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ABSTRACT
Drug–food interactions may compromise therapeutic efficacy, particularly for life-saving medications such as anticoagulants. 
Changes in gastric fluid properties, including pH modification and surface film formation, can alter drug dissolution and release. 
This study evaluated a potential interaction between clopidogrel and spinach and explored the underlying mechanisms. In vitro 
disintegration and dissolution studies were conducted using HCl and phosphate buffers with and without 5% and 7.5% spinach 
extract. Drug release was quantified by high-performance liquid chromatography (HPLC), with six media conditions analyzed in 
triplicate. Disintegration testing was performed in simulated gastric and intestinal fluids and in the presence of spinach leaves to 
assess the effect of film formation on tablet wetting and disintegration. In vitro–in vivo extrapolation (IVIVE) was assessed using 
GastroPlus software. Clopidogrel dissolution decreased with increasing spinach concentration in both media. In HCl buffer, dis-
solution declined from 99% to 94% and 89%, while in phosphate buffer it decreased from 71% to 66% and 56%. These effects were 
associated with increased pH (HCl: 1.91, 2.83, 2.98; phosphate: 6.81, 8.83, 6.84), increased solution viscosity, 17.63 to 17.67 and 
17.70 in HCl buffer, and from 17.44 to 17.50 and 17.54 in phosphate buffer. Moreover, reduced fluid penetration was due to spin-
ach leaves coverage. IVIVE analysis showed weak correlations (R2 = 0.74 in HCl and 0.69 in phosphate buffer). Spinach reduced 
clopidogrel dissolution in vitro, with statistically significant effects at 5% spinach in HCl buffer (ANOVA test, p-value 0.019) and 
7.5% in phosphate buffer (ANOVA test, p-value < 0.001). This interaction appears to be mediated by pH alteration, physical film 
formation, and potentially metal–drug complexation. Confirmation through in vivo studies is warranted.

1   |   Introduction

Gastrointestinal (GI) absorption of orally administered dosage 
forms could be influenced by food consumption; in other words, 
food could affect the GI environment and GI functions such 
as gastric emptying, intestinal transit time, bile acid secretion, 
stomach pH, as well as first-pass effect and liver metabolism 
[1, 2]. Administering a drug with food is sometimes desirable, 
where a high-fat meal is expected to increase drug bioavailabil-
ity of Class II drugs and will decrease the irritating effect of some 
drugs such as NSAIDs. When some drugs are co-administered 
with certain foods, drug-food interaction can develop, which 

further leads to decreased efficacy of the medication by de-
creasing its release or preventing its excretion, leading to accu-
mulation of the drug in the body, which could possibly lead to 
toxicity. One of the most well-known interactions is related to 
CYP450 3A4 liver enzyme [3]. For example, grapefruit juice con-
sumption should be avoided in case of clopidogrel administra-
tion because grapefruit is a strong inhibitor of CYP450 enzyme, 
which is needed for the drug metabolism into an active metab-
olite; in case of co-administration, it can lead to an increased 
risk of cardiovascular events and failure of therapy due to this 
enzyme suppression [4]. It is worthy to mention that clopidogrel 
is a prodrug, and its active metabolite formation depends greatly 
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on the CYP450 2C19 activities; 2C19 has multiple genotypes 
which classify into rapid or poor metabolizers and others [5]. 
In addition to this, approximately 85% of the drug is inactivated 
after metabolism, so these factors also affect the therapeutic 
efficacy of clopidogrel [6]. Jute mallow juice consumption with 
ciprofloxacin can also cause decreased efficacy of the drug as it 
increases the viscosity in gastric media; whenever the concen-
tration of jute mallow increases, this further delays dissolution 
and absorption [7]. Complex formation and chelation effect can 
also cause reduced absorption of certain medications. The ab-
sorption of some antibiotics like tetracyclines is also decreased 
when they are co-administered with calcium-rich products due 
to the chelation effect [8].

In this research drug-food interaction is studied between spin-
ach (Spinacia oleracea) which is consumed in many countries 
around the world, including European countries, where it's con-
sumed as soup or added to green smoothies and Middle East 
countries where it's cooked as a main meal. It is highly nutri-
tious and rich in metals like manganese, copper, calcium, folate, 
Vitamin K, and Vitamin A [9].

Clopidogrel is an anticoagulant; it is indicated for the treatment 
of cardiovascular diseases and prophylaxis from cardiovascular 
events in high-risk patients [10, 11]. According to its structure, 
it has high electronegative atoms including two oxygen atoms, 
chloride, sulfur, and nitrogen with a CAS RN (120202-66-6) 
[11, 12]. This increases the risk of forming a complex with met-
als in spinach, as it is rich in positively charged elements mag-
nesium, copper, and iron, which may influence clopidogrel's 
therapeutic effect. Therefore, this study is of interest for explor-
ing potential interactions between clopidogrel and spinach that 
could influence drug dissolution under in vitro conditions.

It is expected that ingestion of spinach initially increases gastric 
pH from (1–2) to (4–6) due to the buffering capacity of the meal, 
followed by stimulation of gastric acid secretion that gradually 
restores gastric pH [13, 14]. Ingestion of spinach is expected to 
increase gastric content viscosity from fasted values (1–2 cP) to 
approximately (10–100 cP), due to swelling of dietary fibers, par-
ticularly soluble polysaccharides, which results in a more vis-
cous fed-state environment. As gastric secretion and digestion 
process continues, viscosity decreases but remains higher than 
in the fasted state [13, 15, 16]. The effect of media viscosity on 
drug disintegration and dissolution occurs due to the decreased 
wetting and penetration of media liquid into the tablet, which 
further delays drug disintegration and dissolution, decreasing 
active pharmaceutical ingredient (API) release and diminish-
ing therapeutic efficacy. Referring to other studies, dissolution 
of Paracetamol immediate-release tablet was performed in dif-
ferent media containing a viscosity-enhancing agent, which is 
Hydroxypropyl methylcellulose K4M (HPMC K4M). The high 
viscosity medium was considered to simulate the fed state, 
and the simple medium without HPMC was considered as the 
fasting state. Decreased dissolution rates were observed in the 
higher viscosity medium [17]. Dissolution and absorption using 
in vitro dissolution absorption system (IDAS2) was performed 
for multiple drugs including Minoxidil, Carbamazepine, simvas-
tatin, propranolol, acetazolamide, and saquinavir in both fasted 
and fed state. It was concluded that drugs in Biopharmaceutical 
classification system (BCS) class I, Minoxidil and propranolol 

(with high solubility and permeability) are the least affected in 
high viscosity media, while BCS class II drugs carbamazepine 
and simvastatin (low solubility and high permeability), disso-
lution and absorption were the most reduced. Moreover, BCS 
class IV drugs (low solubility and low permeability) acetazol-
amide and saquinavir dissolution rates were slowed down, but 
absorption was not affected [18]. In addition, another study on 
poor-permeability drugs Atenolol, metformin, and furosemide 
showed that an increase in viscosity using HPMC to simulate 
fasted state resulted in decreased disintegration, dissolution, 
and absorption of these three drugs, without affecting drugs 
with pH independent absorption. It was also concluded that dif-
ferent drug formulations could be affected by medium viscosity 
and further affect drug absorption [19]. To sum up, the phar-
macokinetics of the drug is affected by the drug disintegration 
and dissolution. However, disintegration and dissolution are af-
fected by the drug's physical characteristics, mainly solubility.

This study was aimed to investigate whether spinach could affect 
the disintegration and dissolution of clopidogrel tablets in vitro, 
as well as to assess the effects of media characteristics, such as 
film precipitation and pH. Spinach was selected as a test media 
since the leaves of this plant are rich in dietary fibers, vitamins, 
and metals that upon intake may elevate the gastric fluid viscos-
ity. Therefore, the effect of the viscosity and pH of this extract on 
tablet disintegration and drug release was examined, aiming to 
find a conclusion on the appropriate administration of this drug 
concomitantly with spinach. Disintegration and dissolution of 
clopidogrel tablets were tested in both HCl and phosphate buf-
fer, comparing them to the results in 5% and 7.5% spinach in the 
mentioned buffers.

2   |   Materials and Methods

2.1   |   Materials

Clopidogrel bisulfate immediate release (IR) 75 mg tablets 
(Jerusalem Company-Palestine), Pharma test dissolution appa-
ratus (Hainburg—Germany), Pharma test disintegration appa-
ratus (Hainburg, Germany), Hanna pH meter (Rhode Island, 
USA), Thermoscientific magnetic stirrer, UV spectrophotom-
eter Unico (NJ, USA), HPLC Agilent 1200 series by Merck 
Pharmaceutical company (NJ, USA). Analytical grade acetoni-
trile and phosphoric acid for mobile phase were purchased from 
Sigma Aldrich (St. Louis, USA). Purified water delivered by 
thermo scientific system (Waltham, USA). Potassium chloride, 
hydrochloric acid, sodium hydroxide, and potassium dihydro-
gen phosphate were purchased from Sigma Aldrich (St. Louis, 
USA). Brookfield Viscometer (MS, USA), and Spinacia oleracea 
leaves were bought from a local vegetables and fruit store in 
Ramallah.

2.2   |   Methods

2.2.1   |   Study Media

USP hydrochloric acid buffer pH was adjusted to 2 and prepared 
by adding 4.45 g of Potassium chloride (KCl) and 1.983 mL of 
37% HCl in 1000 mL purified water (0.1 N Hydrochloric acid), 
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which simulates gastric media. Use of spinach plant as well as its 
collection in this research complies with relevant institutional, 
national and international guidelines and legislation.

Phosphate buffer pH was adjusted to 6.8 and prepared by dis-
solving 6.8 g of potassium dihydrogen phosphate KH2PO4 
0.897 g Sodium Hydroxide (NaOH) in 1000 mL purified water, 
which simulates intestinal media. pH was measured in triplicate 
for each media using a Hanna pH meter.

Spinach media was prepared in two different concentrations (5% 
and 7.5%) in both buffers. The fresh leaves of spinach were cut, 
weighed based on the concentration desired, 50 and 75 g respec-
tively. Then, they were added to 1000 mL of buffer and boiled 
for 10 min at 100C. Disintegration was performed, and then the 
media was sieved using a 250 μm sieve mesh size to remove all 
leaves from the media before starting the dissolution process.

No independent adjustment of ionic strength, osmolarity, or buf-
fer capacity was performed following the addition of spinach 
extract, as such changes are intrinsic to food–drug co-exposure 
and were therefore considered part of the experimental condi-
tion rather than a confounding variable.

Spinach extract was prepared and used as a whole food–derived 
matrix without further compositional characterization. Detailed 
analysis of metal ion content or fiber composition was not per-
formed, as the objective of the study was to assess the net effect 
of the intact dietary matrix on clopidogrel release rather than to 
attribute effects to individual components. The pH of the dis-
solution media was controlled by the buffer systems used, and 
any intrinsic properties of the extract were therefore evaluated 
within these standardized dissolution conditions.

2.2.2   |   Viscosity Measurement

Rheology was measured for the buffers with and without spin-
ach using a Brookfield viscometer with a T-A #91 spindle. All 
measurements were conducted in triplicate at temperature 37°C 
and 100 rpm shear rate.

2.2.3   |   Disintegration Study

Tablet disintegration tests were performed using a USP disinte-
grator apparatus (Pharma test DIST-3); the basket rack assembly 
consisted of six open-ended transparent tubes, each tube was 
provided with a cylindrical disk. Media used for disintegra-
tion was HCl buffer, phosphate buffer, 5% and 7.5% spinach in 
both buffers. The tests were carried out at temperature 37°C in 
800 mL solution, using six tablets for each test.

2.2.4   |   Drug Release Study

Dissolution tests were performed in a USP II paddle apparatus 
(Pharma test) in HCl buffer, phosphate buffer, 5% and 7.5% spin-
ach in both buffers. All experiments were performed in 900 mL 
solution at 37°C with the paddle stirring speed at 50 rpm. Three 
mL samples were withdrawn at predetermined time intervals 

5, 10, 15, 20, 30, 45, 60, 90, and 120 min. Samples were filtered 
using a 0.45 μm membrane, properly diluted, and analyzed using 
HPLC. Following analysis, dissolution versus time profiles in 
different media were constructed. All concentrations were run 
3 times on the HPLC.

2.2.5   |   UV Analysis

A blank of the pure solvent (buffer) was used to measure the 
amount of light transmitted through the sample. UV spectro-
photometer by Unico was used to determine the maximum 
wavelength of clopidogrel; it has a spectral bandpass of 4 nm and 
wavelength accuracy of ±2 nm. The wavelength range used in 
test was 200–1000 nm. The wavelength measured for clopido-
grel was 220 nm. UV spectrophotometry was used only for de-
termination of the maximum absorbance wavelength (λmax), 
while quantitative determination of clopidogrel concentration 
was carried out exclusively by HPLC.

2.2.6   |   HPLC Analysis

HPLC Agilent 1200 series was used for analysis of all sam-
ples. The system was equipped with a pump (model G1312A), 
an auto sampler (ALS) (model G1329A), and a Hypersil Gold 
thermo scientific C18 (250 cm × 4.6 mm), 5 μm column (Paisley, 
UK), and the detector consisted of UV/VIS operated at 220 nm. 
Chemstation Software (VersionRev B.04.03 (16)) was used for 
data processing and evaluation. Mobile phase used was 40% 
acetonitrile with 60% buffer (10 mL of Phosphoric acid H3PO4 
to 1000 mL water H2O making 0.147 M H3PO4). Prior to use, the 
mobile phase was filtered through 0.45 μm membrane and de-
gassed by sonication for 10 min. The operating temperature of 
the column was set at 35°C. The injection volume was 5 μL, and 
the flow rate was maintained at 1.0 mL/min. The run time was 
8 min with a retention time of about 4.6 min.

2.2.7   |   Sample and Standard Preparations

Sample was prepared by adding one tablet of clopidogrel 75 mg 
(98 mg clopidogrel bisulfate) in each of the six vessels containing 
900 mL buffer at 37°C. Sample concentration was 0.1089 mg/mL 
clopidogrel bisulfate.

Standard solution was prepared by adding 108.9 mg pure clopido-
grel bisulfate and dissolved in 100 mL volumetric flask with meth-
anol. Solution was sonicated for a few minutes, then made up to 
volume with methanol. Afterwards, 5 mL of stock solution were 
diluted to 50 mL in a volumetric flask with dissolution buffer. 
2 mL were withdrawn and serial dilutions were made with 0.1 N 
HCl until standard solution concentration had reached 0.1089 mg/
mL. The use and preparation of Spinacia oleracea media was com-
pliant with ethical guidelines and standard practice.

2.2.8   |   Drug Release and Statistical Analysis

Dissolution results in hydrochloric acid pH 2 simulated gas-
tric fluid—HCl buffer (SGF), and phosphate buffer pH 6.8 
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simulated intestinal fluid—phosphate buffer (SIF) were com-
pared to dissolution results of 5% and 7.5% spinach in both 
buffers. Comparison was done using difference and similarity 
factors f1 and f2, respectively.

where Rt is considered the amount of drug dissolved in reference 
solution as in HCl buffer and Phosphate buffer. Tt is considered 
the amount of drug dissolved in test solution as in 5% and 7.5% 
spinach in both buffers. An f2 of higher than 50 indicates that 
amounts dissolved in reference and test solutions are very sim-
ilar. Where if f1 is less than 15, this indicates a difference be-
tween amounts dissolved in reference and test solutions.

Dissolution efficiency (DE) is calculated to determine the 
amount of drug released during the dissolution process minutes 
compared to maximum release after dissolution is over. Where 
T = 120mins, y100 is the maximum dissolution and yt is the per-
centage of drug dissolved from time zero up to time T. The nu-
merator is equal to AUC from time 0 to time T [20].

AUC: Represents the area under the curve, ∑i = n i = 1: This 
symbol represents the summation from i = 1–n, meaning you're 
adding up the areas of the trapezoids for all points in your data, 
t1–ti−1: This represents the width of each trapezoid, ti−1 is the x-
value of the previous point, and t1 is the x-value of the current 
point (yi−1 + yi): This represents the average y-value (the height) 
of each trapezoid, yi−1 is the y-value of the previous point, and yi 
is the y-value of the current point, 1/2: This factor is part of the 
trapezoid area formula (1/2 × base × height) [21].

2.2.9   |   GastroPlus Analysis

GastroPlus software (version 9.8, Simulations Plus Inc., 
Lancaster, CA, USA), which is based on the Advanced 
Compartmental Absorption and Transit (ACAT) model, was 
used for performing IVIVE in phosphate and HCl buffer. 
GastroPlus software is a physiologically based software pro-
gram that simulates drug absorption, pharmacokinetics, and 
pharmacodynamics for several dosage forms in humans and 
animals. The required input parameters for clopidogrel bi-
sulfate and pharmacokinetic factors either were determined 
experimentally or were obtained from the literature. These 
parameters are mentioned in Table 1. The in vivo pharmacoki-
netic profile of the reference product clopidogrel bisulfate was 
obtained from Jerusalem Company-Palestine bioequivalence 

profile, where Jordan River Pharmaceutical Industries-Jordan 
sponsored the study.

2.2.10   |   Study Design

In vitro disintegration and dissolution tests of clopidogrel tab-
lets in hydrochloric acid and phosphate buffer were performed. 
Furthermore, the effect of the addition of spinach to the men-
tioned buffers at different concentrations was evaluated. 
Viscosity and pH measurement for all media at 37°C tempera-
ture was done to study the effect of changing these two factors 
on the disintegration and dissolution of clopidogrel.
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TABLE 1    |    Clopidogrel bisulfate parameters inputted into GastroPlus 
software.

Parameter Parameter value

Molecular weight (g/mol)a 419.9

Solubility at pH 1.2 (mg/mL) 40

Solubility at pH 3.5 (mg/mL) 1.79

Solubility at pH 4 (mg/mL) 0.279

Solubility at pH 4.5 (mg/mL) 0.171

Solubility at pH 5.12 (mg/mL) 0.083

Solubility at pH 6.6 (mg/mL) 0.082

Solubility at pH 6.8 (mg/mL)a 0.079

LogP (pH 7)a 4.03

Dose (mg)b 75

Pkaa 4.55

Peff (Proximal jejenum in rats) 
(cm/s × 104)a

28.5

Body weighte (kg) 72

Volume of distribution (L) (Vc)
c 631.9

Clearance (L/h)c 16 980

Unbound percent in plasmaa 2%

K12 fasted
c 0.518

K21 fasted
c 0.268

Formulationb Tablet

Dose volumee (mL) 240

Simulation time (h)d 24

T1/2
c (h) 7.38

Diffusion coefficientd (cm × 102/×105) 0.75

Mean precipitation time (s)d 900

AUCinf (ng.h/mL)e 7.708
aTaken from references [22–27].
bExperimental parameter.
cValue calculated by GastroPlus.
dGastroPlus standard.
eJerusalem Company.
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Disintegration and dissolution experiments were designed to 
address different aspects of the clopidogrel–spinach interac-
tion and were therefore conducted under intentionally distinct 
conditions. Spinach leaves were retained during disintegration 
testing to evaluate surface-related effects, including film pre-
cipitation and physical interactions that may influence tablet 
breakup. In contrast, dissolution testing was performed using 
the USP II paddle apparatus, which necessitates a homogeneous 
medium to maintain consistent hydrodynamic conditions. As 
a result, spinach leaves were removed and a clarified spinach 
extract was used for dissolution studies. This approach enabled 
evaluation of solution-mediated effects, including changes in 
pH and potential metal–drug complexation, while avoiding me-
chanical disruption of the dissolution process. The use of dif-
ferent media compositions represents a limitation of the study 
and should be considered when comparing disintegration and 
dissolution outcomes.

3   |   Results

3.1   |   Viscosity and pH Measurements

The viscosities and pH of all studied media measured in tripli-
cate are shown in Figures 1 and 2, respectively. The viscosity 
measurements showed a minimal increase with the addition of 
a higher concentration of spinach. Viscosity increase was 17.63, 
17.67 to 17.7 cP respectively, in HCl buffer, and 17.44, 17.5 to 17.54 
respectively, in phosphate buffer. The viscosity of the media 
following spinach addition ranged from 17.44 to 17.54 cP and 
17.63 to 17.7 cP. These values fall at the lower end of the reported 
fed-state gastric viscosity range. The differences between con-
ditions were minimal and within a narrow range. On the other 
hand, the addition of spinach slightly increased the pH of the 
HCl buffer 1.91, 2.83 to 2.98 respectively, as spinach extract con-
centration increased. Which had an impact on the dissolution of 

FIGURE 1    |    Rheological measurements of all media at 100 rpm.

FIGURE 2    |    pH measurements of all media.
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clopidogrel, whereas the pH of phosphate buffer increased from 
6.81 to 6.83 and 6.84, standard deviation for all pH and viscosity 
values was 0.01.

3.2   |   Disintegration

As seen in Figure  3, disintegration time increased as the 
concentration of spinach increased due to the addition of 
spinach leaves to the media; this directly correlates with the 
minimal increase in viscosity, as well as increased leaf pre-
cipitation on tablet surface. Disintegration time in phosphate 
buffer, 5% spinach, and 7.5% spinach were 41 s, 123 s, and 152 s, 

respectively. However, in HCl buffer it was 29 s, 33 s, and 42 s, 
respectively.

3.3   |   Dissolution

The release of clopidogrel bisulfate 75 mg tablets in various 
buffer media is presented in Figures 4 and 5. Dissolution was 
significantly reduced as spinach concentration increased from 
5% to 7.5% in both HCl buffer (p-value = 0.037) and phosphate 
buffer (p-value = 0.003), based on ANOVA and Tukey post hoc 
tests. The similarity factors were different for the dissolution in 
HCl buffer with 5% and 7.5% spinach ( f2 65% and 35.8% respec-
tively), when compared to HCl buffer. This indicates a signifi-
cant difference in the dissolution of clopidogrel, mainly in 7.5% 
spinach in HCl buffer compared to HCl buffer (p-value < 0.001). 
As well as the f2 value, it was 67% and 34.9%, similarity factor 
result comparing 5% spinach in phosphate buffer to buffer, 
and 7.5% spinach in phosphate buffer to buffer, respectively. It 
is noticeable that clopidogrel tablets showed a lower release in 
phosphate buffer compared to HCl buffer in all media, as shown 
in Figure  4, which is supported by literature, and this is fur-
ther discussed in the discussion section. Dissolution efficiency 
(DE%) in HCl was 94.42%, 88.12% and 80.49% in HCl buffer, 5% 
spinach and 7.5% spinach, respectively. Moreover, in phosphate 
buffer DE had the following values, 63.88%, 61.07% and 50.94% 
in phosphate buffer, 5% spinach and 7.5% spinach, respectively. 
These values indicate reliable dissolution results.

Analysis of variance (ANOVA) test was done followed by Tukey 
as post hoc test, which revealed distinct effects of spinach extract 

FIGURE 3    |    Disintegration time in SGF and SIF, 5% and 7.5% spin-
ach in SIF and SGF with spinach leaves at 37°C.
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concentration on clopidogrel release depending on the dissolution 
medium. As shown in Table 3, clopidogrel release in HCl buffer was 
significantly reduced in the presence of both 5% (p-value = 0.019) 
and 7.5% spinach extract (p-value < 0.001) compared with buffer. 
Additionally, release in 7.5% spinach extract was significantly 
lower than in 5% spinach extract (p-value = 0.037), as mentioned in 
Table 2. In contrast, in phosphate buffer, no statistically significant 
difference was observed between buffer and 5% spinach extract (p-
value = 0.145), whereas release in 7.5% spinach extract was signifi-
cantly lower than both phosphate buffer (p-value < 0.001) and 5% 
spinach extract (p-value = 0.003).

3.4   |   Gastroplus

When the in vitro outcomes obtained in this study were com-
pared with the numbers in Figure 6. Results have shown that 
there's weak in silico and in  vivo correlation between the 
in vitro results in HCl buffer, and in vivo results obtained from 

Jerusalem Company for the drug clopidogrel, as seen in Table 4. 
In HCl buffer, R2 value equaled 0.736692, compared to IVIVE 
with phosphate buffer, where R2 value was 0.693233.

4   |   Discussion

Spinacia oleracea was used as a media to study its effect on 
film precipitation, pH and dissolution of clopidogrel, as spinach 
is a very popular food consumed worldwide in smoothies, sal-
ads and main meals, because it is highly nutritious and can be 
grown in many regions worldwide. The choice of 5% and 7.5% 
spinach concentration was based on regular human dietary in-
take, which is ½–1 cup of cooked spinach or 2–3 cups raw spin-
ach. Spinach leaves were boiled to prepare an aqueous extract 
suitable for in vitro disintegration and dissolution experiments. 
This approach was implemented to ensure a homogeneous test 
medium compatible with the USP II paddle apparatus and to 
isolate the effects of dissolved spinach constituents on clopido-
grel performance. Boiling was also intended to simulate com-
mon dietary consumption, as spinach is frequently consumed in 
cooked forms such as soups. While boiling may alter the native 
composition of spinach, this methodology enabled focused eval-
uation of solution-phase interactions, including pH changes, po-
tential metal complexation and film precipitation. However, this 
should be considered when interpreting the results.

Disintegration time was shorter in HCl and phosphate buffer 
media than in spinach extract media, which may be attributed to 
the coating effect of spinach leaves on the tablet surface, leading 
to delayed disintegration. Nevertheless, disintegration occurred 
within 5 min in all media, indicating that this test alone is not suf-
ficient to make a conclusion on the drug's in vitro performance. 

FIGURE 5    |    Dissolution curve of clopidogrel tablets in three different media, phosphate buffer, 5% spinach and 7.5% spinach in phosphate buffer, 
for clarity error bars represent standard deviation.

TABLE 2    |    Statistical analysis across HCl buffer, 5% and 7.5% 
spinach media.

Comparison
Media 1 

(mean ± SD)
Media 2 

(mean ± SD) p

Buffer vs. 5% 
spinach

Buffer: 
99.28 ± 3.16

5% spinach: 
93.77 ± 2.33

0.019

Buffer vs. 7.5% 
spinach

Buffer: 
99.28 ± 3.16

7.5% spinach: 
88.86 ± 3.63

< 0.001

5% vs. 7.5% 
spinach

5% spinach: 
93.77 ± 2.33

7.5% spinach: 
88.86 ± 3.63

0.037
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The prolonged disintegration observed in 5% and 7.5% spinach 
media is mainly associated with surface coverage by spinach 
leaves that reduced the area exposed to the medium. Together, 
these factors likely hindered fluid penetration into the tablet ma-
trix, thereby delaying disintegration. Disintegration studies were 
conducted in simulated intestinal fluid and compared with 5% 
and 7.5% spinach media without leaf removal, in order to assess 
the impact of film precipitation on fluid penetration.

An increase in medium viscosity is known to reduce fluid pen-
etration into tablets and prolong disintegration time. Similar 
effects have been reported in studies investigating negative 
food effects, where the presence of food in the gastrointestinal 
tract reduced drug availability [19]. However, in the present 
study, the measured increases in viscosity were minimal and 
therefore unlikely to be the primary contributor to the ob-
served delay in disintegration. Instead, film precipitation on 
the tablet surface appears to play a more dominant role. This 

is supported by the comparison between disintegration in 
SIF and in SIF containing 5% spinach, where the presence of 
spinach delayed disintegration by 1.37 min despite only minor 
changes in viscosity. Referring to Figure 1, although viscosity 
showed a gradual increase with increasing spinach concen-
tration (phosphate buffer 17.44 cP respectively < 5% spinach 
17.5 cP < 7.5% spinach 17.54 cP), this increase was limited and 
may be attributed to higher concentrations of extracted met-
als resulting from boiling larger amounts of spinach leaves. 
Although viscosity was measured to characterize the physi-
cochemical properties of the spinach-containing media, the 
absolute viscosity values and the minimal differences ob-
served between conditions are unlikely to be physiologically 
meaningful or to significantly influence tablet disintegration 
or dissolution. Therefore, viscosity is not considered a primary 
contributor to the observed effects. The discussion is instead 
focused on pH-dependent behavior and film precipitation phe-
nomena, which are more likely to impact drug release under 
the studied conditions. Viscosity measurements were per-
formed in the same media used for dissolution after removal 
of spinach leaves to isolate the effects of dissolved components 
and potential chemical interactions with the drug. Direct vis-
cosity measurement in the presence of spinach leaves was not 
feasible due to equipment limitations, as the Brookfield vis-
cometer requires homogeneous fluids and suspended leaves 
could have produced inaccurate readings [26, 28, 29].

Dissolution in both SGF and SIF media had been significantly re-
duced with the addition of 7.5% S. oleracea extract (ANOVA test, 
p-value < 0.001 in both media) inversely proportional with its 
concentration. The reduction in dissolution could be explained by 
pH increase in SGF, as spinach concentration increased from 5% 
to 7.5%, pH increase has led to decreased dissolution of clopido-
grel; this finding is supported by a previous study showing that 
clopidogrel solubility is reduced at higher pH values [23]. This also 
complies with dissolution results seen in Figures 4 and 5, release 
of clopidogrel in phosphate buffer at 120 min was almost 70% com-
pared to 98% in HCl buffer, so this drug has better solubility in a 
lower pH media. Clopidogrel bisulfate is a weak base with a pKa of 
4.55 [25], so in vitro dissolution is reduced by increased pH, which 

FIGURE 6    |    In vivo plasma concentration of clopidogrel versus time (by Jerusalem Company).

TABLE 3    |    Statistical analysis across phosphate buffer, 5% and 7.5% 
spinach media.

Comparison
Media 1 

(mean ± SD)
Media 2 

(mean ± SD) p

Buffer vs. 5% 
spinach

Buffer: 
70.88 ± 5.49

5% spinach: 
65.88 ± 1.68

0.145

Buffer vs. 7.5% 
spinach

Buffer: 
70.88 ± 5.49

7.5% spinach: 
55.90 ± 4.80

< 0.001

5% vs. 7.5% 
spinach

5% spinach: 
65.88 ± 1.68

7.5% spinach: 
55.90 ± 4.80

0.003

TABLE 4    |    IVIVE by GastroPlus results.

Media R2 value

HCl buffer 0.736692

Phosphate buffer 0.693233



9 of 11Pharmacology Research & Perspectives, 2026

is consistent with other studies on fluconazole and dipyridamole 
drugs that are also weak bases, whose in vitro and in vivo dissolu-
tion decreased at higher pH [30–32]. Same as other weakly basic 
drugs from BCS class II, which the drug clopidogrel is classified 
under, that have lower solubility at higher pH including carvedilol 
that had been studied formerly [33]. However, bioavailability data 
indicates that clopidogrel absorption is incomplete < 50%, despite 
its typical classification as BCS Class II, which reflects limited ef-
fective permeability in vivo which is often considered as border-
line behavior between BCS II and IV [34]. Referring to Figure 2, 
pH increase from 1.91 to 2.98 in HCl buffer and 7.5% spinach, 
respectively, shows a reduction in dissolution of clopidogrel bi-
sulfate from 99.3% to 88.6%, which is justified in previously men-
tioned literature. In addition to the mild pH increase in phosphate 
buffer from 6.81 to 6.84, that has also led to reduction of dissolu-
tion of clopidogrel from 70.9% to 55.9%, in phosphate buffer and 
7.5% spinach in phosphate, respectively. In phosphate buffer, the 
pronounced reduction in dissolution cannot be attributed solely 
to the minimal pH increase observed following spinach addition 
(6.81 to 6.84), which is insufficient to substantially affect the dis-
solution of a weakly basic drug. Moreover, because spinach leaves 
were removed from the medium prior to dissolution testing, the 
observed effects cannot be attributed to direct physical interfer-
ence by spinach leaves. These findings indicate that pH is not the 
primary determinant of dissolution behavior in phosphate buffer. 
Instead, the results are more consistent with solution-phase phe-
nomena involving solubilized spinach constituents in the pres-
ence of phosphate ions, which may impede drug release despite 
minimal changes in pH.

This can be due to the increase in pH and possible complex for-
mation as well.

Similarity factor (f2) analysis revealed a significant decrease in the 
dissolution of clopidogrel tablets in 7.5% spinach medium (p-value 
< 0.001 in both media). The f2 value was 35.8% when compared 
with HCl buffer and 34.9% when compared with phosphate buffer, 
confirming substantial differences in dissolution behavior. In con-
trast, the similarity factor comparing HCl buffer with 5% spinach 
medium was 65%, indicating no significant change in dissolution. 
In addition, dissolution results for phosphate buffer were compa-
rable to those in HCl buffer, with an f2 value of 67% when phos-
phate buffer was compared to 5% spinach medium, reflecting an 
insignificant difference (ANOVA test, p-value 0.145).

Jerusalem Company provided the in  vivo pharmacokinetic 
profile of the reference clopidogrel product (Clobed, 75 mg as 
bisulfate) in graphical form only, as additional data were con-
fidential and unavailable. These data originated from a clinical 
bioequivalence study conducted during generic product devel-
opment. In  vivo concentrations were used for IVIVE analysis 
in GastroPlus; however, the resulting correlations were modest 
(R2 = 0.74 in HCl buffer and 0.69 in phosphate buffer). Due to 
the limited description of the in  vivo data and the absence of 
dissolution-to-absorption scaling assumptions (e.g., Fa, Fdiss, 
and precipitation), the IVIVE results are considered exploratory 
and hypothesis-generating only and do not support predictive or 
translational conclusions.

As shown in Tables  2 and 3, statistical analysis of dissolution 
across all media showed a concentration-dependent inhibitory 

effect of spinach extract on clopidogrel release, which was more 
pronounced at the higher extract concentration of 7.5% in both 
phosphate and HCl buffer. However, in HCl buffer, there was a 
statistically significant reduction in dissolution at 5% spinach as 
well (ANOVA test, p-value 0.019).

Based on viscosity, pH and GastroPlus results that have been 
obtained in this study, it can be concluded that the main cause 
behind diminished dissolution of clopidogrel in S. oleracea ex-
tract is due to increased pH at higher spinach concentrations, 
where fed state usually results in increased gastrointestinal pH 
as approved by a former study [35] It is not possible to conclude 
if a metal interaction has occurred between metals extracted 
from spinach and clopidogrel, but this is highly suggestive as 
it was explained in the introduction. Further studies including 
Infrared Spectrometry can be done to study the chemical inter-
action on the molecular level and determine the cause behind 
the reduction of in  vitro concentration of clopidogrel in spin-
ach media. In addition, the viscosity of the media with spinach 
leaves can be measured in future studies, as the viscosity could 
not be measured with leaves in media due to limited available 
equipment for viscosity measurement.

One of the proposed mechanisms for the interaction between 
clopidogrel and spinach is the possibility of chelation between 
metals in spinach extract and clopidogrel. Based on clopidogrel 
bisulfate chemical structure (added below), it has free ions, so it 
has chelation potential when added to spinach extract, which is 
rich in several metals and vitamins. On the other hand, spinach 
has chelating properties, as it is rich in iron, copper, vitamin C, 
and vitamin K. In addition, spinach can contain heavy metals 
including lead, cadmium, and mercury based on levels of these 
metals in the soil it is grown in [5, 28, 29, 36].

Spinach behavior in the digestive tract was not evaluated, due 
to the limitation of conducting a clinical trial on humans in our 
region, in addition to the limitation of materials if this was to 
be performed in the laboratory. Therefore, this can be done in 
future research. Studying whether a complex forms between 
spinach extract and clopidogrel by infrared spectroscopy might 
be useful. In addition, a simulation of in vitro in vivo correlation 
studying the behavior of spinach can be done in future studies 
for more reliable conclusions.

5   |   Conclusion

This study demonstrates the presence of an in vitro interaction be-
tween clopidogrel and Spinacia oleracea extract, as evidenced by re-
duced disintegration and dissolution in spinach-containing media. 
The observed reduction in dissolution was primarily associated 
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with increased medium pH and film precipitation on the tablet sur-
face, while additional factors such as potential complex formation 
between clopidogrel and components of the spinach extract may 
also have contributed. These findings are limited to in vitro exper-
imental conditions and modeling outputs and do not allow direct 
interpretation of therapeutic impact. Consequently, no dietary rec-
ommendations regarding spinach consumption with clopidogrel 
can be made based on the present results alone. Further investi-
gations, including in vivo evaluations, are required to better char-
acterize the interaction and to determine whether the observed 
in vitro effects translate into clinically meaningful outcomes.
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