
ORIGINAL ARTICLE

Hill coefficients of dietary polyphenolic enzyme inhibitiors:
can beneficial health effects of dietary polyphenols
be explained by allosteric enzyme denaturing?

Nikolai Kuhnert & Farnoosh Dairpoosh & Rakesh Jaiswal & Marius Matei &
Sagar Deshpande & Agnieszka Golon & Hany Nour & Hande Karaköse & Nadim Hourani

Received: 30 November 2010 /Accepted: 7 January 2011 /Published online: 29 January 2011
# Springer-Verlag 2011

Abstract Inspired by a recent article by Prinz, suggesting
that Hill coefficients, obtained from four parameter logistic
fits to dose–response curves, represent a parameter allowing
distinction between a general allosteric denaturing process
and real single site enzyme inhibition, Hill coefficients of a
number of selected dietary polyphenol enzyme inhibitions
were compiled from the available literature. From available
literature data, it is apparent that the majority of polyphenol
enzyme interactions reported lead to enzyme inhibition via
allosteric denaturing rather than single site inhibition as
judged by their reported Hill coefficients. The results of these
searches are presented and their implications discussed
leading to the suggestion of a novel hypothesis for polyphenol
biological activity termed the insect swarm hypothesis.
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Introduction

Numerous epidemiological studies have shown that a diet
rich in fruit and vegetables is linked to a considerable
reduction of chronic multifactorial diseases including
cancer, cardiovascular disease, diabetes and osteoporosis
[1, 2]. Further evidence of these health effects has been
obtained through human intervention studies and detailed in
vitro and in vivo testing of selected polyphenolic com-
pounds [3, 4]. As a result of these numerous studies

producing overwhelming evidence, there is little debate
among the scientific community about the fact that phenolic
plant secondary metabolites, otherwise referred to as dietary
polyphenols, are responsible for these beneficial health
effects [2–4].

However, the molecular mechanisms leading to the
beneficial health effects of dietary polyphenols are still
under intense discussions. Generally, two lines of argu-
ments are given to rationalize the health effects of dietary
polyphenols.

Firstly unspecific interactions, based on the general
chemical properties of polyphenols, have in the previous
decades been suggested to be the likely reason behind
beneficial health effects. The most important property of
any dietary polyphenol, as an electron-rich aromatic
compound, is their ability to act as a radical scavenger
and as a reducing agent [5]. This property leads to two
biological effects that have been termed the antioxidant
effect and the pro-oxidant effect [6, 7]. As antioxidants,
polyphenols are able to scavenge free radicals, mainly
reactive oxygen species, and reduce metal ions in high
oxidation states, which otherwise react to produce free
radicals. Hence, polyphenols are able to limit the cellular
damage caused by oxidative stress triggered by these highly
reactive species. More recently, further unspecific modes of
actions rationalizing the beneficial health effects of dietary
polyphenols have been suggested that include the interac-
tion with the redox-sensitive NF–κB signaling pathway, the
activator protein-1, or the phase II enzyme modulation via
the activation of the Nrf2 pathway [8].

Secondly a series of highly specific enzyme interactions
and inhibitions have been reported for a considerable
number of selected compounds investigated. For some
highly abundant polyphenols, such as epigallocatechin
gallate (EGCG), quercetin, or resveratrol, close to a
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hundred biological targets inhibited by these compounds at
the milli- and even micromolar level or below have been
identified. All these biological targets have, hence, been
linked to the beneficial health effects of dietary polyphenols.
The following literature survey and discussion will focus on
such specific enzyme inhibitions by dietary polyphenols.

In two recent publications, Prinz has thoroughly analyzed
dose–response curves from high-throughput screening data of
enzyme inhibition assays [9, 10]. An important parameter in
such dose–response curves is the Hill coefficient nH, which
was initially defined by the equation below assuming
simultaneous binding of n agonist molecules (A) to a
receptor (R).

n Aþ R Ð AnR

When n=1, only a single binding site of a receptor or
enzyme is occupied. With values of n>1, more than one
molecule interacts with the receptor or enzyme. The value of
nH corresponds to the reaction stoichiometry in supramolec-
ular chemistry obtained through JOB plots [11]. Surprisingly
for the large majority of dose–response curves analyzed by
Prinz, a value of n>1 was observed. Prinz suggested two
different rationales for this behavior. Firstly, he introduced
the concept of transient binding patches, where more than
one inhibitor molecule transiently interacts with a binding
patch in spatial proximity of the enzyme or receptor binding
site [9, 10]. In a more revolutionary second rationale, he
introduced the concept of allosteric mechanisms [10]. Here,
binding of several inhibitor molecules to any conformation-
ally sensitive locations of the enzyme or receptor leads to
loss of activity. In other terms, binding of several inhibitors
leads to inactivation by breaking secondary and tertiary
structures and simply denatures the enzyme or receptor.

Such allosteric denaturing mechanisms appear attractive
for dietary polyphenols, since this class of compounds is
notorious for nonspecific protein interactions through OH–
O=C and NH–OH amide phenol hydrogen bonds and
aromatic interactions [12, 13]. The subclass of plant tannins
for example has been for centuries used in the process of
leather tanning, where nonspecific phenol protein interac-
tions lead to precipitation of proteins in animal skin
producing leather [14–16]. The phenomenon of astringency
has been rationalized in a similar way. The nonspecific
interactions between dietary polyphenols and intrinsically
unstructured saliva proteins, leading again to protein
precipitation on the tongue, produce the sensory property
or mouthfeel of astringency [8, 17]. For such interactions,
stoichiometries of up to 15:1 have recently been demon-
strated experimentally [18–20]. In the production of beer
tannoids, another class of polyphenols interacts in a
nonspecific way with malt and yeast proteins to produce a
haze in the beverage negatively affecting shelf life time and

sensory properties. Polyphenols are removed industrially
from beer by filtration taking advantage of their nonspecific
interactions with synthetic protein like amides such as
polyvinylpyrrolidinone [21]. These few examples serve to
highlight the nonspecific interactions between polyphenols
and proteins, typically with several phenol molecules
binding to a single protein [22], and there are many others
also relevant to the food sector.

Combining the knowledge about the nonspecific polyphe-
nol protein interactions with the Prinz hypothesis prompted us
to address this issue in more detail. According to Prinz,
nonspecific or allosteric multiple interactions leading to
protein denaturation should be detectable through an analysis
of Hill coefficients from dose–response curves in reported
polyphenol protein and receptor binding studies.

The question we like to address here is the following: from
the available literature data, is there any evidence that dietary
polyphenols are single binding site inhibitors or multiple
binding site allosteric denaturing agents? Following an
analysis of literature data, a further question will arise: what
are the biological consequences of any such finding?

Literature search

As discussed above, we decided to carry out literature
searches to identify reported Hill coefficients from dose–
response curves reported for dietary polyphenol enzyme
and receptor inhibition studies. In a first search, we decided
to focus on a series of selected polyphenols, which are most
relevant to the human diet. For these compounds, strong
evidence exists that their consumption is beneficial for
human health to a degree that the compounds have been
featured regularly in the press and compounds are available
as dietary supplements. Furthermore these compounds,
due to their popularity among the scientific community
and due to their commercial availability have been
included frequently in high-throughput and targeted
screening campaigns. The compounds include 5-caffeoyl
quinic acid (chlorogenic acid) 1, catechin 2, epicatechin
3, EGCG 4, caffeic acid 5, galloyl glucose 6, resveratrol 7,
kaempferol 8, quercetin 9, rutin 10 (one of the most
abundant phenolics in dietary plants, however, hydrolyzed
by gut floral metabolism prior to absorption), myricetin
11, luteolin 12, and genistein 13. Their chemical structures
are shown in Fig. 1.

We carried out several searches using both ISI Web of
Science and Scifinder, including as keywords the name of
the compound in question along with the keywords
“enzyme inhibition,” “enzyme kinetics,” and “receptor
inhibition.” From the resulting publications, we extracted
and compiled Hill coefficients whenever they were given.
Table 1 summarizes the findings of these searches.
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Surprisingly, only around 15% of the publications
found here quoted explicitly numerical values for Hill
coefficients in their experimental dose–response curves.
Around 30% of all Hill coefficients stated gave a value
of n=1, whereas 70% of Hill coefficients stated were
giving a value of n>1 with an average value of n=4.6.
None of the publications discussed the significance of the
Hill coefficients obtained.

In a second search, we consulted the NIH high-
throughput screening database [23]. Direct searching for
the required information using a substructure search turned
out difficult so we took the following detour. The
compounds above 1–12 were searched in the NIH database
and high-throughput screening data identified that included
these compounds. In the majority of high-throughput
campaigns, the authors of the data serendipitously had an
affinity for dietary polyphenols and included a nice
selection of several polyphenolic compounds in their
screen. We extracted available Hill coefficients for all

compounds with a polyphenolic substructure shown in
Fig. 2. From these manual searches, we obtained a selection
of 200 representative Hill coefficients. The frequency of
Hill coefficients found in both searches is shown in a
histogram in Fig. 3.

Around 8% of all Hill coefficients stated gave a value
of n=1, whereas 92% of Hill coefficients stated were giving
a value of n>1 with an average value of n=4.2.

Discussion

From our literature searches compiling Hill coefficients of
polyphenol enzyme interactions, the following observations
were made:

1. It becomes obvious that in the majority of publications
consulted, no numerical values for Hill coefficients
were stated.
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2. On no occasion was this important parameter discussed.
In the light of Prinz’s work, we hope that in the
future, Hill coefficients will attract the attention they
deserve.

3. In the large majority of polyphenol enzyme or receptor
interactions investigated, Hill coefficients of the dose–
response curves are significantly larger than one. Only
in few cases is the Hill coefficient n=1. Selected
examples of such a Hill coefficient of n=0.9 to 1.6
indicating the interaction of a single polyphenol
molecule with the active site of the target enzyme
include the inhibition of EGCG of Ca2+-dependent
myofibrillar ATPase [24], glutamate dehydrogenase
[25], ATP-sensitive potassium channels [26], rat brain
Kv 1.5 potassium channels [27], DNA methyltransfer-
ase 1a [28], apigenin binding to GABA receptors [29],
phloridzin inhibiting SGLT-1 [30], Genistein-inhibiting
calf uterus estrogen receptor [31] and various tyrosine
kinases [32–34], Luteolin binding to the Benzodiazepin
receptor [35], and finally, 5-caffeoyl quinic acid
inhibiting a series of non-human enzymes such as
Helianthinin [36], sunflower 11S protein [37], diphenol
oxidase [38], and phenylalanine ammonia lyase from
potato [39].

4. Additionally, the available data suggest that if several
structurally distinct polyphenols were investigated in a
high-throughput screening campaign, several of these
compounds displayed inhibition constants in the upper

micromolar region with Hill coefficients larger than 1,
indicating that independent of their unique chemical
structure the combination of phenolic functionalities
present, lead to allosteric inhibition.

5. A significant number of chemically distinct dietary
polyphenols interact with a significant number of
human enzymes with Hill coefficients larger than 1.

6. Single site inhibition appears to be the exception rather
than the rule.

From these observations, it can be concluded that if
Prinz’s interpretation of a Hill coefficient of larger than
one is taken at face value, the majority of polyphenols
denature enzymes and receptors by allosteric mecha-
nisms. In most cases, the interactions of four and more
polyphenol molecules with one enzyme or receptor must
be assumed, judging by the numerical values of their
Hill coefficients. Similar to leather tanning or astringen-
cy, dietary polyphenols interact in the majority of cases
in a nonspecific way with proteins and affect their
activity in this way [40]. Their basic structure is designed
by nature to carry out such nonspecific interactions, and
these are clearly reflected in the experimental data
available. The data additionally suggest that certain
proteins possess on average 4–5 distinct polyphenol
binding sites. Obviously, these nonspecific interactions
have dramatic biological consequences, which are loss of
activity of many enzymes and proteins.

Number Compound Papers identified Papers reporting Hill coefficient nH=1 nH>1

1 5-CQA 9 0 NA NA

2 Catechin 42 8 2 6

3 Epicatechin 38 6 3 3

4 EGCG 32 15 6 9

5 Caffeic acid 14 2 1 1

6 Galloyl glucose 11 0

7 Resveratrol 33 3 1 2

8 Kaempferol 34 2 1 1

9 Quercetin 29 4 1 3

10 Rutin 16 1 0 1

11 Myricetin 8 1 0 1

12 Luteolin 7 4 1 3

13 Genistein 21 1 0 1

Total 294 47 16 31

Table 1 Results of searches for
Hill coefficient for thirteen
selected dietary polyphenols
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Relevance of allosteric inhibition for and biological
activities including human health benefits

From the above, the biological activity of dietary polyphenols
resulting in human health benefits can be rationalized in
terms of single site inhibition; however, as we propose
here for the first time, it could as well be rationalized in
terms of allosteric denaturing of enzymes resulting in
loss of enzyme function.

To estimate the relative value of these two alternatives,
we would like to argue as follows: in order for any
compound to show a physiologically relevant biological
effect by single site inhibition, the blood plasma concen-
tration of the compound must reach a level equivalent to its
inhibition constant IC50 [41]. This notion is undisputed,
constituting a key element in pharmaceutical chemistry.
Recent review on pharmacokinetic data of dietary poly-
phenols suggests that this is rarely the case [4, 42]. Whereas
experimental IC50 values are generally in the lower
micromolar region, Cmax values tend to be in the nanomolar
region. These findings suggest that single site inhibition
is not only a rare event among the literature data
searched here but is also a rare event in a physiologically
relevant human setting, with most dietary polypenols not
reaching the required plasma concentration required for
single site inhibition.

One might ask the question whether at these low plasma
concentrations binding stoichiometries with n >1 can be
realized, which must be strongly negated. Because of these
facts, the biological activity of dietary polyphenols must be
rationalized in other ways based on the assumption that in
order to show any biological effects reasonably, high
plasma concentration of active species must be achieved.
Three alternatives for achieving sufficiently high plasma
concentrations for biological activity appear worthy of
consideration. The first option was recently introduced by

Crozier and Clifford, and we would like to term it the
“limited metabolite hypothesis” [2]. Although the dietary
polyphenols are present in the diet in considerable concen-
trations, both gut microflora and human metabolism
convert the dietary compounds into a large set of
metabolites, thereby reducing the individual concentration
of the parent compound dramatically. However, Crozier and
Clifford suggested that the actual number of metabolites
obtained from the large diversity of polyphenols consumed
in the human diet is actually rather small, much smaller if
compared to the vast number of different compounds
ingested. Independent of the structure of the original plant
secondary metabolite the same few metabolites have been
observed experimentally, suggesting that such metabolites,
mainly phenolic acids, reach sufficient plasma concentra-
tions, and could act as single site inhibitors on so far
unidentified biological targets.

As a second alternative, partition of polyphenols or their
metabolites with a hydrophobic phase present in plasma
such as membranes or serum albumin could be used to
rationalize this observation. The final alternative can be
derived from the observations made in our literature search,
and we would like to term it the insect swarm hypothesis,
since there are no single insects similar in single site
inhibition but rather a large number of structurally diverse
insects in a swarm affecting the activity of the biological
target. From the literature search, it was observed that
polyphenols of identical structure are able to inhibit several
enzymes of different structure with n≥4 at micromolar IC50

and several polyphenols of different structure inhibit an
enzyme of identical structure with n≥4 at micromolar IC50.
So it might be conceivable, however, requiring urgent
experimental verification that several polyphenols of
different structure allosterically denature a single enzyme
with n≥4 at micromolar IC50. We propose that polyphenols
are able to act additively or even synergistically on the
same biological target leading to loss of activity by
nonspecific interactions. Summing up the individual Cmax

values of many structurally diverse polyphenols would
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result in an overall plasma concentration in the micromolar
range required for physiologically relevant biological
activity. The principle is illustrated in Fig. 4.

In a second line of arguments, we would like to turn to
the role of polyphenols in nature itself. Like most
secondary metabolites, it must be assumed that polyphenols
play a pivotal function for the organisms biosynthesizing
them, giving the organism in question an evolutionary
advantage [43]. The main mechanism of realizing evolu-
tionary fitness is inhibition of the enzymatic functions of
any pest organisms. Similar to drug development, the
paradigm in natural product chemistry states that such
inhibition is usually achieved by specific single active site
inhibition of the pest organism enzymes by any natural
product. It has been suggested by Firn and Jones that nature
tries to achieve such a single site inhibition by producing
diverse compounds and thereby using an approach termed
the “screening hypothesis of natural products” [44–46].

Here, we propose that nature’s more efficient and
successful strategy might involve the design and biosyn-
thesis of highly efficient allosteric denaturing agents that
act additively to achieve protection against pest organisms
using an insect swarm approach. The observation of
frequent Hill coefficients larger than one additionally
suggests that many enzymes might possess within their
primary and tertiary structure distinct polyphenol binding
motives. Polyphenols due to their unique arrays of functional
groups should be considered as such compounds, designed
and biosynthesized to fulfill the purpose of allosteric
denaturation of pest enzymes. Supporting evidence for this
notion comes from a look at the number of individual
polyphenols produced by plants.

Within poylphenol biochemistry, plants can be generally
classified in three groups:

1. Plants that biosynthesize a relatively small number of
distinct polyphenolic molecules (around 5–30).

2. Plants that biosynthesize a relatively small number of
distinct polyphenolic molecules (around 5–30), however,
possess oxidative enzymes that upon damage of the cell in
their defense strategy, convert these reactive poylphenolic
molecules into a vast array of diverse polyphenolic
compound libraries (this process is generally referred to
as fermentation or vegetable browning, dietary plants of
this type include apple, pear, banana, tea, chocolate, etc.)
[47–50].

3. Plants that biosynthesize a large number of structurally
diverse polyphenolic molecules (larger than 30, with
the most diverse set found in coffee with more than 100
chlorogenic acids) [51–54].

In particular, plants in groups 2 and 3 seem to follow a
cunning strategy by producing a vast number of structurally
diverse polyphenolic compounds (e.g., at least 30,000 in

the case of the thearubigins in tea Camellia sinensis) each
in small quantities (femtomolar to nanomolar), quantities
too small to show even after significant absorption any
biological effect that could be rationalized in terms of single
active site enzyme inhibition [41, 55]. However, if one
assumes that these compounds are produced with a single
aim of nonspecific allosteric enzyme denaturation by the
insect swarm hypothesis, this plot of nature suddenly
seems to make sense. Additionally, such a strategy would
add to the evolutionary fitness of any organism, since the
biosynthesis of few single site inhibitors increase the risk
of non-survival after development of resistance by the
pest organisms. However, using structurally diverse
nonspecific allosteric inhibitors minimizes the risk of
submission to resistance.

At this point, we briefly like to return to our initial
starting point of this discussion the health effects of dietary
polyphenols. If the novel concepts and ideas developed
here are true, it is a highly puzzling conundrum that the
daily consumption of gram quantities of nonselective
allosteric enzyme denaturing agents results in any
beneficial health effect. Only in the case of cancer
chemoprevention does it appear an attractive hypothesis
to assume that a large number of polyphenolic metabolites
inhibit the growth of rapidly proliferating cancer cells by
multiple allosteric denaturation of cancerous enzymes and
receptors. In all other areas of health benefits, an intense
discussion is required to rationalize current results in the light
of the observations made here, which could be rationalized in
terms of a sophisticated training exercise for the human
molecular defense system. It is also worth noting that
certain drug synergisms could be explained by the insect
swarm hypothesis.

In his seminal publication, Prinz asked the question
whether there had ever been a successful drug developed
with a Hill coefficient different from one. Dietary poly-
phenols are not drug molecules in the strictest sense [2],
however treated by the human body as xenobiotics similar
to drugs and frequently marketed with drug-like applica-
tions in mind such as food additives or neutraceuticals. In
any case, to conclude, compounds with a Hill coefficient
different from one are consumed on a daily basis in gram
quantities by humans and display undoubtedly beneficial
health effects.
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