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ABSTRACT
Pharmacokinetic drug interactions can lead to unexpected changes in plasma concentrations of the object drug, potentially 
increasing the risk for adverse effects and/or decreasing therapeutic efficacy. The botanical product goldenseal was previously 
shown to decrease metformin systemic exposure in healthy adults. This three-arm, open-label, crossover clinical study assessed 
the pharmacokinetic goldenseal–metformin interaction in adults with type 2 diabetes stabilized on therapeutic doses of met-
formin (500–2550 mg daily). The aggregate pharmacokinetic data indicated no clinically meaningful interaction as determined 
by the metformin area under the plasma concentration-time curve (AUC) geometric mean ratio [90% confidence interval] of 
0.93 [0.86–1.01] laying within the predefined no-effect range (0.80–1.25). However, metformin AUC decreased by ~20%, 14%, 
and 0% after goldenseal coadministration at low (500–750 mg), moderate (1000–1500 mg), and high (2000–2550 mg) metformin 
doses, respectively; renal clearance and half-life remained unchanged throughout. The exploratory pharmacodynamic endpoint, 
HbA1c, decreased on average from 6.8% to 6.5%, regardless of the effects of goldenseal on metformin pharmacokinetics. The de-
creasing effect of goldenseal on metformin systemic exposure with increasing metformin dose, coupled with no changes in renal 
excretion and elimination half-life, indicated that both the pharmacokinetic goldenseal–metformin interaction and the nonlin-
ear absorption of metformin are governed by saturable, intestinal transport mechanism(s). The disconnect between changes in 
metformin systemic exposure and therapeutic effects emphasizes the need to evaluate clinical biomarkers to comprehensively as-
sess drug interaction risks, particularly those involving natural products. Healthcare providers may consider cautioning patients 
about supplementing metformin pharmacotherapy with goldenseal to avoid risks for undesired changes in glycemic control.
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1   |   Introduction

Despite groundbreaking advances in promising new pharma-
cotherapeutics throughout the past decade, drug–drug interac-
tions (DDIs) remain a major public health concern worldwide 
[1]. Regarding the economic and health care burdens, DDIs have 
been estimated to account for > 70,000 emergency room visits 
and ~200,000 hospitalizations annually in the United States 
[2, 3]. DDIs are of particular concern in low- and middle-income 
countries due to the lack of robust pharmacovigilance pro-
grams, contributing to the disproportionate rate of poor health 
outcomes in these communities [4, 5]. Pharmacokinetic DDIs 
can lead to changes in the systemic exposure to the object drug, 
potentially resulting in increased off-target effects and/or de-
creased efficacy. These risks are further exacerbated by the fact 
that many pharmacotherapeutics are dose-limited by toxicities. 
Hence, rigorous evaluation of pharmacokinetic DDIs is critical 
for optimal dose selection to improve therapeutic outcomes.

People with diabetes often experience polypharmacy due to 
uncontrolled blood glucose and/or comorbidities, greatly in-
creasing the risk for adverse DDIs. Drug interactions, which are 
typically perceived to result from concomitant drugs, can also 
be precipitated by botanical dietary supplements and other nat-
ural products [6]. Grapefruit juice and St. John's wort are two 
textbook examples of natural products that precipitate clinically 

significant pharmacokinetic drug interactions. Grapefruit juice 
can greatly increase systemic exposure to certain drugs by in-
hibiting the prominent drug-metabolizing enzyme cytochrome 
P450 (CYP) 3A4, potentially leading to drug toxicity. In con-
trast, grapefruit juice can decrease systemic drug exposure by 
inhibiting the apically localized intestinal uptake transporters 
organic anion transporting polypeptides (OATPs), potentially 
leading to reduced drug efficacy [7]. St. John's wort also can re-
duce drug systemic exposure by inducing CYP3A4 expression. 
Despite these well-known examples, natural products remain 
relatively understudied and overlooked based on the common 
(mis)perception that they are safe because they are derived from 
natural sources. Concerns for natural product–drug interactions 
are further compounded as more and more patients seek natu-
ral alternatives to self-treat a variety of medical complications, 
including type 2 diabetes [8, 9], contributing to the exponential 
growth in sales of these ubiquitous and readily accessible prod-
ucts [10].

An established but lesser-known natural product precipitant 
of pharmacokinetic drug interactions is goldenseal [Hydrastis 
canadensis L. (Ranunculaceae)], which is commonly used to self-
treat the common cold, indigestion, and allergic rhinitis [11, 12]. 
Goldenseal also has been used for glucose control because ber-
berine, the predominant phytoconstituent present in goldenseal 
products [13], reportedly has glucose lowering effects in both 
rodent models with diabetes and adults with type 2 diabetes 
[14–16]. Like grapefruit juice, goldenseal is a CYP3A4 inhibitor 
and has been shown to increase systemic exposure to suscepti-
ble drugs [17, 18]. More recently, our group observed an ~25% de-
crease in metformin systemic exposure after coadministration 
of a subtherapeutic dose (50 mg) of metformin with goldenseal to 
16 healthy adults [19]. This minor pharmacokinetic interaction 
may be clinically relevant as incremental changes in metformin 
exposure have been shown to affect glucose control [20]. The 
working hypothesis is that goldenseal inhibited intestinal up-
take transporters involved in metformin absorption because the 
drug does not readily permeate the intestinal epithelial lining 
(Papp: 1.4–5.0 × 10−7 cm/s) due to its hydrophilicity (log D), −3.41 
(pH 7.4), pKa (12.4), and lack of metabolism [21–23]. Subsequent 
mechanistic studies confirmed that goldenseal is an inhibitor of 
various intestinal uptake transporters (e.g., OCT1/3, PMAT, and 
ThTR2) both in HEK293 cells overexpressing select transporters 
and in mice [24].

Although this first documented clinical pharmacokinetic 
interaction involving metformin and a natural product gen-
erated novel information, several questions remain: (i) Is 
this interaction relevant to people with diabetes taking ther-
apeutic doses of metformin? (ii) Does chronic goldenseal 
administration increase interaction risk? (iii) Does the phar-
macokinetic interaction affect glucose control? Accordingly, 
the aims of the present study were to evaluate the effects of 
a well-characterized goldenseal product on metformin phar-
macokinetics in adults with type 2 diabetes, after both acute 
and chronic goldenseal exposure, and assess for potential 
changes in clinical biomarkers of glucose control (i.e., HbA1c, 
glycated albumin %, HOMA-IR). Although a metformin 
dose-dependent pharmacokinetic interaction was observed 
that did not lead to anticipated changes in clinical biomark-
ers, goldenseal appeared to affect HbA1c independent of the 

Summary

•	 What is the current knowledge on the topic?
○	 Coadministration of the natural product goldenseal 

with a subtherapeutic dose of metformin (50 mg) 
was previously shown to decrease metformin sys-
temic exposure in healthy adult participants.

•	 What question did this study address?
○	 This study investigated the pharmacokinetic gold-

enseal–metformin interaction, along with the po-
tential consequent effects on clinical biomarkers of 
glucose control, in adults with type 2 diabetes taking 
therapeutic doses of metformin (500–2250 mg).

•	 What does this study add to our knowledge?
○	 The risk of goldenseal precipitating a pharmacoki-

netic interaction with metformin decreased with 
increasing metformin dose, indicating that the in-
teraction and the nonlinear absorption of metformin 
are driven by saturable transport mechanism(s). The 
mechanism of this presumed transporter-mediated 
pharmacokinetic drug interaction appears to be 
competitive inhibition because the magnitude di-
minished at increasing metformin doses. The appar-
ent decrease in HbA1c, irrespective of the change 
in metformin exposure, provides a framework for 
future controlled studies to investigate the potential 
glucose lowering effects of goldenseal.

•	 How might this change clinical pharmacology or 
translational science?
○	 Caution may be warranted for patients taking met-

formin concomitantly with goldenseal, regardless 
of changes in metformin systemic exposure, due to 
potential additive blood glucose lowering effects.
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pharmacokinetic interaction. Results highlight a potential 
disconnect between a pharmacokinetic natural product–drug 
interaction and anticipated changes in therapeutic effects.

2   |   Methods

2.1   |   Participant Eligibility and Enrollment

Adults with type 2 diabetes who were stabilized on metformin 
(immediate or extended-release formulations), with doses rang-
ing from 500 to 2550 mg daily, were recruited to participate in a 
3-arm, open-label, crossover pharmacokinetic study (Figure S1). 
The clinical protocol was approved by the Washington State 
University (WSU) Institutional Review Board (IRB registra-
tion #18889) and registered in the Clini​calTr​ials.​gov database 
(NCT #05081583). All activities took place at the WSU Human 
Research Clinic on the Health Sciences Campus in accordance 
with 45 CFR 46 and adherence to Good Clinical Practice guide-
lines. Signed written informed consent and Health Insurance 
Portability and Accountability Act compliance forms were ob-
tained from all potential participants prior to screening, which 
consisted of medical history assessment, physical exam, and 
clinical laboratory testing (complete blood count with differ-
entials and platelets, complete metabolic panel, HbA1c, and 
urinalysis). Participation eligibility was based on screening eval-
uation and inclusion/exclusion criteria (Table  S1). A compiled 

list of concomitant medications is included in the supplemental 
information; none of these drugs are known to affect metformin 
pharmacokinetics.

2.2   |   Clinical Study Design

On the morning of each inpatient study day, participants were 
provided a standardized meal (~500 kcal; ~37 g fat, 16 g carbohy-
drate, 22 g protein) immediately prior to metformin administra-
tion. During Arm 1 (baseline), they consumed their entire daily 
intake of metformin as a single oral dose (Figure  1). During 
Arm 2 (acute goldenseal exposure), they were administered 3.3 g 
of a well-characterized oral goldenseal product (550 mg whole 
root; Solaray, Nutraceutical Corp., Park City, UT) 30 min prior 
to metformin. Each gram of the goldenseal product contained 
28.9 mg of berberine, 18.6 mg of (−)-β-hydrastine, and 0.73 mg 
of canadine. During Arm 3 (chronic goldenseal exposure), they 
self-administered 1.1 g of goldenseal thrice daily for 27 consec-
utive days; compliance was monitored via a video messaging 
app. On the morning of day 28, participants were administered 
1.1 g of goldenseal 30 min prior to metformin; two additional 
doses of goldenseal (1.1 g) were administered at 4-h intervals. 
Participants were instructed to administer their daily dose of 
metformin as prescribed throughout the entire duration of the 
study without a drug holiday. They were also instructed to take 
all other medications as prescribed throughout the entirety of 

FIGURE 1    |    Clinical study design: 3-arm, open-label, crossover. Participants consumed their entire daily dose of metformin (500–2550 mg) at the 
start of each arm. Plasma and urine were collected up to 24 h after metformin administration. During Arm 2 (acute goldenseal exposure), a single 
dose of goldenseal (3.3 g) was administered ~30 min prior to metformin. During Arm 3 (chronic goldenseal exposure), participants self-administered 
goldenseal (1.1 g) thrice daily for 27 days; compliance was monitored via a video messaging app. On Day 28, a single dose of goldenseal (1.1 g) was ad-
ministered ~30 min prior to metformin; 2 additional doses of goldenseal were administered in 4-h increments (depicted with gold arrows). Each arm 
was separated by at least a 7-day goldenseal washout period. The washout period was also necessary to ensure participants did not consume food/
alcohol known to affect drug metabolizing enzyme and transporters prior to participation in the study.

http://clinicaltrials.gov
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the study. During all three arms, blood (8 mL) was collected into 
BD Vacutainer EDTA tubes (Becton, Dickinson and Company, 
Franklin Lakes, NJ) from an arm vein via an indwelling periph-
eral venous catheter at designated time points before and up to 
12 h post-metformin administration; a single venous blood draw 
was collected the following morning at the 24-h time point. An 
additional blood sample (8 mL) was collected into BD Vacutainer 
SST tubes for clinical biomarker assessment at the beginning of 
each study arm when participants were fasted overnight. Urine 
was collected during the 0–12 and 12–24 h intervals after met-
formin administration. Vital signs (blood pressure, oxygen 
saturation, pulse) and fasting blood glucose were measured pe-
riodically during each visit. Inpatient visits for each arm were 
separated by a 7-day goldenseal washout period, with Arm 3 
being the final arm completed by all participants. A washout pe-
riod was also necessary to ensure participants did not consume 
food/liquids known to affect drug metabolizing enzymes and 
transporters prior to participation in the study.

2.3   |   Bioanalytical Method

Plasma was separated from red blood cells via centrifugation 
(1600 g × 10 min) and subsequently transferred to cryovials. Prior 
to quantitative analysis, plasma and urine samples were pro-
cessed by adding 250 μL acetonitrile (containing d6-metformin 
as internal standard) to 100 μL of the sample, followed by cen-
trifugation at 20,800 g and 4°C for 10 min to precipitate proteins. 
Supernatants were collected, diluted 1:50 in acetonitrile, and an-
alyzed using an established UHPLC–MS/MS method [25].

2.4   |   Pharmacokinetic Analysis

Metformin pharmacokinetics were determined via noncom-
partmental analysis using Phoenix WinNonlin (v7.0, Certara, 
Radnor, PA). Because metformin could not be discontinued in 
these participants, area under the plasma concentration vs. time 
curve (AUC) from time zero to the last measured concentration 
(AUC0-tlast) and maximum plasma concentration (Cmax) were 
corrected for residual drug. That is, metformin concentrations 
in the collected samples were corrected by subtracting the calcu-
lated decayed concentrations of residual metformin at each re-
spective timepoint using the terminal elimination rate constant 
determined for each participant. This correction for residual 
metformin concentration was necessary to standardize compar-
isons between study arms due to potential differences in the time 
during which metformin was administered the day prior. The 
following additional metrics were recovered from the plasma 
concentration vs. time data as described: terminal half-life (t1/2), 
time to reach Cmax (tmax), and renal clearance (CLR) [19].

2.5   |   Statistical and Power Analyses

A sample size of 20 evaluable participants was determined to pro-
vide > 80% power to detect a 20% change in metformin AUC with 
a Type I error of 0.05, assuming 29.4% intra-individual variabil-
ity [26]. The primary endpoints were the geometric mean ratio 
(GMR; goldenseal exposure-to-baseline) of metformin AUC0-tlast 
and Cmax. The predefined no effect range was 0.80–1.25; that is, 

if the GMR lay outside this range, a pharmacokinetic interaction 
was evident. Secondary pharmacokinetic endpoints included 
t1/2, tmax, and CLR. When appropriate, secondary endpoints were 
compared using the Wilcoxon matched-pairs signed-rank test. 
Descriptive statistics were recovered using GraphPad Prism 9 
(GraphPad Software Inc., La Jolla, CA).

2.6   |   Pharmacodynamic Assessments

Clinical biomarkers were measured in serum samples collected at 
the beginning of study participation and after 28 days of goldenseal 
administration. Hemoglobin A1c (HbA1c) was evaluated using the 
Tina-quant assay (Roche Diagnostics International Ltd., Rotkreuz, 
Switzerland). Glycated albumin % was calculated as the ratio of 
glycated albumin to albumin, which was measured using the 
Lucica (EKF Diagonistics, Texas, USA) and ALB Flex (Siemens 
Healthcare Diagnostics Inc., Delaware, USA) assay, respectively. 
Insulin and glucose concentrations were measured using recom-
binant ELISA kits (ab278123; Abcam Inc., Cambridge, UK) and 
Contour Next glucose monitor kit (Ascensia Diabetes Care, New 
Jersey, USA), respectively. Homeostatic Model Assessment for 
Insulin Resistance (HOMA-IR) was calculated using the following 

equation: 
glucose

(

mg

dL

)

× insulin
(

�IU

mL

)

405
 [27].

3   |   Results

3.1   |   Participant Demographics

A total of 22 participants (12 males,10 females) completed the 
study; none withdrew from the study. Using the NIH demo-
graphics form, 20 participants self-identified as White, 1 as 
American Indian, and 1 as two or more races. Median age 
[range] was 47 [22–65] years. Mean weight and BMI [90% con-
fidence interval] were, respectively, 106 [96–117] kg and 32 
[29–35] kg/m2 for males and 98 [87–110] kg and 36 [32–40] kg/
m2 for females.

3.2   |   Pharmacokinetic Goldenseal-Metformin 
Interaction Study

All participants tolerated goldenseal well during Arms 2 and 3. 
No serious adverse effects were reported. Because metformin 
is known to exhibit nonlinear absorption at therapeutic doses 
[28–30], the concentration-time profiles (Figure 2) and pharma-
cokinetics (Table  1) of metformin were categorized according 
to the total daily dose: ≤ 750, 1000–1500, and ≥ 2000 mg. The 
changes in metformin AUC and Cmax did not differ between 
acute and chronic goldenseal administration; hence, the GMRs 
for both arms were combined for assessment (Figure 3). At the 
lower metformin doses (500–750 mg; n = 8), AUC0–12h and Cmax 
GMRs were 0.80 [0.62–1.04] and 0.79 [0.66–0.94], respectively. 
At the moderate doses (1000–1500 mg; n = 15), AUC0–12h and 
Cmax GMRs were 0.85 [0.72–1.02] and 0.86 [0.71–1.02], respec-
tively. At the high doses (2000–2250 mg; n = 21), AUC0–12h and 
Cmax GMRs were 1.00 [0.91–1.08] and 1.00 [0.90–1.10], respec-
tively. Metformin AUC and Cmax GMRs were 0.86 [0.76–0.96] 
and 0.88 [0.78–0.99], respectively, for participants taking imme-
diate release formulations (n = 14) and were 1.00 [0.92–1.11] and 
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0.96 [0.86–1.05], respectively, for those taking extended-release 
dosages (n = 8).

3.3   |   Clinical Biomarkers of Glucose Control

Clinical biomarker data for three participants were not 
included in the analysis due to changes to their diabetic 
pharmacotherapy midway through study participation; an 
additional four participants were not included in the HbA1c 
analysis due to the inability to obtain lab results. Of those 
with evaluable results (n = 15), mean [90% confidence in-
terval] HbA1c decreased from 6.8% [6.5%–7.1%] at baseline 
to 6.5% [6.2%–6.8%] after 28 consecutive days of goldenseal 
administration (Figure 4A). Mean fasting blood glucose and 
glycated albumin were 141 mg/dL [131–151 mg/dL] and 14.7% 
[13.4%–16.0%], respectively, at baseline and were 140 mg/dL 
[131–150 mg/dL] and 14.5% [13.5%–15.4%], respectively, after 
goldenseal exposure (Figure 4B,C). Mean HOMA-IR at base-
line and after goldenseal exposure were 13.0 [10.2–15.8] and 
14.9 [11.6–18.1], respectively (Figure 4D).

4   |   Discussion

Natural product–drug interactions are a growing public health 
concern as more patients seek botanical and other natural al-
ternatives to supplement their pharmacotherapeutic regimens 
[31, 32]. The botanical product goldenseal was recently shown to 

precipitate a pharmacokinetic interaction with a subtherapeutic 
dose of metformin (50 mg) in healthy adults [19]. Specifically, 
goldenseal decreased metformin systemic exposure by ~25% rel-
ative to baseline. The logical question subsequently arose: how 
do these results translate to people with type 2 diabetes taking 
metformin? The aims of the current study were to (i) evaluate 
whether goldenseal precipitates a pharmacokinetic interaction 
with therapeutic doses of metformin, (ii) determine if duration 
of exposure to goldenseal affects the magnitude of interaction 
risk, and (iii) assess if any pharmacokinetic changes affect clin-
ical endpoints in this patient population.

Based on the predefined no-effect range (metformin AUC0–12h 
GMR: 0.80–1.25), the aggregate data indicated no pharmacoki-
netic interaction between goldenseal and metformin at therapeu-
tic doses (GMR, 0.93) (Figure 2A). However, when the data were 
binned into different metformin dose groups, the change in met-
formin systemic exposure after goldenseal coadministration de-
creased with increasing metformin dose (Figure 3). Specifically, 
at the lowest dose range (500–750 mg), goldenseal decreased 
metformin AUC and Cmax by ~20% relative to baseline, recapitu-
lating observations from our previous study involving a subther-
apeutic dose of metformin [19]. At moderate metformin doses 
(1000–1500 mg), goldenseal decreased AUC and Cmax by ~14%. 
At the highest metformin doses (2000–2550 mg), the risk of an 
interaction was effectively null (Figure 3). The pharmacokinetic 
interaction appeared to be dependent on metformin formula-
tion (immediate vs. extended release) but independent of the 
duration of goldenseal coadministration. These observations, 

FIGURE 2    |    Dose-adjusted metformin plasma concentration versus time profiles for the (A) aggregate data and for data binned into (B) low, 
(C) moderate, and (D) high metformin dose groups. Symbols denote the geometric mean of metformin concentrations in the absence of goldenseal 
(gray circles) and after acute (solid blue squares) and chronic (open blue squares) exposure to goldenseal. Error bars are excluded from the graphs 
for visual clarity; readers are referred to Table 1 for metformin pharmacokinetic variability. One participant reported a change in metformin dose 
(1000–2000 mg) midway through the study, thus the baseline arm was repeated for this participant at the new dose to provide an appropriate paired 
analysis.
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coupled with no significant change in metformin half-life and 
renal clearance, suggested that goldenseal decreased metformin 
systemic exposure at low therapeutic doses primarily by atten-
uating a saturable intestinal process involved in metformin ab-
sorption. A limitation with the current observations is that there 
were a limited number of participants in each of the various dose 
groups. Hence, a study sufficiently powered to detect differences 
in the magnitude of the goldenseal-metformin pharmacokinetic 
interaction at the different metformin dose ranges, as well as 
differences between acute and chronic goldenseal administra-
tion, is necessary to confirm this hypothesis.

The nonlinear absorption kinetics of metformin (less than pro-
portional increase in AUC with increasing dose) are well docu-
mented [28–30]. However, the underlying mechanism remains 
equivocal. Previous in vitro studies identified two mechanisms 
as potential contributors to this nonlinearity: saturable paracel-
lular diffusion and saturable active transport through a trans-
cellular absorption pathway [22, 33]. If paracellular diffusion is 
the primary saturable component of metformin absorption, then 
the relative contribution of active transport will increase with 
increasing metformin dose, which will result in a greater magni-
tude of change in a transporter-mediated interaction. In contrast, 

TABLE 1    |    Pharmacokinetics of metformin (500–2550 mg) after oral administration alone and after acute (single 3.3-g dose) and chronic (1.1 g 
thrice daily for 28 days) exposure to goldenseal. Data represent geometric means [90% confidence intervals] unless noted otherwise.

Baseline
Acute goldenseal 

exposure
Chronic goldenseal 

exposure

Metformin 500–2550 mg (n) 23a 22 22

AUC0–12h (nM ╳ h/mg)b 59.6 [52.0–68.5] 54.5 [48.2–61.7] 57.3 [50.3–65.3]

Cmax (nM/mg)b 8.92 [7.86–10.1] 8.36 [7.55–9.27] 8.26 [7.37–9.25]

t1/2 (h) 4.73 [4.18–5.35] 4.70 [4.22–5.23] 4.79 [4.27–5.37]

tmax (h)c 3.50 [1.00–10.00] 4.50 [1.50–6.00] 4.50 [1.50–6.00]

CLR (mL/min) 259 [203–331] 249 [200–309] 250 [199–314]

Metformin 500–750 mg (n)d 4 4 4

AUC0–12h (nM ╳ h/mg)b 61.6 [31.8–82.0] 43.0 [29.6–62.9]* 53.6 [23.9–74.2]

Cmax (nM/mg)b 9.87 [7.18–11.4] 6.87 [5.22–9.49]* 7.76 [4.64–10.4]*

t1/2 (h) 3.24 [2.12–4.94] 3.83 [2.21–6.63] 3.63 [2.40–5.50]

tmax (h)c 5.50 [3.00–6.00] 4.5 [3.00–6.00] 4.75 [2.50–6.00]

CLR (mL/min) 458 [225–712] 282 [186–555] 402 [162–564]

Metformin 1000–1500 mg (n) 8 8 7a

AUC0–12h (nM ╳ h/mg)b 67.2 [50.0–90.2] 58.8 [44.8–77.1] 60.0 [46.2–77.8]

Cmax (nM/mg)b 10.3 [7.94–13.4] 9.15 [7.44–11.2] 8.91 [7.14–11.1]

t1/2 (h) 4.43 [3.62–5.42] 4.66 [3.76–5.76] 4.56 [3.38–6.15]

tmax (h)c 3.50 [1.00–6.00] 4.5 [2.00–6.00] 3.5 [2.00–6.00]

CLR (mL/min) 279 [189–410] 260 [145–465] 208 [137–316]

Metformin 2000–2550 mg (n) 11a 10 11a

AUC0–12h (nM ╳ h/mg)b 56.1 [46.2–68.0] 56.6 [48.7–65.8] 59.7 [50.2–71.1]

Cmax (nM/mg)b 8.00 [6.69–9.57] 8.39 [7.24–9.71] 8.23 [6.94–9.77]

t1/2 (h) 5.80 [5.2–6.46] 5.14 [4.70–5.61] 5.46 [5.06–5.89]

tmax (h)c 3.50 [1.00–10.00] 4.75 [1.50–6.00] 5.00 [1.50–6.00]

CLR (mL/min) 207 [138–312] 225 [188–270] 249 [200–309]

Note: AUC0–12h, area under the plasma concentration versus time curve from 0 to 12 h. No statistical significance was observed for secondary endpoints (t1/2, tmax, and 
CLR) based on Wilcoxon matched-pairs signed-rank test (p < 0.05).
Abbreviations: CLR, renal clearance; Cmax, maximum plasma concentration; t½, terminal half-life; tmax, time to reach Cmax.
aOne participant reported a change in metformin dose (1000–2000 mg) midway through the study, thus the baseline arm was repeated to provide an appropriate paired 
analysis.
bNormalized based on metformin hydrochloride dose.
cMedian [range].
dDue to the small sample size, median [range] is reported.
*Significant difference as determined by the pre-defined no effect range of 0.80–1.25 for the goldenseal exposure-to-baseline AUC ratio.
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if active transport is the primary saturable component, then the 
relative contribution of active transport will decrease with in-
creasing metformin dose, which will reduce the magnitude of 
a transporter-mediated drug interaction. Regarding the current 

study, the diminished interaction at the higher metformin doses 
indicated that saturation of active transport is the underlying 
mechanism of the nonlinear absorption of metformin. These 
clinical results are also consistent with mechanistic studies that 

FIGURE 3    |    Mean change in metformin systemic exposure after goldenseal co-administration. The relative change in metformin AUC0–12h (A) 
and Cmax (B) after goldenseal exposure is grouped by metformin dose. Effects of acute and chronic goldenseal administration are combined. †Effects 
of goldenseal administration on the pharmacokinetics of metformin (50 mg) in healthy adult participants are reproduced with permission from the 
American Society for Clinical Pharmacology and Therapeutics (Nguyen et al. 2020).

FIGURE 4    |    Clinical biomarkers of glucose control measured for each participant at the beginning of the study (Baseline) and after 28 days of 
goldenseal co-administration (GS Exposure): HbA1c (A), glycated albumin (B), fasting blood glucose (C), and HOMA-IR (D). Intraindividual changes 
for each participant are shown in the right side of the plots; the red center and extreme horizontal lines denote means and 90% confidence intervals, 
respectively.
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identified goldenseal and berberine, the predominant alkaloid 
in goldenseal, as inhibitors of select intestinal transporters pre-
sumed to be involved in metformin absorption (i.e., OCT1/3, 
PMAT, ThTr-2) [24, 34–36]. Indeed, the estimated luminal con-
centration of berberine after administration of a single 1.1 g dose 
of the goldenseal product (~350 μM) was at least 10-fold higher 
than the IC50 for each transporter, further supporting potential 
contributions by these transporters to the goldenseal–metformin 
interaction [19, 24].

The effects of goldenseal on clinical biomarkers of glucose con-
trol were discordant with those expected from the changes in 
metformin systemic exposure. Based on the decrease in met-
formin AUC and Cmax (dose range: 500–1500 mg) after golden-
seal coadministration, a decrease in drug efficacy (increased 
blood glucose concentrations) was anticipated. However, ef-
ficacy was apparently enhanced, as mean HbA1c decreased 
from 6.8% to 6.5% after coadministration of goldenseal with 
metformin for 28 days (Figure 4A). These observations are con-
sistent with those from previous clinical studies where daily ad-
ministration of 1500 and 1000 mg berberine to adults with type 
2 diabetes reduced HbA1c from 9.5% to 7.5% and from 7.5% to 
6.6%, respectively [37, 38]. The amount of berberine adminis-
tered in the current study was ~95 mg daily. Collectively, these 
observations suggest that the magnitude of HbA1c reduction 
may depend on berberine dose. Regarding the current study, the 
presumed antihyperglycemic effects of goldenseal could have 
offset the projected adverse impact from the pharmacokinetic 
interaction (if any) with metformin.

Because HbA1c is a measure of average blood glucose for the 
preceding 3–4 months, this clinical biomarker may have un-
derestimated the presumed antihyperglycemic effects of gold-
enseal, which was administered for only ~1 month. Glycated 
albumin, an emerging but less established biomarker, reflects 
average blood glucose for the preceding 6–8 weeks, representing 
a potential tool for assessing therapeutic effects over a shorter 
duration [39, 40]. Results from this secondary assessment, as 
well as fasting blood glucose and HOMA-IR, did not support the 
antihyperglycemic effects of goldenseal (Figure  4B–D). A po-
tential confounding factor is a sequence effect stemming from 
the study design (chronic goldenseal exposure was the final 
arm completed by all participants), which was implemented 
due to logistical constraints. That is, participants may have al-
tered their behavior (e.g., improved dietary habits and increased 
physical activity) because they were monitored throughout the 
study. This type of participation bias may have contributed to 
the apparent decrease in HbA1c. Another confounder is that the 
study was not powered to detect clinically meaningful changes 
in these biomarkers. Collectively, results support the need for an 
expanded study with a larger sample size and extended admin-
istration duration (> 90 days) to confirm the effects of goldenseal 
on blood glucose.

Pharmacokinetic results from this clinical study are the first 
to demonstrate that the nonlinear absorption of metformin 
is driven primarily by saturable intestinal transporter(s). This 
concept can be applied to other orally administered drugs that 
are absorbed predominantly via this mechanism (e.g., uptake of 
fexofenadine by OATP2B1). That is, at higher therapeutic doses 

of the object drug, the risk of transporter-mediated drug inter-
actions in the intestine diminishes because of the high luminal 
concentrations saturating active transport processes, assuming 
transporter inhibition occurs in a competitive manner. A range 
of goldenseal doses would provide further insights into the 
mechanism of inhibition.

The current study demonstrated the utility of including clini-
cal biomarkers in the evaluation of pharmacokinetic natural 
product–drug interactions. In general, a change in object drug 
systemic exposure should correlate with a change in pharmaco-
logical effects. However, because natural products contain mul-
tiple constituents (many of which could be pharmacologically 
active), the change in drug systemic exposure resulting from 
a pharmacokinetic natural product–drug interaction may not 
necessarily correlate with the anticipated effects on clinical end-
points. Regarding the current study, had the clinical biomark-
ers not been measured, the potential glucose lowering effects of 
goldenseal would not have been detected. These observations 
highlight the need to measure changes in clinical biomarkers 
to comprehensively assess the impact of natural product–drug 
interactions.

In summary, results from this comprehensive clinical study 
provided mechanistic insight into a pharmacokinetic natural 
product–drug interaction and identified potential pharmaco-
logic effects of the natural product that are independent of the 
interaction. The aggregate pharmacokinetic data suggested that 
there was no interaction between goldenseal and metformin. 
However, at metformin doses < 1000 mg, goldenseal coadminis-
tration appeared to decrease exposure to the antidiabetic drug. 
Finally, the combination of metformin and goldenseal could 
have additive/synergistic antihyperglycemic effects as observed 
by the decrease in HbA1c, potentially necessitating closer mon-
itoring of blood glucose. Additional studies are needed to deter-
mine conclusively whether goldenseal has therapeutic benefits, 
which are essential to guide patients and healthcare providers 
about supplementing pharmacotherapeutic regimens with this 
natural product.
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