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SOLVING problems in rodents is deceptively easy. Diabe-
tes has been cured numerous times (1–3), exercise can be 

delivered in pill form (4), and just a few months ago, scientists 
were able to reverse age-related degeneration (5). Yet, few of 
these effects ever seem to lead directly to human therapies. In 
some cases, the reason is readily apparent—for example, the 
study that reversed age-related degeneration in mice did so by 
reactivating telomerase, an intervention that is widely believed 
to concomitantly increase the risk of developing cancer (6). In 
other cases, animal models may fail to accurately reflect the 
corresponding human disease (7,8). But in many cases, the 
interventions simply have not been tested thoroughly enough, 
getting bogged down by confusing or conflicting results, or 
abandoned in favor of a new approach. This review will focus 
on resveratrol as an example of the challenges involved in 

moving a nutraceutical (naturally occurring molecule found in 
foods that has health benefits [9]) that has shown promise in 
animals into the realm of human therapeutics.

Resveratrol (Figure 1) is a small polyphenol found in var-
ious berries, nuts, and other plants sources, including tradi-
tional Asian medicines (10). It has received attention in 
recent years for a number of reasons: First, the most impor-
tant dietary source for most individuals is red wine, leading 
to speculation that resveratrol might be responsible for some 
of wine’s health benefits (11). Second, it was found to inhibit 
cyclooxygenases, which can play a role in cancer progres-
sion, and was subsequently established to prevent carcino-
genesis at multiple stages in mice (12). Third, it was found in 
an in vitro screen for activators of sirtuin enzymes, which 
regulate longevity in lower organisms, and was subsequently 

Translational Article

Special Issue on Drugs and Drug Metabolism

Challenges of Translating Basic Research Into 
Therapeutics: Resveratrol as an Example

James M. Smoliga,1 Ole Vang,2 and Joseph A. Baur3

1Department of Health and Physical Education, Human Physiology Laboratory, Marywood University, Scranton, Pennsylvania. 
2Department of Science, Systems and Models, Roskilde University, Denmark. 

3Institute for Diabetes, Obesity, and Metabolism, Department of Physiology, University of Pennsylvania School of Medicine, Philadelphia. 

Address correspondence to Joseph A. Baur, PhD, Institute for Diabetes, Obesity, and Metabolism, Department of Physiology, University of Pennsylvania 
School of Medicine, 415 Curie Boulevard, CRB 728, Philadelphia, PA 19066. Email: baur@mail.med.upenn.edu

Basic science literature abounds with molecules that promise to ameliorate almost any disease, from curing cancer to 
slowing the aging process itself. However, most of these compounds will never even be evaluated in humans, let alone 
proven effective. Here, we use resveratrol as an example to highlight the enormous difficulties in understanding pharma-
cokinetics, determining side effects, and, ultimately, establishing mechanisms of action for a natural compound. Despite 
extensive interest and effort, and continuing promising results from basic science groups, very little is known even today 
about the effects of resveratrol in humans. Part of the problem is the unattractiveness of natural compounds to large, well-
funded companies that could run clinical trials because developing their own molecules affords much greater protection 
for their intellectual property. In fact, selling unpatentable material motivates smaller nutraceutical companies to compli-
cate the scientific problem even more—each creates its own proprietary blend, making it extremely difficult to compare 
their data with those of other companies, or of academic labs using pure compounds. But even beyond these problems lies 
a deeper one; resveratrol, and almost every natural compound, is likely to have many clinically relevant targets with dif-
ferent dose–response profiles, tissue distributions, and modifiers. Tackling this type of problem efficiently, and even be-
ginning to address the spectrum of other molecules with claimed benefits, is likely to require the development of new 
paradigms and approaches. Examples include better molecular modeling to predict interactions, large-scale screens for 
toxic or other common effects, affinity-based methods to identify drug-interacting proteins, and better synthesis of exist-
ing data, including legislation to promote the release of trial results, and tracking of voluntary supplement usage. The 
evidence for benefits of resveratrol in humans remains too sparse to be conclusive; yet, the limited data that are available, 
combined with a growing list of animal studies, provide a strong justification for further study.

Key Words: Clinical trials—Translational—Nutraceutical—Metabolism—Polyphenol.

Received February 2, 2011; Accepted March 10, 2011

Decision Editor: Rafael de Cabo, PhD



T
ranslational

 TRANSLATING BASIC RESEARCH INTO THERAPEUTICS 159

shown to extend life in yeast (13), worms (14), flies (although 
some controversy remains for this organism [15,16]), and a 
short-lived species of fish (17). The resulting interest in res-
veratrol has inspired an enormous number of studies, leading 
to the identification of many additional target enzymes and 
cell culture effects that are beyond the scope of this review, 
having been discussed at length elsewhere (18,19).

In mice, resveratrol has produced a number of effects that 
would be very desirable for humans. In obese animals, resvera-
trol has been shown to restore normal insulin sensitivity, tissue 
function, gene expression profiles, and life span, even at doses 
that do not have a major effect on body weight (20). These 
changes appear to be mediated at least in part by improvements 
in mitochondrial number and function, which also result in a 
near doubling of endurance in obese or lean mice (21). The 
higher doses used in the endurance studies are sufficient to 
cause weight loss, and other studies provide evidence that res-
veratrol can protect against ischemic injuries and promote  
cardiovascular health (22). Combined with the previous obser-
vation that resveratrol can prevent cancers, especially skin and 
colon cancer, in rodent models (23,24) and its anti-inflamma-
tory effects (25,26), these studies have provided powerful fod-
der for nutraceutical companies selling various formulations 
that contain the molecule. They have also spurred the an-
nouncements of numerous clinical trials; yet, questions about 
dosing and mechanism have hampered progress, and very little 
human data, other than short-term pharmacokinetic and safety 
studies, have been published.

The first international conference on resveratrol and health, 
Resveratrol2010, was held in September of 2010 in Helsingor, 
Denmark, with the purpose of assessing the current state of 
knowledge in the field, and making recommendations for hu-
man use and future study of resveratrol. A clear theme of the 
conference, which was attended by all of the authors, was that 
multiple mechanisms are likely to contribute to the beneficial 
effects of resveratrol, making it difficult to agree on a specific 
dose, biomarker, or outcome that can define the molecule (27, 
28). In addition, studies in the clinical area highlighted the dif-
ficulty in comparing proprietary formulations and delivery 
routes, and in establishing consistent guidelines or obtaining 
funding for large-scale studies of natural compounds. This 
review will highlight some of the issues raised at the con-
ference and elsewhere, in order to illustrate the challenges 

Figure 1. Structure of resveratrol. Resveratrol is a naturally occurring  
polyphenol with the chemical name trans-3,5,4’-trihydroxystilbene.

facing researchers focused on resveratrol or other molecules 
being developed outside of large pharmaceutical companies.

Bioavailability and Metabolism of Resveratrol
One of the most important questions to ask, and one of the 

most difficult to answer, is, “what dose of resveratrol should 
be used?” This is true from in vitro studies, to animal models, 
to clinical trials, and certainly true for the average consumer 
facing a bewildering array of nutraceutical offerings. A panel 
of experts, including two of the authors (O.V. and J.A.B.), 
convened to address this and other questions at the Resvera-
trol2010 conference. Some of the ideas in the following par-
agraphs are elaborations on these discussions, which have 
been summarized more completely in a dedicated review 
(Vang O, Ahmad N, Baile CA, et al., unpublished data, 2011).

The bioavailability and the pharmacokinetics of resvera-
trol have been studied in humans and experimental animals. 
In humans, a rapid uptake of resveratrol is observed, as the 
plasma concentration of resveratrol peaks about 30 minutes 
after low dose intake. Administration of higher doses of res-
veratrol, as piceid (a glucose conjugate of resveratrol) or un-
der fasting conditions delayed the peak to 1.5 or 2 hours. Up 
to 50% of the ingested resveratrol has been found to be bio-
available in rats based on the level in the plasma (29) and  
a correspondingly high level is found in humans (~70%) 
(30). An enterohepatic cycle of the metabolism of resveratrol 
has been proposed in both rats and humans. Resveratrol is 
quickly taken up by enterocytes and metabolized to glucuro-
nide and sulfate conjugates, which are secreted back to the 
intestine where they may be deconjugated and reabsorbed  
or excreted in the feces (29,30). The enterohepatic cycle  
reduces the concentration of the free compound reaching the 
body lumen. Thus, the enterohepatic cycle, along with a 
rapid metabolism in the liver, likely explains the low concen-
tration of resveratrol in the blood stream. The glucuronide 
and sulfate conjugates, including disulfates and mixed sul-
fate-glucuronides, are the major metabolites of resveratrol, 
but other metabolites are formed, including dihydroresvera-
trol (31) and metabolites that still need to be identified. It is 
clear that only a small fraction of the ingested resveratrol 
reaches the body as the parent compound. Furthermore, the 
amount of resveratrol ingested from dietary sources, such as 
red wine, juices, and so on, would very rarely exceed 5 mg, 
resulting in plasma levels that are either not detectable or 
orders of magnitude below the micromolar concentrations 
employed in vitro. Administration of about 25 mg resvera-
trol results in plasma concentrations of the free form that 
range from 1 to 5 ng/mL (32); administration of higher doses 
(up to 5 g) produced concentrations of free resveratrol of  
up to about 500 ng/mL, or just over 2 mM (33).

The low concentrations of resveratrol observed in plasma 
after ingestion are a puzzle, as the target concentrations im-
plied by most in vitro experiments are not reached. Resve-
ratrol is lipophilic, meaning that it mixes very well with 
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lipids, including membranes and lipoproteins. Therefore, 
the tissue or subcellular concentration of resveratrol may  
be higher than suggested based on the concentrations mea-
sured in the plasma. This is biochemically very relevant  
because several known targets of this compound are mem-
brane components. Furthermore, it has been shown in vitro 
that cellular effects of resveratrol are observed at time points 
where resveratrol is not measurable in the growth media, 
indicating that resveratrol might be tightly associated with 
various macromolecules and cellular structures (O.V., 
unpublished results). In addition, an increased uptake of 
resveratrol was observed in PTEN-knockout mice when res-
veratrol was delivered as a liposome solution (34) and the 
liposome–resveratrol reduced the incidence of adenomas in 
these mice. This suggests that liposome-mediated delivery of 
resveratrol could enhance its activity in humans, but one 
should bear in mind that the safety and biologic responses of 
such formulations would need to be tested carefully. The in-
fluence of dietary lipids on the delivery of natural resveratrol 
in foods is poorly understood but may be quite important to 
its effects (35). Finally, some of the biologic effects of resve-
ratrol are observed even at low concentrations (36,37), and 
resveratrol could also act directly on the intestinal tissue, 
affecting the rest of the body through secondary effects that 
are not dependent on plasma levels of the compound (10).

The low bioavailability and extensive metabolism of res-
veratrol are a constant source of contention about whether 
the concentrations used for most in vitro studies are even 
relevant to the in vivo situation (30). In rodent models, the 
doses employed routinely range over four orders of magni-
tude, from about 0.1 to 1,000 mg/kg, with even higher or 
lower doses occasionally being used (10). It is clear that this 
is more than a matter of simply dialing up the dose to reach an 
effective level; resveratrol frequently exhibits biphasic effects 
(38). For example, resveratrol at low doses (~5 mg/kg/d) 
has been shown to cause weight gain in mice fed a high-fat 
diet (39), whereas at high doses (~400 mg/kg/d), there is 
marked weight loss (21). Moreover, cardioprotective effects 
of resveratrol that are observed at 2.5 or 5 mg/kg/d are  
reversed when the dose is increased to 25 or 50 mg/kg/d 
(40). Having chosen a rodent dose, one is still faced with the 
question of how to extrapolate to a human equivalent. Di-
rect extrapolation by body weight is often used, but as  
others have pointed out, using body surface area has per-
formed better in the past (41), and there is simply no way to 
be confident without performing the human studies.

Dosing, Interactions, and Side Effects of Resveratrol
It was generally agreed by the expert panel of Resvera-

trol2010 that at least some portion of the population likely 
obtains 1–2 mg/day of resveratrol from dietary sources and 
that this level is almost certain to be safe for chronic con-
sumption. At the other extreme, at least one study reported 
gastrointestinal side effects in a high proportion of partici-

pants taking 2.5 g/day or more (42), suggesting that doses at 
or above this level are unlikely to be tolerated chronically. 
Two different commercial suppliers of resveratrol, DSM 
Nutritional Products and Fluxome, have each reached the 
conclusion that 450 mg/day can be considered safe for a  
60-kg individual, based on their own studies in rats and 
literature review ([43] and www.fluxome.dk, respectively).  
Although the panel as whole was not prepared to adopt this 
position without further human data, it is certainly consistent 
with the small number of clinical trials that have been pub-
lished, several of which have included doses at or above 1 g/
day without serious side effects (although the studies were 
short term, so long-term side effects are not known); (42,44). 
The panel concluded that the optimal dose of resveratrol 
remains unclear and is likely different depending on which 
of the reported benefits one chooses as an end point.

The potential for interactions with other polyphenols, 
dietary components, or prescription drugs makes it even 
harder to confidently recommend a dosage for nutraceutical 
formulations. Resveratrol may act in an additive or syner-
gistic manner with other polyphenols and may influence the 
metabolism or activity of other drugs. Synergism of various 
polyphenols with resveratrol has been observed experimen-
tally (45–49) and is the specific intention of many nutraceutical 
formulations. In addition, resveratrol can directly interact with 
many drug-metabolizing enzymes and induces expression of 
others transcriptionally (10). Both of these effects appear to be 
beneficial under some circumstances; inhibition of CYP1A1 
by resveratrol suppresses benzo[a]pyrene-induced tumorigen-
esis (50), and many of the transcripts upregulated by resvera-
trol are directly involved in oxidative stress resistance (51). 
However, CYPs and other drug-metabolizing enzymes deter-
mine the pharmacokinetics of many drugs, which could change 
dramatically in the presence of resveratrol. There is also the 
potential to antagonize disease states with what would other-
wise be relatively mild side effects. A clinical trial in which 
multiple myeloma patients were given a proprietary formula-
tion of resveratrol at 5 g/day was recently terminated after 5 of 
24 participants developed cast nephropathy. This is a normal 
complication of multiple myeloma (52), and it was reported in 
the Wall Street Journal (December 1, 2010) that dehydration 
due to vomiting and diarrhea in the resveratrol-treated patients 
may have exacerbated the underlying disease (52). Unfortu-
nately, primary data from the trial are not available and are not 
likely to be, but this example should serve as a stark reminder 
to carefully consider the context in which resveratrol, or any 
nutraceutical, is being delivered.

Commercial Products and Regulatory Issues Complicate 
Scientific Research

A given nutraceutical may be found in various forms:  
as pure compound, partially purified, or as one component 
of a crude extract or mix of defined compounds. Resveratrol 
found in supplements generally comes from grapes (Vitis-
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vinifera), Polygonum cuspidatum, synthetic sources, or a 
combination of these (54). Some of these supplements are 
pure trans-resveratrol, whereas others include a combination 
of compounds that demonstrate synergism with resveratrol 
(45–49). Synergism-based products may be labeled to in-
clude very specific molecules (eg, quercetin) or a vague blend 
of compounds (eg, proprietary blend of red wine extract) 
(54). The vast array of formulations combined with lack of 
scientific testing makes it difficult for experts to apply general 
research findings to recommend a given product for general 
health, let alone treatment for a specific condition. This 
emphasizes the need for extensive human clinical trials eval-
uating the optimal approach for resveratrol administration, 
but there are many barriers to overcome in this realm.

Despite the numerous proprietary formulations available, 
most supplement companies have not performed well- 
controlled clinical trials on their product but rather make 
claims using research not specific to their product, or even 
humans. A number of companies boldly proclaim their prod-
uct is effective in fighting aging and preventing disease 
through extrapolating findings from publications demon-
strating increased health and survival in obese mice (20), de-
spite the lack of human trials, and the fact that life-span 
extension was not observed even in mice, when lean, healthy 
animals were used (39,55). The focus of the media has 
largely been on such breakthrough findings, as well as  
business-related issues, such as the 2008 acquisition of the 
formerly resveratrol-centered company Sirtris by GlaxoS-
mithKline for $720 million. Such publicity may provide val-
idation in the minds of consumers and reduce the motivation 
for companies to provide compelling but expensive clinical 
data. Small companies may not have budgetary resources for 
research, and large companies may intentionally abstain from 
performing research or publishing results because easily gen-
eralized findings may also be used by their competitors. This 
further encourages companies to develop proprietary for-
mulations, widely varying in resveratrol and synergist content, 
to separate their product from the competition. The situation 
makes it extremely perplexing to compare human supplemen-
tation data to laboratory findings utilizing pure compounds.

Registration of clinical trials and public disclosure of 
complete study results is voluntary (56) (although registra-
tion is required for publication in most medical journals), 
which creates a number of ethical issues. Failure to release 
full results, including possible adverse effects of the com-
pound or blend, can place the participants of future studies 
at unnecessary risk and inhibits the ability of researchers to 
design subsequent trials effectively. The value of timely and 
detailed reporting to the medical community is clear, but 
any potential detriment to the reputation or financial inter-
ests of a company may prevent such open disclosure, lead-
ing to reporting bias (57). This problem is magnified with 
nutraceutical supplements, where clinical trials are not even 
required. Without the strict regulation, supplement compa-
nies have the liberty of treating clinical trials as an optional 

component of development and marketing. Negative or 
neutral clinical trials of nutraceuticals could easily be hid-
den, allowing further product development or sales of an 
unsafe or ineffective supplement to continue. As such, ex-
tensive safety information, including other supplement and 
drug interactions and disease contraindications, is largely 
unknown at the time of nutraceutical product release.

A thorough evaluation of nutraceutical supplements is 
essential, given widespread supplement usage combined 
with a relative lack of knowledge on the mechanisms of 
many supplements. Estimates suggest that 10%–52% of the 
U.S. population uses dietary supplements (58), with some 
research suggesting more than half of supplement users do 
so to treat a specific condition (59). This is especially alarm-
ing, considering most individuals taking dietary supple-
ments do not report their use to medical professionals and 
also use pharmaceutical products (60). Although Food and 
Drug Administration (FDA) regulations on pharmaceutical 
products have increased the public’s awareness of the nega-
tive consequences of drugs, consumers equate “natural” 
with “safe,” which increases the risk of supplement misuse 
and can provide consumers a false sense of security (61). 
The increasing sale of nutraceutical products in pharmacies 
further adds to their image of safety and efficacy, despite the 
fact that pharmacists themselves generally do not have an 
adequate understanding of these products (62). Because nu-
traceuticals are not subject to the FDA’s rigorous standards, 
their safety is not as widely established and adverse events 
may go unreported, which consequentially may provide the 
public with an inflated sense of confidence in their usage.

The Dietary Supplement Health and Education Act of 1994 
ended the treatment of nutraceuticals as drugs and gave supple-
ment manufacturers the responsibility of evaluating safety and 
efficacy data. Under these less stringent regulations, dietary 
supplement labels cannot legally make any claims regarding 
preventing, treating, mitigating, or curing a disease (63) but 
may provide basic information about the mechanism by which 
the supplement is intended to “affect the structure or function 
of humans,” provided that the FDA disclaimer, “This state-
ment has not been evaluated by the Food and Drug Adminis-
tration. This product is not intended to diagnose, treat, cure, or 
prevent any disease.” is included (64). The boundaries of such 
regulation are frequently tested, particularly when non-human 
data are available. For instance, resveratrol is frequently adver-
tised as a weight loss product, a claim that is likely inspired by 
a study that employed very high doses in mice (21). Notably, 
none of the available studies have reported weight loss in hu-
mans, and a lower dose, more comparable with those obtained 
using supplements, actually caused weight gain in mice (39). 
Nutraceuticals may go through the process of becoming a  
“botanical drug product” and upon approval, be labeled for 
treating a disease and sold as an over-the-counter drug (63). 
Botanical drugs have stricter regulations than dietary supple-
ments but still do not face the scrutiny of prescription drugs 
(63). On the bottom line, both government and consumers 
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need to strongly encourage better clinical research on nutra-
ceuticals to identify safe and effective compounds or blends.

Understanding Mechanisms of Action: How Much 
Knowledge Is Enough?

One common concern with many drugs and supplements 
is that the exact mechanism of action is often unknown. From 
a clinical standpoint, a thorough understanding of mecha-
nism of action is not necessarily required for widespread use. 
This is best exemplified in the use of general anesthetics, 
which are not fully understood (65–68) yet are an essential 
component of modern medicine. Nonetheless, the lack of 
mechanistic knowledge in such cases increases the risk of 
unexpected adverse events. Resveratrol is a prime example of 
a widely used nutraceutical with a complexity of mecha-
nisms responsible for its benefits and potential risks. Al-
though much is known about mechanisms that contribute to 
resveratrol’s effects, our understanding of its actions con-
tinues to rapidly evolve (18,19). The many benefits of resve-
ratrol may be attributable to general effects as antioxidant 
activity (69), anti-inflammatory activity (70), modulation of 
drug-metabolizing enzymes (71), and more specific effects 
on proteins or signaling cascades, such as activation of SIRT1 
(72) and AMPK (73), inhibition of cyclooxygenases (74), 
and a host of other direct effects (eg, Table 1). Many of these 
enzymes themselves play complex roles in regulating multi-
ple aspects of physiology, which in part may explain the mul-
tiple effects observed for resveratrol. For example, SIRT1 
controls a number of other key regulatory factors associated 
with metabolism and inflammation, including p53, FoxO1, 
NF-kB, and PGC-1α (75). This complexity makes it difficult 
to pinpoint the events mediating beneficial effects of resvera-
trol or to prospectively identify potential adverse effects. Nu-
traceutical research can benefit from certain aspects of 
pharmaceutical research to better understand mechanisms of 
action. One of the most effective tools to consider in advanc-
ing nutraceutical research is high-throughput in vitro bioas-
says (76), which have regularly been successfully employed 
in identifying natural compounds with promise for cancer  

chemoprevention while also providing safety information 
(54). Such screening methods were also employed to  
identify a series of molecules, including resveratrol, as SIRT1 
activators (13). However, the ultimate proof for both safety 
and efficacy must lie in well-controlled clinical studies.

Are Data From Experimental Animals Enough When 
Human Data Are Not Available?

While in vitro and laboratory animal studies are critical 
phases for testing safety and efficacy during preclinical 
drug development, these models do not perfectly foretell 
their ultimate success in human medicine. Rodents and 
other laboratory animals approximate some aspects of hu-
man physiology and can serve as models for invasive and 
highly controlled research, which could not be reasonably 
be performed using human volunteers, but the results obtained 
from such experiments should not be equated with human clin-
ical data. Outcomes and interpretation vary considerably with 
the disease of interest and laboratory model used (77,78), as 
well as many other factors that ultimately influence dependent 
variables (Figure 2). Though interspecies differences in physi-
ology are unavoidable, experimental design may be improved 
to maximize the validity of the animal studies (78,79). In the 
past 5 years, resveratrol supplementation has provided some 
impressive results in rodent models, whereas the human 
research in this realm is in its infancy.

The complex issues involved in extrapolating from  
rodents to humans may be exemplified through study of 
resveratrol’s effects on mitochondrial biogenesis. Because 
exercise increases mitochondrial biogenesis through a  
SIRT1-dependent mechanism (21,80), one might predict 
that resveratrol supplementation would promote mitochon-
drial biogenesis, and this has indeed been observed in mice 
(21). Although these data have prompted the use of resvera-
trol among human athletes, there is currently insufficient 
evidence to support or refute an effect in humans due to lack 
of research in this area. Likewise, quercetin has been dem-
onstrated to increase markers of muscle and brain mito-
chondrial biogenesis, as well as endurance performance, in 
mice (81) but such has not been observed in humans (82,83). 
Interestingly, despite the lack of effect on mitochondrial 
biogenesis, increased exercise performance has been re-
ported in some (83,84), but not all (85) studies of humans 
taking quercetin. When discrepancy exists between animal 
and human studies, it may be due to true species differences 
in physiological responses or it may simply reflect dissimi-
lar experimental designs. The underwhelming evidence for 
grapeskin polyphenols to promote mitochondrial biogene-
sis in humans, based on quercetin research (82,83), may 
reflect opposing mechanisms of action. Resveratrol is 
thought to increase mitochondrial biogenesis through in-
creasing SIRT1 activity, which ultimately increases PGC-1α 
activity (86). However, resveratrol’s inherent antioxidant 
property should attenuate oxidative stress, which itself is  

Table 1. Some Activities of Resveratrol

General Activities Specific Proteins/Pathways

Suppresses inflammation Upregulates Fas pathway
Has antioxidant effects Inhibits Rb/E2FDP pathway
Acutely inhibits mitochondria Activates p53 pathway
Induces mitochondrial biogenesis Activates adenylyl-cyclase pathway
Modulates xenobiotic metabolism Inhibits NF-kB pathway
Suppresses angiogenesis Inhibits AP-1 pathway
Induces apoptosis Regulates Egr-1 pathway
Inhibits cell proliferation Inhibits MAPK pathway
Suppresses mutagenesis Inhibits protein kinase C

Inhibits COX-2
Inhibits lipooxygenases
Activates Sirt1
Activates AMPK
Modulates estrogen receptors
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a major component of the hormetic response driving  
mitochondrial biogenesis (87,88). There is direct evidence 
that supplementation with other antioxidants impairs the 
hormetic response, thus impairing mitochondrial biogenesis 
(89,90), though this issue remains controversial. If resvera-
trol does in fact induce opposing effects on mitochondrial 
biogenesis pathway, the end response may be dependent 
upon multiple factors that cannot be accurately modeled in 
rodents, such as supplement timing, genetic variation, over-
all oxidative stress, and the subjects’ physical conditioning.

Clearly, animal data are not sufficient to determine the 
safety and efficacy of a drug in humans, and we would 
argue that short-term safety trials in humans are not 
enough either. Recalls of major pharmaceutical products 
illustrate the need for ongoing testing and evaluation of 
any molecule that is administered to humans. For exam-
ple, Avandia (rosiglitazone) promotes insulin sensitivity 
in diabetic patients (91) but may also increase the risk for 
cardiovascular disease (92,93). Rare or mild adverse ef-
fects are often impossible to predict or detect based on 
animal studies, and require analysis of thousands of clin-
ical cases to prove (94). Unfortunately, safety data for 
dietary supplements are often collected during efficacy 
studies (95), or aggregated from poison control centers 
following adverse events (58), with little effort to follow-up 

in larger populations. For example, it took decades to link 
Ephedra to cardiovascular-related deaths, which ultimately 
resulted in its removal from the market in 2004 (96). 
Moreover, supplements can have potentially dangerous 
drug interactions (97,98), which may not be adequately 
tested during formal clinical trials. Although there have 
been very few adverse events reported following resvera-
trol supplementation in healthy humans (42,99), there is a 
clear need to remain vigilant as larger populations become 
exposed to this, or any other nutraceutical.

Non-human studies should continue to examine the 
physiological mechanisms that may ultimately lead to in-
creased risks in humans, especially in cases where there is 
existing evidence of such risk. In the case of resveratrol, it 
would be prudent to further explore the potential for renal 
toxicity in animal models, given the recent incidents with 
SRT501 in multiple myeloma patients, and to investigate 
the molecule’s effects on the gastrointestinal system in 
greater detail, given reports of gastrointestinal side effects 
(42). Such studies may not fully prevent adverse events but 
can potentially allow for more focused research in human 
subjects and more vigilant monitoring for potential danger, 
or even lead to new uses. As a hypothetical example, per-
haps gastrointestinal symptoms caused by resveratrol are 
rooted in a heretofore-unknown mechanism of increasing 
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gastric motility, which could be useful in the treatment of 
gastrointestinal disorders. However, these examples also 
illustrate the importance of controlled and cautious testing 
in humans, which cannot be replaced by any amount of an-
imal data. We further suggest that more extensive use of 
species with a physiology closer to that of humans, such as 
pigs, would provide valuable insight prior to the comple-
tion of full clinical testing.

Improving Research Design to Optimize Clinical Relevance
The emerging data from human clinical trials suggest 

that resveratrol may have benefits on human health. How-
ever, even clinical trials that confirm effectiveness relative 
to placebo are not sufficient to warrant the use of resvera-
trol in humans because the real question is one of compar-
ative efficacy to other available treatments (100). This is 
especially important from a clinical standpoint, given that 
cost-effectiveness is a key component of effective health 
care but is not often considered in clinical trials (101). As 
addressed earlier, this issue is complicated by the many 
formulations available, as well as unresolved questions 
about optimal dosage. Furthermore, nutraceuticals (includ-
ing resveratrol) are often suggested to prevent the develop-
ment of a disease, rather then serve as a primary treatment, 
and therefore require long-term intervention studies to 
prove efficacy. Other important issues for researchers in-
clude selecting appropriate end points when testing effi-
cacy and considering variation between subjects. This is 
exemplified by the case of thiazolidinedione diabetic drugs, 
which show single-nucleotide polymorphism-dependent 
changes in insulin sensitivity but not fasting glucose (102). 
Additionally, laboratory animal researchers should ensure 
their experimental design mimics the real-life conditions 
of human patients as closely as possible to maximize trans-
lational carryover. For instance, resveratrol has been dem-
onstrated to improve glucose tolerance in mice, but human 
diabetics often have a number of comorbidities, such as 
obesity, cardiovascular disease, and neuropathy that should 
be considered when evaluating laboratory models. If a nu-
traceutical or drug is efficacious for treating one aspect of 
a disease, but exacerbates a comorbidity, this should be 
taken into consideration. SRT501’s issues may serve as a 
cautionary tale in this regard. This does not necessarily 
preclude the use of such nutraceuticals or drugs but empha-
sizes the need to preemptively address potential risks.

Starting Points to Address These Problems
Evidence continues to emerge in support of the benefits 

of resveratrol and other natural compounds; however, there 
is a major void in research directly comparing nutraceuticals 
to prescription drugs. Given the skepticism toward indus-
try-funded research, there is a need for independent unbi-
ased research in this realm; however, there are many 
hurdles to overcome. The issues we have been discussing 

are not easily resolved and may ultimately require innova-
tions that we have not foreseen. However, we would like to 
offer the following suggestions as starting points to address 
the problem:

 1. High-throughput molecular modeling—Although accu-
rately fitting a small molecule to the entire proteome is 
well beyond our current knowledge or computational 
power, continuing to push technology toward this ulti-
mate goal and exploiting software that is currently avail-
able to compliment in vivo studies should be a high 
priority.

 2. Standardized screens for common toxic or biologically 
relevant effects—Compounds submitted to the FDA are 
routinely put through a standard series of tests for toxic-
ity before any further action is taken; yet, no such stan-
dards exist for molecules that fall outside of FDA 
oversight (ie, nutraceuticals). The funding of grants to 
develop high-throughput screens could lead to the cre-
ation of online databases of receptor-binding activities, 
cell killing, and key transcriptional effects for hundreds 
of thousands of molecules.

 3. Purification and identification of drug-interacting  
proteins—This method has been applied to resveratrol to 
identify quinone reductase 2 and many other targets that 
are still being characterized (103). In principle, it should 
be possible to attach any molecule of interest to a col-
umn and elute interacting proteins under various condi-
tions. Further investment in this area should bring costs 
down and reliability up, making it suitable for more 
routine use.

 4. Better tracking of supplement usage—Clinical trials for 
other purposes rarely record detailed information on 
supplement usage (dosage, brand, frequency of use). 
Larger cohort studies may record supplement usage, but 
to our knowledge, there has been no systematic attempt 
to extract information on resveratrol or most other  
molecules beyond vitamins, fish oil, and antacids.

 5. Regulation to promote or require the release of clinical 
trial data—We believe that the public has a right to the 
most up-to-date information that is available to assist 
them in making decisions about whether or not to take 
any pharmaceutical or nutraceutical. Unfortunately, data 
from clinical trials are treated as proprietary informa-
tion, preventing the free flow of potentially crucial infor-
mation. We believe that it should be the position of the 
FDA and similar organizations in other countries that en-
rolling patients from the general population requires full 
disclosure of results to the general population.

 6. Improved communication between laboratory animal  
researchers, human researchers, and clinicians—We  
believe that translational research is a valuable compo-
nent of nutraceutical development, despite its potential 
limitations, but that it must be carefully planned to  
optimize its ultimate impact on human medicine. A  
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coordinated effort with a logical sequence of valid re-
search studies must be developed to ensure that labora-
tory animal research can effectively guide the progress 
of human medical research.

 7. Greater studies focusing on comparative efficacy— 
Future research should not simply examine whether or 
not a given nutraceutical product is efficacious but rather 
how it compares to alternative treatments. Claims of syn-
ergism or improved formulations should require com-
parison with a standardized extract or pure compound, 
which would also facilitate comparisons between stud-
ies. These changes would greatly assist the scientific and 
medical communities in establishing the clinical rele-
vance of nutraceuticals.

Conclusions
Establishing the chronic effects of any molecule in humans 

is difficult, time consuming, and expensive. There is very lit-
tle precedent for successfully creating an evidence-based 
therapeutic intervention outside of large pharmaceutical 
companies, and even molecules produced by such companies 
frequently perform more poorly than expected or have side 
effects. Despite the large effort that has been put forth by the 
international research community to understand the mecha-
nisms of resveratrol’s beneficial effects, the precise dosing, 
risks, and outcomes in humans remain uncertain. Resveratrol 
itself may have enough momentum to carry it through addi-
tional human trials that will provide more satisfying data on 
safety and efficacy, but it is only one of approximately 8,000 
polyphenols found in our food and of perhaps hundreds of 
thousands of potentially beneficial molecules. Effectively 
evaluating large numbers of these molecules, or even defin-
ing the precise in vivo mechanism of resveratrol’s effects, is 
likely to require the development of new paradigms and ap-
proaches that can deal with multiple targets and multiple out-
comes. There remain many challenges that need to be 
overcome to ensure that potentially beneficial medicines are 
made available efficiently and safely.
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