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Abstract

The roots of Salvia miltiorrhiza (“Danshen”) are used in traditional Chinese medicine for the
treatment of numerous ailments including cardiovascular disease, hypertension, and ischemic
stroke. Extracts of S. miltiorrhizaroots in formulation “Compound Danshen Dripping Pill” is
undergoing clinical trials in the U.S. To date, the active components of this material have not been
conclusively identified. We have determined that S. miltiorrhiza roots contain potent human
carboxylesterase (CE) inhibitors, due to the presence of tanshinones. K; values in the nM range
were determined for inhibition of both the liver and intestinal CEs. As CEs hydrolyze clinically
used drugs, the ability of tanshinones and S. milftiorrhiza root extracts to modulate the metabolism
of the anticancer prodrug irinotecan (CPT-11) was assessed. Our results indicate that marked
inhibition of human CEs occurs following incubation with both pure compounds and crude
material, and that drug hydrolysis is significantly reduced. Consequently, a reduction in the
cytotoxicity of irinotecan is observed following dosing with either purified tanshinones or S.
miltiorrhiza root extracts. It is concluded that remedies containing tanshinones should be avoided
when individuals are taking esterified agents, and that patients should be warned of the potential
drug-drug interaction that may occur with this material.

In the past, drug discovery approaches traditionally used natural products as templates for
the design of novel therapeutic agents. However recently, with the advent of alternative
screening and chemical synthesis strategies, a considerable number of newly approved drugs
have been developed using totally synthetic scaffolds. However, the majority of these
molecules tend to be insoluble in agueous media and have relatively poor bioavailability. To
overcome these liabilities, medicinal chemists typically add chemotypes such as esters,
sulfonamides and amides. Therefore many new clinically used agents (e.g. Lunesta®
(eszopiclone), Ritalin® (methylphenidate), Altace® (ramipril)) contain ester moieties and
are, as a consequence, substrates for carboxylesterase enzymes (CE).1 2 These proteins
hydrolyze these small molecules into the corresponding carboxylic acid and the alcohol,3 4 a
process that can either activate, or inactivate the drug.

In humans, two CE isoforms have been characterized 58 that demonstrate markedly
different substrate specificities and patterns of expression. hCE1 (CES1) is primarily
expressed in the liver and hydrolyzes small, relatively compact molecules. This includes
drugs such as Plavix® (clopidogrel),? methylphenidate,! and Tamiflu® (oseltamivir).10 In
contrast, hiCE (CES2; hCEZ2) is localized to the epithelia of the gut, the liver, and the
kidney, and demonstrates considerably more plasticity with respect to compounds that can
be hydrolyzed.! This includes the anticancer agent irinotecan, (CPT-11, 7-ethyl-10-[4-(1-
piperidino)-1-piperidino]carbonyloxycamptothecin)® 8 and the alkaloid cocaine.12 The
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difference in substrate specificity of these proteins is likely due to the regulated access of the
ester to the catalytic residues that are buried deep within the protein, at the bottom of a long
hydrophobic gorge.13-15

Recently, we identified several different classes of selective CE inhibitors and demonstrated
that some of these molecules are cell permeable.16-20 These compounds resulted in the
modulation of drug metabolism, and with irinotecan, led to reduced cytotoxicity in cell
culture models 8. These results confirmed that inhibition of CEs can be deleterious with
respect to prodrug hydrolysis, and that such activities may compromise the therapeutic
efficacy of clinically used agents. While a few reports have appeared on the occurrence of
CE inhibitors of plant-origin, the majority of these compounds demonstrate only modest
activity, with K; or ICsg values in the low micromolar range.2!: 22 These molecules were
identified by screening different extracts against purified pig liver using a colorimetric
substrate. In the present investigation a different approach was adopted, using a defined
pharmacophore model to identify structural analogues and then assaying these purified
compounds. Using this methodology, the tanshinones have been identified as potent CE
inhibitors, and it has been demonstrated that these molecules are present within the Chinese
herbal medicine Danshen. Extracts of the latter, and the tanshinones, modulate the efficacy
of irinotecan-induced cytotoxicity by inhibiting human CEs.

RESULTS AND DISCUSSION

Identification of Tanshinones as Potential Inhibitors of Human CEs

Based on our previous observations using benzils, isatins, 1,2-quinones, alkyl-1,2-diones
and 1-phenylalkyl-1,2-diones,16: 19. 23-25 oyr group has identified the essential components
of small molecules that account for CE inhibition. These include the necessity for the 1,2-
dione chemotype that is not sterically hindered, the presence of relatively small hydrophobic
domains, and the absence of a heteroatom in the a-position with respect to the carbonyl
carbon atom (Figure 1). Using this information, a pharmacophore model was generated
based on ten previously identified potent CE inhibitors using MOE 2011.10 software. These
molecules, and their associated Kj values, are presented in Table 1. The development of the
pharmacophore was driven principally by observations that efficient CE inhibition was only
observed by molecules containing a 1,2-dione chemotype that had a relatively high clogP
value (typically >3; Figure 119 23-25) Therefore, two molecules each, of five different
chemical classes were selected that met these criteria (Table 1), and a suitable model was
generated that could be used for database searching. Alignment of these molecules using
MOE software (Figure 2A) demonstrated that the 1,2-dione moiety demonstrated excellent
overlap, with the corresponding pharmacophore model (Figure 2B) consisting of essentially
six different elements (the electrophilic oxygen atoms, the carbonyl carbon atoms, and two
hydrophaobic centers derived from the adjacent domains of the compounds).

This pharmacophore was then used to search a subset of natural products present in the
ZINC database (the Molecular Diversity Preservation International (MDPI) collection),
resulting in 4512 hits. To eliminate molecules that did not contain the ethane-1,2-dione
chemotype, filtering was undertaken using the C(=0)C(=0) motif (the SMILES notation for
the 1,2-dione). This resulted in 265 candidate compounds, and Table 2 displays the
structures and root mean squared deviation (RMSD) values for the top 20 scoring
compounds. Subsequent filtering was then employed to remove amides since it has been
demonstrated previously that the inclusion of the nitrogen atom deactivates the ketone,
making these compounds inactive towards CEs.2® This eliminated compounds 5, 6, 8-11,
13, 16, 18, and 19. It should be noted that due to the symmetry of the pharmacophore,
duplicates were frequently obtained since the model could align with the target compounds
in at least two different conformations. Examination of the compounds that met all of the
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search criteria (1-4, 7, 12, 14, 15, 17, and 20) indicated that in general, these molecules were
polycyclic and contained at least one aromatic ring, with the 1,2-dione usually present
within a cyclohexyl moiety. Commercial sources for these compounds were determined
using the ZINC database and at the time of these searches (March 2012), compounds 1-4
were unable to be obtained. However, compound 7 (tanshinone 11A) was readily available
and was used to assess inhibition of the human CE and cholinesterases (ChEs).

Inhibition of Human Esterases by Tanshinones

Inhibition of hiCE, hCE1, hAChE, hBChE was assessed using tanshinone 11A (7) and while
modest activity was seen with the CEs when using the generic esterase substrate o-
nitrophenyl acetate (0-NPA; 2.4 .M and 6.9 M, for hiCE and hCEL, respectively; Table
3), 7 was much more potent when irinotecan was used (69 nM with hiCE). Since irinotecan
is a very poor substrate for hCE1, inhibition of hydrolysis of this compound was not
determined. Interestingly however, 7 did not inhibit either human AChE or BChE. Since
several analogues of tanshinone 11A are commercially available, these compounds were
obtained and assessed for enzyme inhibition. As indicated in Table 3, different levels of
activity were observed, with the most potent compounds being miltirone (23) and
cryptotanshinone (24). Both of these molecules demonstrated mid-nanomolar K; values for
hiCE with both o-NPA and irinotecan, and modest activity towards hCE1. Indeed the lowest
inhibition constant observed with this series of compounds (40 nM for 23 with hiCE and o
NPA) was comparable with that seen with the benzil analogues.

While most compounds were more potent towards hCE1 than hiCE when using o-NPA as a
substrate, the most active molecule, miltirone (23), generated K; values similar to those
observed for compounds used in the development of the pharmacophore. Furthermore, when
using irinotecan as the substrate, molecules 7, 23, and 24 yielded inhibition constants that
were similar to that seen for benzil.12 Since our group has demonstrated previously that
benzil can reduce the toxicity of irinotecan in cell culture assays (by limiting intracellular
drug hydrolysis and therefore concentrations of the active metabolite SN-38), it was
considered likely that the tanshinone derivatives would exhibit similar activity.

It was also observed that dihydrotanshinone (22) and cryptotanshinone (24) demonstrated
modest activity towards hAChE, but not BChE. Since both of these small molecules have
increased saturation of the furan ring, and a chiral carbon in the B-position with respect to
the cyclic oxygen (components not seen in the other analogues), this suggest that these
domains are important for AChE inhibition. Clearly however, this only applies for hAChE
since no inhibition of hBChE was observed for any of the tanshinone analogues.

Kinetic analyses for all enzyme/substrate/inhibitor combinations indicated that the mode of
enzyme inhibition was partially competitive. This indicates that the inhibitor demonstrates
structural similarity to an esterified substrate molecule, but is unable to completely inhibit
product formation. This is consistent with all of the previous results obtained for the 1,2-
dione-containing inhibitors.18: 19.25.26 | addition, the results presented here provide further
support for the hypothesis that the catalytic serine Oy atom within the enzyme attacks the
carbonyl carbon atom of the inhibitor, but fails to cleave the carbon-carbon bond within the
dione.1 25 This is likely due to the increased strength and decreased polarity of the latter, as
compared to the weaker, more polar bond present within an ester.

Isolation of Tanshinones from Salvia miltiorrhiza roots

Since tanshinones are abundant in the roots of Sa/via miltiorrhiza Bunge (Lamiaceae; red
sage) and this material is used in Chinese herbal medicine under the name “Danshen”, a
sample of the latter was obtained and the ability of extracts of this material to inhibit CEs
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was assessed. Three different extracts were generated using hot water, acetone or 56%
ethanol. The latter was used since in Chinese medicine, “Danshen” is frequently steeped in
“Baijui”, a distilled sorghum liquor, that contains high concentrations of ethanol. As
indicated in Table 4, organic solvent extracts of S. miltiorrhizaroots contained large
amounts of compounds that inhibited both hiCE and hCE1. Indeed, ICgq values as low as 15
ng/mg were observed for this material. Due to the likely presence of numerous tanshinones
in these extracts it is not possible to generate an accurate K; value for enzyme inhibition.
However, if we assume that the active components present within the sample have a
molecular weight of ~300 Da (the molecular weights of tanshinone | and 1A are 276.2 and
294.3, respectively), for the most potent extracts, this would equate to a K; value of ~60 nM.
Since this is similar to the values seen for the benzil and benzene sulfonamide-based hiCE
inhibitors,17: 19 20 this indicates that very potent compounds are present within the S.
miltiorrhiza root extracts.

Having established that CE inhibitors were present within S. miltiorrhiza root extracts,
chromatographic separation of the acetone sample was undertaken and the fractions obtained
were assessed for inhibition of hiCE and hCE1 using o-NPA as substrate. As depicted in
Figure 3A, significant enzyme inhibition was observed in fractions 13.-17, with peak
activity occurring in fraction 16. To evaluate the molecule(s) responsible for this inhibition,
this fraction was subjected to UPLC/HRMS and the masses of the major components in the
sample were determined. As indicated in Figure 3B, tanshinone | (21), tanshinone 1A (7),
and dihydrotanshinone (22) were detected in this material, confirming that CE inhibition is
likely due to these compounds. While we do not know the relative contribution toward
enzyme inhibition and the exact amounts of all of the inhibitory compounds in these
samples, our preliminary semi-quantitative MS analyses indicate that up to 10 mg of
tanshinone 1A is present in acetone extracts of 5g of S. miltiorrhiza root. Hence, this herbal
material may represent an important source of tanshinones that might mediate modulation of
esterified drug metabolism.

Inhibition of hiCE by Tanshinones and S. miltiorrhiza root extracts

Having demonstrated that the tanshinones are potent CE inhibitors toward purified enzymes
in vitro, their ability to effect intracellular inhibition of hiCE was evaluated using 4-
methylumbelifferone acetate (4-MUA) as a substrate. In these studies, a fluorescence-based
assay was used, as previously developed,18 which monitors the in situ hydrolysis of 4-MUA
in U373MG cells. If reduced substrate metabolism is observed in these assays, this indicates
that the inhibitor is cell permeable, and can inhibit hiCE intracellularly. As shown in Table
5, all tanshinones except tanshinone sulfonate (25) were able to inhibit hiCE, indicating that
the molecules can cross cell membranes and reduce substrate hydrolysis by up to 90%, as
compared to the control. These values are similar to that seen for benzil (Table 518).
Furthermore, both acetone and ethanolic (not shown) extracts of S. miltiorrhizaroot, as well
as fraction 16 of the former, also exhibited intracellular inhibition of hiCE in U373MG cells
(Table 5). It is not surprising that the sodium salt of tanshinone sulfonate (25) failed to
inhibit in these assays since this molecule is charged and its cell permeability is likely to be
very poor. In addition, since this was one of the least potent compounds evaluated, it is
unlikely that even if the compound were able to enter the cell that it would effectively
inhibit hiCE.

Based upon these data, it was assessed as to whether the pure tanshinones and S. miltiorrhiza
root extracts were capable of modulating irinotecan hydrolysis in vivo. We have previously
demonstrated that benzil can reduce SN-38 hydrolysis in cells expressing hiCE, and this
alters the sensitivity of the cells to the drug.® Hence, it is likely that the natural product
compounds evaluated here would have similar properties. To assess whether the reduction in
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hiCE activity generated by these compounds would reduce the sensitivity of cells to
CPT-11, growth inhibition assays were undertaken. In these studies, cells expressing hiCE
were preincubated with either purified tanshinones or S. miltiorrhiza root extracts for 1 h
and the Glsq values for irinotecan were determined. As indicated in Table 5, changes in
cellular sensitivity to the drug were observed for all tanshinones and extracts, due to reduced
production of SN-38. Indeed, with some compounds such as dihydrotanshinone (22), the
Glgq value for CPT-11 increased as much as ten-fold as compared to cells treated with
DMSO (Table 5). Hence, all of the tanshinones (with the exception of 25), as well as the
acetone root extract of S. miltiorrhiza, were able to reduce the sensitivity of U373G cells
expressing hiCE to irinotecan. These data further confirm that these molecules are cell
permeable and can modulate SN-38 production in vivo.

The metabolism of esterified drugs by CEs represents a key process in the either activation
or inactivation of numerous clinically used agents.k: 5 8-10 Hence compounds that modulate
the activity of these enzymes will likely affect drug efficacy. We have identified a class of
agents (tanshinones), present within the Chinese herbal medicine “Danshen” (S. miltiorrhiza
roots), that are polycyclic compounds and contain a 1,2-dione moiety that are potent human
CEs inhibitors.

“Danshen” has been recommended for use in Chinese medicine for numerous conditions
including cardiovascular and cerebrovascular disease. However, it has recently been
approved by the FDA for clinical trials in the United States under the moniker “Compound
Danshen Dripping Pills”. According to the clinicaltrials.gov website (http://
www.clinicaltrials.gov), four clinical trials are being conducted, or have been completed, in
the U.S. using this material. The specific conditions that are being targeted in these studies
are hypertension, coronary heart problems and polycystic ovary disease. To date, the active
components in “Compound Danshen Dripping Pills” have not been identified, although in
vitro and in vivo experiments have ascribed several different properties to S. miltiorrhiza
root. These include the cytotoxicity of tanshinones towards tumor cells,2-2° the modulation
of levels of oxidative species in cells treated with these agents,39-32 as well as specific
effects on cellular biochemistry.33-35 Clearly therefore, S. miltiorrhizaroot and the
compounds present within the extracts generated have considerable biological activity.
Interestingly however, in our cell culture-based assays (either the 4-MUA or the growth
inhibition experiments with irinotecan), no adverse effects were observed at 1 .M.
However, at these concentrations, significant intracellular inhibition of hiCE and modulation
of drug sensitivity to irinotecan were demonstrated (Table 5). This would suggest that the
levels of tanshinones present that are required to affect cell survival are considerably greater
than that necessary to inhibit CEs.

These results portend that individuals who may take extracts containing S. miltiorrhiza roots
(“Danshen™) would likely demonstrate reduced hydrolysis of esterified drugs. Since
numerous clinically used agents contain this chemotype, potentially, significant drug-drug
interactions might be observed when these compounds are combined. Clearly, changes in
drug hydrolysis would depend upon the pharmacokinetics of the tanshinones, the
formulation and amounts of S. miltiorrhizaroots used (e.g., organic tinctures vs. herbal
teas), the source of the material (e.g., crude roots vs. finely ground powders) etc. However,
due to the potency of the inhibition that we have observed and the ubiquitous nature of the
ester chemotype in many drugs, we believe that further investigation of the likelihood for
drug-drug interactions are warranted. Both in vitro and in vivo studies to assess this
hypothesis are currently underway.

J Nat Prod. Author manuscript; available in PMC 2014 January 25.
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EXPERIMENTAL SECTION

General Experimental Procedures

The glioblastoma line (U373MG), that has been engineered to overexpress hiCE, has been
described previously.18 Tanshinone I, tanshinone I1A, tanshinone I1A sulfonate, miltirone,
dihydrotanshinone and cryptotanshinone were obtained from LKT Labs (St. Paul, MN),
ChromaDex (Irvine, CA), Carbocore (The Woodlands, TX) or Bosche Scientific (New
Brunswick, NJ). Benzil, o-NPA, and 4-MUA were obtained from Sigma Chemicals (St.
Louis, MO). CPT-11 was a kind gift from Dr. J.P. McGovren (Pfizer, NY).

Human CEs (hiCE and hCE1) were purified from baculovirus-infected Spodoptera
frugiperda cells as previously described.12- 38 Human acetyl- and butyrylcholinesterase
(hAChE; hBChE) were purchased from Sigma Chemicals.

For identification of components within extracts using HRMS, samples were separated and
analyzed on an Acquity UPLC coupled to a Xevo G2 QToF mass spectrometer (Waters
Technology Co., Milford, MA). Identity was validated by comparison to chromatographic
retention times obtained for commercially available tanshinone standards and by HRMS.

Plant Material

Dried roots of S. miltiorrhiza Bunge (lot number 6069902) were purchased from a local
Chinese grocery in Memphis, originally provided by South Project Ltd. (Hong Kong). A
voucher specimen (#P0001) was deposited in the Department of Chemical Biology and
Therapeutics, St. Jude Children’s Research Hospital.

Extraction and Isolation

Extracts of S. miltiorrhizaroot (*Danshen”) were generated by incubating 5 g of plant
material with 100 mL of solvent (water, acetone, or 56% ethanol/44% water). Different
approaches (refluxing, microwave extraction), times (up to 18 h) and temperatures (ambient
to solvent boiling point) were used. Solutions were clarified by filtration, solvents removed
under reduced pressure, and resulting solids were then weighed and dissolved in methanol.
Extracts that demonstrated the highest potency towards the inhibition of CEs were then
subjected to chromatographic separation using a previously published procedure.3” Briefly,
following removal of polyphenols, compounds were separated by reversed-phase semi-
preparative HPLC on a C1g column (30 x 50 mm, 110 A, 5 M) using a water/methanol
gradient. This resulted in ~25 fractions that were dried, weighed, and dissolved in DMSO.

Pharmacophore Development and Library Searches

Alignment of molecules and development of pharmacophore models was achieved using
MOE 2011.10 software (Chemical Computing Group, Montreal, Canada). Briefly, candidate
compounds were minimized and the Flexible Alignment module was used to overlay
compounds with the default settings, except that the logP option was selected. This was
chosen since an inverse correlation between clogP and inhibitor potency has been
demonstrated previously.23: 25 The top scoring alignment for these studies was then used for
the development of the pharmacophore.

Pharmacophore models were calculated using the Pharmacophore option in MOE with
constraints developed for the C=0 bonds and the carbon atoms within the 1,2-dione group.
Derived models were then used to search the Molecular Diversity Preservation International
database (ca. 22,000 unique molecules). The results were sorted using the mean RMSD
distances, and compounds lacking the 1,2-dione moiety were discarded.

J Nat Prod. Author manuscript; available in PMC 2014 January 25.
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Enzyme Inhibition

Intracellular

Inhibition of CE was determined using a spectrophotometric assay with o-NPA as a
substrate. Typically at least 8 concentrations of inhibitor were used, and data were evaluated
using the following multifactorial equation:

_ R[s1A-B)+K s(a=Pp)}
T[T s]+aK s}+Ki{a[ s]+aK s}

where i is the fractional inhibition, [/] is the inhibitor concentration, [s] is the substrate
concentration, a is the change in affinity of the substrate for enzyme, B is the change in the
rate of enzyme substrate complex decomposition, Ky is the dissociation constant for the
enzyme substrate complex, and K; is the inhibitor constant.12: 19. 20, 38, 39 Examination of the
curve fits, where a ranged from 0 to oo and  ranged from O to 1, was performed using
GraphPad Prism software and Perl data language.1®: 20 Curves were generated and analyzed
using Akaike’s information criteria.?: 41 Finally, using the equation generated by Prism
considered to be the best fit for the datasets, K; values were then calculated.1® 20 For crude
extracts, data are presented as 1Csq values (amount of sample required to reduce enzymatic
activity by 50%) since the amounts and molecular weights of the components present within
the material are unknown.

Inhibition of hAChE and hBChE were assessed using acetylthiocholine or
butyrylthiocholine as substrates, respectively.42-44

Inhibition of hiCE

To assess intracellular inhibition of CEs, U373MG cells expressing hiCE were exposed to 1
M inhibitor for 1 h, and, after addition of 4-MUA to a final concentration of 750 wM, the
reduction of the production of 4-methylumbelliferone was determined by fluorescence
spectrometry.18 Data were recorded continuously for 2 min and the percentage of enzyme
inhibition 30 s following 4-MUA addition was calculated by comparison to untreated
(DMSO only) cells.18

Inhibition of CPT-11 Hydrolysis

In vitro assays to assess inhibition of CPT-11 metabolism were performed as previously
described.20 CPT-11 and SN-38 were detected and quantitated using HPLC with
fluorescence detection.

Growth Inhibition Assays

Growth inhibition assays were undertaken using previously described methods.1® In
combination studies, inhibitors were added to cells for 1 h before application of CPT-11.
Two h later, the medium containing drug and inhibitor was removed and replaced, and cells
were then allowed to grow for a further 72 h. Typically, data points were determined in
triplicate using at least eight different drug concentrations. After cell counting,
concentrations of CPT-11 that resulted in 50% growth inhibition (Glgg) were calculated
using Prism software (GraphPad, San Diego, CA).
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Figure 1.
QSAR parameters for CE inhibition by benzil.
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Figure 2.

Overlays (top 2 and lower left hand panel) of the ten 1,2-diones used for the generation of
the pharmacophore model. The lower right hand panel indicates the descriptors for this
model that were employed for searching the MDPI natural product database.
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Figure 3.

A. CE inhibition profile of fractions obtained following chromatographic separation of an
acetone extract of S. miltiorrhizaroot. Fractions were assayed with either hCE1 (blue) or
hiCE (red) at a final concentration of 100 ng/mL. B. UPLC/HRMS analysis of
chromatographic fraction 16. High-resolution spectra are included for the major peaks
identified in the sample. (a) Dihydrotanshinone (22; HREIMS m/z279.10210, calcd for
C1gH1403, 279.10250); (b) Tanshinone | (21; HREIMS m/z 277.086445, calcd for
C1gH1203, 277.08690); (c) Tanshinone 1A (7; HREIMS m/z295.13340, calcd for
C19H1803, 295.13380).
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Table 1
Kj Values for Human CEs with 1,2-Diones used for the Development of the Pharmacophore Model.
hCE1Ki | hiCEKi(nM
name structure (nM + SE) + SE) reference
0
Bbenzil (1,2-diphenylethane-1,2-dione) .—3_. 4523 1542 r
@]
1,2-bis(3,5-difluorophenyl)-ethane-1,2-dione 74+8 23+4 19
O\ /O
acenapthoquinone 31+4 170+ 22 2
@] @]
phenanthrene-9,10-dione * 25+0.2 52+3 24
0]
&0

phenyl isatin N? 23+2 950 + 120 23
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name structure (2&% SKEi) hiCE SKé)(nM reference
/O
| | )>=o
N
1-(4-chlorobenzyl)isatin) ) 25+3 32+3 2
Cl
0
_ H13Cs
tetradecane-7,8-dione C~H 48+0.3 77+9 25
6''13
0]
O
H4sC7
hexadecane-8,9-dione 76+16 26+2 25
C7H1s
O
0
1-phenyl-1,2-hexanedione 26+2 73+5 25
0]
0]
1-phenyl-1,2-heptanedione 6.7+0.2 46+ 6 2
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