziziphus jujubaMill (Z). PHY906, current-
ly used in clinical and laboratory studies, can be consistently prepared
by following stringent manufacturing practices. Consistency among
batches of PHY906 can be ensured bymultiple quality-controlmetrics
termed PhytomicsQC, in which comprehensive chemical [liquid
chromatography–mass spectrometry (LC-MS)] (2) and biological
fingerprints are correlated with in vivo biological activities to generate
a Phytomics Similarity Index (details of PHY906 quality control can
be found in the Materials and Methods).

Irinotecan (CPT-11, Camptosar), along with 5-fluorouracil (5-FU)
and leucovorin (LV), is used as first-line therapy for the treatment ofmeta-
static colon or rectal carcinoma. CPT-11 is also approved as a second-
line therapy for recurrent metastatic colon or rectal carcinoma after
5-FU–based therapy. The side effects of CPT-11 include vomiting,
nausea, and diarrhea, which can be serious. Colonic ulceration as a
consequence of intestinal cell death and inflammation, often accompa-
1Yale University School of Medicine, New Haven, CT 06520, USA. 2PhytoCeutica Inc.,
New Haven, CT 06511, USA.
*To whom correspondence should be addressed. E-mail: yccheng@yale.edu
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nied by gastrointestinal bleeding, has been observed in association with
CPT-11 administration (3). Currently, loperamide, an opioid receptor
agonist, is used as an adjuvant drug for relieving CPT-11–induced di-
arrhea, frequently without satisfactory outcomes (4, 5). A phase 1/2
randomized double-blind clinical trial was conducted to examine
PHY906 as an adjuvant to CPT-11, 5-FU, and LV (5-FU/LV) for
treating metastatic colon or rectal carcinoma in chemotherapy-naïve
patients. PHY906 treatment resulted in a significant decrease in patient
nausea and diarrhea, and noPHY906-associated toxicity was observed.
The pharmacokinetics of CPT-11 and 5-FU/LV were unaltered (6). A
phase 1/2 clinical trial is now in progress for the evaluation of PHY906
as an adjuvant to CPT-11 in second-line therapy for metastatic colo-
rectal carcinoma (7). Preclinical studies indicated that PHY906 may
enhance the anticancer activity of CPT-11 while decreasing weight loss
andmortality (8). Here,we used amurinemodel to study howPHY906
reduces intestinal damage caused by CPT-11.
RESULTS

PHY906 increases the antitumor activity of CPT-11 while
decreasing animal weight loss caused by CPT-11
We tested the effect of different dosages of PHY906, given to mice
for 4 days [50, 150, and 500 mg/kg and 1 g/kg orally (po), twice per
day] at about 10:00 a.m. and 3:00 p.m., and loperamide, an anti-
diarrheal agent (2 mg/kg po, twice per day, days 0 to 9), on tumor
growth and body weight loss after a single CPT-11 treatment [350
mg/kg intraperitoneally (ip), day 0]. On day 0, PHY906 and loper-
amide were given 30 min before CPT-11 administration. In the con-
trol groups, mice were given a vehicle, either phosphate-buffered
saline for intraperitoneal administration or water for oral administra-
tion. PHY906 by itself did not significantly inhibit tumor growth.
PHY906 at doses of 150 mg/kg, 500 mg/kg, and 1 g/kg enhanced the
antitumor activity of CPT-11 (all P values < 0.0001) (Fig. 1A). PHY906
at 500 mg/kg and 1 g/kg reduced the body weight loss caused by
enceTranslationalMedicine.org 18 August 2010 Vol 2 Issue 45 45ra59 1
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CPT-11 (both P values < 0.0001) (Fig. 1B). Com-
pared to PHY906, loperamide did not enhance the
antitumor activity of CPT-11 (fig. S1A) and loper-
amidedidnot cause bodyweight recoveryuntil 6 days
after CPT-11 treatment (fig. S1B). Because increasing
the dose of PHY906 to 1 g/kg or lengthening the
treatment duration to 8 days did not improve out-
comes (Fig. 1, A and B, and fig. S2, A and B), we fo-
cused on PHY906 at 500mg/kg (twice per day, days
0 to 3) and the results from days 2 and 4 for further
detailed analysis.

PHY906 promotes intestinal recovery from
damage caused by CPT-11
PHY906 promoted the recovery of histological
changes caused by CPT-11. Within 48 hours, a
single dose of CPT-11 caused destruction of the je-
junum mucosal architecture, in agreement with
previous studies (9–11), and this damage became
more pronounced by day 4 (Fig. 2A).Onday 2 after
CPT-11 treatment, PHY906 had no effect on the
damage caused by CPT-11. However, by day 4,
the CPT-11/PHY906 group had regained a normal
histological structure throughout the small and
large intestines (Fig. 2A and fig. S3). This result in-
dicates that PHY906 facilitates the regeneration of
intestinal cells after CPT-11–induced damage. No-
tably, a normal composition of Paneth cells, endo-
crine cells, and goblet cells could be detected in the
CPT-11/PHY906 group, suggesting that PHY906
promotes crypt recovery without affecting normal
cell differentiation (Fig. 2B). Treatment with PHY906
alone did not affect intestinal histology on day 2 or
4 (Fig. 2, A and B, and fig. S3).
PHY906 decreases apoptotic cells and increases proliferative
cells in the intestine after CPT-11 treatment
Terminal deoxynucleotidyl transferase–mediated deoxyuridine tri-
phosphate nick end labeling (TUNEL) results indicated that
PHY906 did not prevent the initial DNA damage caused by CPT-
11 on day 2 (Fig. 3, A and B, and fig. S4, A and D). By day 4, how-
www.Sci
ever, PHY906 had accelerated the disappearance of TUNEL-positive
cells in the CPT-11/PHY906 group across all intestinal segments (see
P values in Fig. 3B and fig. S4D). Also, on day 4, fewer intestinal apo-
ptotic cells carrying cleaved caspase-3, a sign of apoptosis, were
found in the CPT-11/PHY906 group than in the CPT-11 group
(fig. S4B).
Fig. 1. Effect of PHY906 on the
antitumor activity and toxicity of
CPT-11. (A) Dose effect of PHY906
on the antitumor activity of CPT-11
using themurine colon38allograft
tumor in BDF1 mice. (B) Dose ef-
fect of PHY906 in protecting
against weight loss induced by
CPT-11. CPT-11 (350 mg/kg ip)
was injected once on day 0, and
PHY906 (50 mg/kg, 125 mg/kg,
500 mg/kg, and 1 g/kg po, twice
per day) was administered from
day 0 to day 3. Error bars indicate
SDs; n = 5. Details of experimental
procedures are given in Materials
and Methods.
Fig. 2. Effect of PHY906 on CPT-11–induced intestinal damage in mice implanted with mu-
rine colon 38 allografts. (A) Hematoxylin and eosin (H&E) staining was used to visualize the

formalin-fixed sections of the middle jejunum 2 and 4 days after treatment with drug. (B)
PHY906 promoted the recovery of crypt cells, which displayed normal differentiation after
CPT-11 treatment on day 4. Paraffin sections stained for lysozyme (Paneth cells), chromogranin
A (endocrine cells), and periodic acid–Schiff (PAS) (goblet cells). Details of the experimental
procedures are given in Materials and Methods.
enceTranslationalMedicine.org 18 August 2010 Vol 2 Issue 45 45ra59 2
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Proliferative activity in intestinal crypts was estimated by the
number of proliferating cell nuclear antigen (PCNA)–positive cells
per crypt in different intestinal segments (Fig. 3, C and D, and fig.
S4, C and E). CPT-11 significantly reduced the number of prolif-
erative crypt cells on days 2 and 4, particularly at the bottom of the
crypts (Fig. 3C and fig. S4C). However, on day 4, the number of
crypt-localized PCNA-stained cells in different intestinal segments
of the CPT-11/PHY906 group, although comparable to that of con-
trol or the PHY906-alone group, was much higher than that of the
CPT-11 group (P < 0.001 in all intestinal segments; Fig. 3D and fig.
S4E). Mitotic and transcriptional activities of the crypt cells were
estimated by staining for the phosphorylation of histone H3 at
Ser10, acetylation of histone H3 at Lys9, and trimethylation of his-
tone H3 at Lys4 (fig. S5). Results from these studies indicated that
PHY906 did not prevent the decrease in these activities caused by
CPT-11 on day 2. By day 4, however, the mitotic and transcriptional
activities of the CPT-11/PHY906 group were comparable to the values
in the control or PHY906 group (fig. S5). These results indicated that
the recovered crypt cells in the CPT-11/PHY906 group were actively
proliferating on day 4.

Bromodeoxyuridine (BrdU) incorporation and BrdU pulse-chase
experiments were performed to determine whether the recovery of
intestine epithelial cells was due to on-site repair of the damaged cells
or replacement with new crypt-generated enterocytes. CPT-11 de-
creased the number of BrdU-incorporated cells in the crypt area on
days 2 and 4 (fig. S6 and Fig. 3F, respectively). In the BrdU pulse-
chase experiment, there was faint staining of BrdU of the crypts in
the CPT-11 group, implying that the crypt cells had lost their prolif-
www.Sci
erative activities. In contrast to the CPT-11–alone group, a greater
number of BrdU-stained cells were found in the CPT-11/PHY906
group on day 4 (Fig. 3E). Moreover, from the BrdU pulse-chase ex-
periment, the presence of stained BrdU cells in the middle of the villi
in the CPT-11/PHY906 group suggested that the cells were actively
dividing between days 2 and 4 (Fig. 3E). Therefore, the recovered in-
testinal cells from the CPT-11/PHY906 group on day 4 should rep-
resent newly divided crypt-derived progenitor cells. The effect of
PHY906 alone did not differ from that in the control group when
we used the histological or immunohistological methods described
above.

PHY906 promotes the expression of intestinal progenitor or
stem cell markers after CPT-11 treatment
To establish whether the repopulated crypt cells in the CPT-11/
PHY906 group were intestinal progenitor cells, we stained the cells
with antibody to CD44 (12). Although PHY906 alone had no effect
on the level of CD44, there were fewer CD44-positive cells at the
bottom of the crypts after the 2-day CPT-11 or CPT-11/PHY906
treatment (Fig. 4A). However, the number of CD44-positive cells
in the CPT-11/PHY906 group was higher than in the CPT-11 group
by day 4 (Fig. 4A). Using quantitative real-time polymerase chain re-
action (PCR), we further analyzed the messenger RNA (mRNA) ex-
pression in the middle jejunum on days 2 and 4 for the recently
proposed intestinal stem cell markers Lgr5 (13, 14), Ascl2 (15), and
Olfm4 (15), which are expressed in cycling cells intermingled with
Paneth cells, and Bmi1 (16), an intestinal stem cell marker for the
+4 position of the crypt. PHY906 alone had no effect on the mRNA
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Fig. 3. Effect of PHY906 on DNA damage, expression of PCNA, and incorpo-
ration of BrdU after drug treatment in mice implanted with murine colon 38

views per sample were counted; n ≥ 8). (E) Migration of BrdU-incorporated
cells from crypt to villus in the middle jejunum from day 2 to day 4 [samples
allografts. (A and B) TUNEL assay for the detection of DNA breaks in the in-
testinal cells ofmiddle jejunum sections after drug treatments for 2 and 4days
(three viewsper samplewere counted;n≥ 8). (C andD) PCNA stainingper crypt
in the middle jejunum sections after drug treatments on days 2 and 4 (three
were collected 2 days after injection of BrdU (100mg/kg)]. (F) Incorporation of
BrdU into the intestinal cells of middle jejunum sections after drug treatments
on day 4 [samples were collected 2 hours after injection of BrdU (100mg/kg)].
Details of the experimental procedures are given in Materials and Methods.
enceTranslationalMedicine.org 18 August 2010 Vol 2 Issue 45 45ra59 3

http://stm.sciencemag.org/


R E S EARCH ART I C L E

, 2
01

0

expression of Lgr5, Ascl2, Olfm4, and Bmi1 (Fig. 4, B to E). CPT-11
treatment significantly reduced Lgr5 and Olfm4 expression (Fig. 4, B
and D) but had no effect on Ascl2 expression on day 2 (Fig. 4C). The
reduction of Lgr5 and Olfm4 mRNA expression caused by CPT-11
was reversed by PHY906 on day 4 (P = 0.007 for Lgr5, P = 0.03 for
Olfm4) (Fig. 4, B and D). PHY906 increased Ascl2 expression after
CPT-11 treatment on day 4 (P = 0.017) (Fig. 4C). Bmi1 expression was
not significantly influenced by PHY906 after CPT-11 treatment (Fig.
4E). In summary, PHY906 induced the expression of the progenitor or
stem cell markers CD44, Lgr5, Ascl2, and Olfm4 after CPT-11 treat-
ment. Because CD44, Lgr5, and Ascl2 (17) are Wnt-dependent genes
and the Wnt signaling pathway is important for stem cell self-renewal
and for the proliferation of progenitor cells, we further examined the
effect of PHY906 on the mRNA expression of Wnt signaling compo-
nents. PHY906 increased several of these, including Wnt3 (P = 0.028),
Fzd5 (P = 0.049), Lrp5 (P = 0.044), Pygo2 (P = 0.015 for day 2 and P =
0.042 for day 4), and Axin2 (P = 0.023) (fig. S7, A to E), but not b-
catenin, Dvl, Gsk3b, Apc, Tcf4, Tle1, Tle2, Bcl9, Bcl9-I, Brg1, Cby1,
and Cdc73, 4 days after CPT-11 treatment. These results suggest that
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PHY906 may promote progenitor cell regenera-
tion after CPT-11 treatment by stimulating Wnt
signaling.

b-Glucuronidase–treated PHY906
potentiates Wnt3a activity in the
Wnt/b-catenin signaling pathway
We studied whether PHY906 could directly stimu-
late theWnt/b-catenin signaling pathway. PHY906
had no appreciable activity in potentiating Wnt3a
action at 60 mg/ml and exhibited some inhibition of
Wnt signaling at 200 mg/ml in human embryonic
kidney (HEK) 293 cells harboring a lymphoid
enhancer factor/T cell factor (LEF/TCF) luciferase
reporter system (Fig. 5A). PHY906was subjected to
YCC treatment (seeMaterials andMethods), which
includes HCl (whichmimics the acidic condition of
the stomach) and b-glucuronidase (amajor enzyme
produced by the bacteria in the gastrointestinal
tract). YCC-treated PHY906 can potentiate Wnt3a
action to increase the b-catenin–LEF/TCF–mediated
transcriptional response three times more than of
untreated PHY906 (Fig. 5A), whereas no significant
potentiation was observed with amutated LEF/TCF-
binding element (fig. S8A). We deduced that ac-
tive agents or chemicals for potentiating Wnt3a
action are present in S because an amount of YCC-
treated S, equivalent to the original amount in
PHY906, potentiated Wnt3a action by three times
(Fig. 5B), and no potentiation of Wnt3a action was
found when S was removed from the four herbs (fig.
S8B). As shown in Fig. 5C,HCl-treated S exhibited a
dose response similar to that of the untreated S,
but b-glucuronidase–treated S responded similarly
toYCC-treated S.Overexpressionof uridine diphos-
phate (UDP) glucuronosyltransferases (UGT1A1 or
UGT1A9) in the luciferase reporter cell line elimi-
nated theWnt3a-potentiating activity ofPHY906-YCC
or S-YCC (Fig. 5, D and E). These results suggest
www.Sci
that a compound or compounds lacking glucuronoside(s) are respon-
sible for potentiating Wnt3a action. We further tested the effect of
PHY906 on the expression of Axin2, which is a target gene of b-catenin.
After YCC treatment, both PHY906 and S potentiated the ability of
Wnt3a to induce Axin2 expression in HEK-293 cells (Fig. 5F).

PHY906 inhibits CPT-11–triggered inflammation
As previously reported (10, 11), CPT-11 alone caused pathological
changes associated with the infiltration of inflammatory cells (neu-
trophils and macrophages) and an increase of tumor necrosis factor–a
(TNF-a) in the intestine as measured 4 days after treatment (Fig. 6A).
Infiltration of the aforementioned inflammatory cells and markers was
blocked by PHY906 in the CPT-11/PHY906 group (Fig. 6A). As
expected, PHY906 significantly reduced the amount of macrophage
chemotactic protein–1 (MCP-1) mRNA (P = 0.019) in the middle je-
junum tissue and the amount of the proinflammatory cytokines TNF-a
(P = 0.024) and MCP-1 (P = 0.016) in the plasma triggered by CPT-11
on day 4 (Fig. 6, B and C, and fig. S10, A and B). PHY906 also reduced
CPT-11–induced inducible nitric oxide synthase (iNOS)mRNAon day
Fig. 4. Effect of PHY906 and/or CPT-11 on the expression of intestinal progenitor or stem cell
markers. (A) CD44 staining in the middle jejunum sections after drug treatments on days 2 and

4. (B to E) Quantitative real-time PCR for themRNA expression of the proposed intestinal stem cell
markers Lgr5, Ascl2, Olfm4, and Bmi1 of the middle jejunum on days 2 and 4 after the administra-
tion of drug. In (B) to (E), each spot represents the mean of two to three different experiments
(triplicate samples of each;n≥8). Closedblue symbols are results fromday2, andopen red symbols
are results from day 4. Details of experimental procedures are given in Materials and Methods.
enceTranslationalMedicine.org 18 August 2010 Vol 2 Issue 45 45ra59 4
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2 (P = 0.032) (fig. S9C). Cyclooxygenase-2 (COX-2)mRNA expression
was not induced by CPT-11 in our model on day 2 or 4 (fig. S9D). No
significant alterations were observed in the chemokine pathways studied
[CCL3, CCl4, CCl5, CXCL10, CXCL14, interleukin-18 (IL-18), and IL-1B]
in the middle jejunum segments after treatment with CPT-11/PHY906
compared to CPT-11 alone. In cell culture, YCC-treated PHY906 and
YCC-treated S had a more pronounced inhibitory effect on TNF-a–
induced NF-kB activity than untreated PHY906 (P < 0.0001 and P <
0.0001, respectively) (Fig. 6D and fig. S10C). PHY906, and the individ-
ual components G, P, and S, also inhibited COX-2 in the absence of
b-glucuronidase (Fig. 6E and fig. S11). The anti-iNOS activity of PHY906
was reduced by half after YCC treatment (P = 0.0374) (Fig. 6F). The
anti-iNOS activity of PHY906 was primarily attributed to S, which also
reduced anti-iNOS activity after YCC treatment (P= 0.0086) (fig. S12C).
Because PHY906 directly targets iNOS and COX-2 enzymes, PHY906
may help reduce the downstream inflammatory cascades triggered by
iNOS and COX-2.
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The experimental results presented here, in line with previous observa-
tions, support the conclusion that PHY906 can effectively reduce CPT-
11–induced gastrointestinal toxicity. CPT-11 is converted into the
active metabolite SN38 (7-ethyl-10-hydroxy-camptothecin) by hepatic
www.Sci
and intestinal carboxyesterases. Twenty-four hours after administra-
tion of CPT-11, SN38 can induce life-threatening diarrhea in patients
(9). SN38 is metabolized by hepatic UDP glucuronosyltransferase to
form an inactive SN38G that is excreted into the bile (18, 19). However,
intestinal bacterial b-glucuronidases can transform SN38G back into
the active SN38 form that can directly damage the intestine and result
in intestinal inflammation. Because PHY906 did not protect against the
onset of CPT-11–induced damage in the intestine, it is unlikely that
PHY906 glucuronides competed effectively with SN38G for glucuroni-
dases. Our previous pharmacokinetic studies also indicate that
PHY906 did not affect the pharmacokinetics of CPT-11, SN38, or
SN38G in the plasma of animals (20).

Although PHY906 does not protect the intestine from the initial
damage caused by CPT-11, PHY906 can effectively inhibit multiple in-
flammatory markers induced by CPT-11. Unlike single therapeutic
agents, PHY906hasmultiple sites of actionon inflammatory pathways,
including TNF-a–induced NF-kB–mediated transcriptional activity
and COX-2 and iNOS enzyme activity. Our in vitro experiments
showed that YCC treatment enhanced the anti–NF-kB activity of
PHY906, suggesting that the active compoundsmay be aglycone flavo-
noids. Flavonoids, including baicalein, chrysin, oroxylin A, and wogo-
nin (which are present in both PHY906 and S), have been shown to
have anti–NF-kB activity (21–27). PHY906 also inhibits COX-2 and
iNOS, which are downstream of NF-kB and are mediators of gut diar-
rhea and inflammation (28, 29). Because YCC treatment can decrease
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Fig. 5. Effect of b-glucuronidase treatment on PHY906 potentiation of
Wnt3a activity of Wnt/b-catenin signaling in HEK-293 cells. HEK-293 cells

Wnt3a potentiation. (D and E) Effects of the overexpression of UGT1A1
and UGT1A9 on the Wnt3a potentiation activity of PHY906-YCC and S-YCC.
are stably transfected with a LEF/TCF luciferase reporter plasmid. (A)
Effects of PHY906 and PHY906-YCC on Wnt/b-catenin signaling. (B)
Effects of YCC-treated single herbal extraction on Wnt/b-catenin
signaling. (C) Effects of HCl and b-glucuronidase treatment of S on
(F) Effect of PHY906 and S (90 mg/ml) on the action of Wnt3a to induce
Axin2 expression. Values are means from three to five different experi-
ments (triplicate samples of each); error bars indicate SDs. Details of ex-
perimental procedures are given in Materials and Methods.
enceTranslationalMedicine.org 18 August 2010 Vol 2 Issue 45 45ra59 5
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the inhibitory activity of PHY906 on iNOS, but not on COX-2, it is
unlikely that the active compounds within PHY906 that inhibit
COX-2 and iNOS are the same.

A notable property of PHY906 is its ability to promote the recovery
of damaged intestinal tissue by repopulating progenitor or stem cells
and by increasing the proliferating activity of the crypts after CPT-11
treatment. TheWnt-potentiating activity of PHY906may contribute to
this repopulation of crypts cells expressing CD44, Lgr5, and Ascl2 be-
cause Wnt/b-catenin signaling is important for stem cell self-renewal
and proliferation of progenitor cells in many tissues including the
intestine (30). Our results are consistent with the results of a study
demonstrating modification of Wnt signaling as a strategy to reduce
chemotherapy-induced mucosal injury (31). That study used a single
purified humanR-spondin1protein,which can stimulateWnt signaling
by interfering with DKK1/Kremen-mediated internalization of LRP6
and increasing LRP6 on the cell surface, and showed that it can reduce
5-FU–inducedmucositis in vivo (31, 32). In contrast, themechanism of
the Wnt-potentiating activity of PHY906 may involve multiple steps
www.Sci
because PHY906 induces several Wnt signaling components after
CPT-11 treatment, including Wnt3, Fzd5, Lrp5, and Pygo2. Pygo2 is
a coactivator of the b-catenin–TCF complex (33) and has been recently
suggested to facilitate histone H3 K4 trimethylation (both globally and
within theWnt/b-catenin–targeted loci), which results in expansion of
mammary progenitor cells, and to increase histone H3 acetylation, a
critical componentof spermatogenesis (34, 35). The inductionof Pygo2
by PHY906 after CPT-11 treatment sheds lights on why PHY906 in-
creases histoneH3K4 trimethylation and acetylation of intestinal crypt
cells after CPT-11 treatment. TheWnt-potentiating activity of PHY906
was enhanced by b-glucuronidase treatment and inhibited by overex-
pression of UDP glucuronosyltransferases. These results suggest that
Wnt signaling in tissues with different b-glucuronidase/UDP glucuro-
nosyltransferase ratios will be differentially affected by PHY906.
PHY906 is administered orally and therefore is exposed to intestinal
bacteria that express b-glucuronidase, which probably uncovers the
Wnt-potentiating activity of PHY906. We suspect that the treatment
for 4 days with PHY906 alone did not affect the intestinal progenitor
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Fig. 6. Effect of PHY906 on the inflammation triggered by CPT-11 in the
murine colon 38 allograft–implanted BDF1 mouse model. (A) Neutrophil

red symbols are results from day 4. (D) Inhibitory activity of PHY906 on the
TNF-a–induced, NF-kB–mediated transcriptional activity. (E and F) Inhibitory
and macrophage infiltration and TNF-a expression in the middle jejunum
section 4 days after treatment. (B and C) Detection of TNF-a andMCP-1 pro-
tein in the plasma on posttreatment days 2 and 4. In (B) and (C), each spot
represents the mean from two to three different experiments (triplicate
samples of each;n≥ 8). Closedblue symbols are results fromday 2, andopen
activity of PHY906 on COX-2 and iNOS enzyme activity. In (D) to (F), values
are means from three different experiments (triplicate samples of each);
error bars indicate SDs. P values in each graph were analyzed by two-way
ANOVA for comparing the difference of thedose-response curves. Details of
experimental procedures are given in Materials and Methods.
enceTranslationalMedicine.org 18 August 2010 Vol 2 Issue 45 45ra59 6
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cell growth because negative feedback mechanisms prevent outgrowth
of progenitor cells under normal conditions.

In summary, we report that PHY906, a four-herb formulation,
reduced the gastrointestinal toxicity of CPT-11 through multiple
mechanisms of action that included inhibition of multiple steps
of inflammation and the promotion of intestinal progenitor cell re-
population. The development of such multicomponent herbal med-
icines capable of targeting multiple sites could be useful for future
drug discovery and the potential management of complicated dis-
eases. Additionally, mechanistic studies and identification of active
compounds could lead to new discoveries in biological and bio-
medical sciences.
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MATERIALS AND METHODS

PHY906 is manufactured to ensure the preparation is of high quality
(Supplementary Material). The detailed quality-control methodology
PhytomicsQC is described elsewhere (36, 37). Murine colon 38 cells
were transplanted subcutaneously into 4- to 6-week-old female BDF1
mice (Charles River Laboratories). After 10 to 14 days, mice with tumor
sizes of 150 to 300 mm3 were selected. PHY906 was given for 4 days
(500 mg/kg po, twice per day), and CPT-11 (350 mg/kg ip) was ad-
ministered on day 0. On day 0, PHY906 was given 30 min before
CPT-11 administration. Mice (BDF1 bearing colon 38 tumors) were
killed by cervical dislocation 2 or 4 days after initiation of drug treat-
ment. Intestinal and colon tissues were removed, fixed in formalin,
embedded in paraffin, and sectioned at 10 mm. Immunohistochemistry
was used to detect protein expression of the intestinal tissues. Apopto-
sis was quantified by the TUNEL assay for detectingDNAbreaks in the
cells of the intestinal tissues. Quantitative real-time reverse transcrip-
tion PCR (RT-PCR) was used to quantify mRNA expression. Lucifer-
ase reporter assay was used to study the b-catenin/TCF–mediated
transcriptional activity. Cytokines in the plasma were measured with
the BD Cytometric Bead Array. The prostanoid product of the COX-2
activity assaywas quantified by LC-MS. iNOS activity wasmeasured by
a colorimetric nitrite assay. Data were analyzed by one- or two-way
analysis of variance (ANOVA) (GraphPad Prism 4), Student’s t test
(Microsoft Office Excel), and correlation analysis (GraphPad Prism
4). The difference was considered to be statistically significant when
P < 0.05.
SUPPLEMENTARY MATERIAL

www.sciencetranslationalmedicine.org/cgi/content/full/2/45/45ra59/DC1
Materials and Methods
Fig. S1. Effect of PHY906 and loperamide on the antitumor activity and animal toxicity of CPT-11.
Fig. S2. Effect of PHY906 treatment duration on the antitumor activity and animal toxicity of
CPT-11.
Fig. S3. Hematoxylin and eosin staining of middle jejunum sections from sample collected at
days 2 and 4 after drug treatments.
Fig. S4. Apoptosis and proliferation of intestinal cells after drug treatment.
Fig. S5. Immunohistochemical staining for phosphorylation of histone H3 at Ser10, acetylation
of histone H3 at Lys9, and trimethylation of histone H3 at Lys4 of middle jejunum sections.
Fig. S6. Incorporation of BrdU into the intestinal cells of middle jejunum sections after drug
treatment on day 2.
Fig. S7. Effect of drug treatment on the expression of genes of Wnt/b-catenin signaling.
Fig. S8. Effect of PHY906 on Wnt3a activity of Wnt/b-catenin signaling in HEK-293 cells.
Fig. S9. Expression of genes for inflammation after drug treatment.
www.Sci
Fig. S10. Effect of PHY906 on NF-kB–mediated transcriptional activity.
Fig. S11. Effect of PHY906 on COX-2 enzyme activity.
Fig. S12. Effect of PHY906 on iNOS enzyme activity.
Table S1. Quantitative real-time PCR primers.
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