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Fruit juices contain a large number of phytochemicals that, in combination with certain drugs, can cause food–drug

interactions that can be clinically significant and lead to adverse events. The mechanisms behind such interactions are in

most cases related to phytochemical interference with the activity of cytochrome P450 metabolizing enzymes (CYPs) or

drug transporters. Moreover, alterations in their activity can have a clinical relevance if systemic exposure to the drug is

decreased or increased, meaning that the pharmacological drug effects are suboptimal, or the drug will cause toxicity. In

general, the common pharmacokinetic parameters found to be altered in food–drug interactions regarding fruit juices are

the area under the concentration–time curve, bioavailability, and maximum plasma concentration. In most cases, the

results from the drug interaction studies with fruit juices provide only limited information due to the small number of

subjects, which are also healthy volunteers. Moreover, drug interactions with fruit juices are challenging to predict due to

the unknown amounts of the specific phytochemicals responsible for the interaction, as well as due to the inter-individual

variability of drug metabolism, among others. Therefore, this work aims to raise awareness about possible

pharmacological interactions with fruit juices. 
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1. Introduction

By definition, drug interactions (DIs) occur when the pharmacological effect of one drug is altered by the presence of

another drug or xenobiotic, which includes herbal medicine, food or drink bioactive components, or any other chemical

agents. DIs, if considered to be clinically significant, pose a risk for human health as they can have a direct effect on the

therapeutic outcome and even cause life-threatening adverse drug reactions. Traditionally, mechanisms of DIs are

classified as pharmacokinetic or pharmacodynamic, depending on the nature of the interactions. Pharmacokinetic DIs

involve processes related to drug absorption, distribution, metabolism, and elimination, whereas pharmacodynamic DIs

are those in which the drug effects are changed due to the presence of another drug or xenobiotic at its site of action . In

other words, depending on the nature of the DIs, different outcomes can be expected, such as decreased drug

effectiveness with(out) increased drug toxicity or increased drug effectiveness with(out) increased drug toxicity. Hence, in

the context of food–drug interactions, the clinical consequences can be the same, or expected, as in drug–drug

interactions .

As a healthy lifestyle is nowadays becoming an imperative for many people, fruit juices recently came in the spotlight as a

novel class of functional beverages, as they are promising carriers of biologically active compounds from many other food

sources . Namely, fruit juices, due to the recent advances in food (bio)technology, are now able to provide even more

nutritional and health benefits to those seeking a well-balanced diet . Given the fact that many bioactive compounds can

be added to fruit juices, it is important to emphasize their clinical, pharmacological, and toxicological aspects regarding the

potential of their involvement in DIs .

2. Absorption, Distribution, Metabolism and Elimination

Pharmacokinetics (PK) is a subdiscipline of pharmacology that quantitatively studies how a drug behaves in the body, i.e.,

what the body does to the drug. More specifically, the acronym ADME (absorption, distribution, metabolism and

elimination) is often used to describe the PK processes of many drugs. PK principles can also be applied to patients

(clinical pharmacokinetics) in order to provide safe and effective pharmacotherapy. To summarize, PK provides a

quantitative relationship between a given dose and observed concentrations of a drug as a function of time, to provide

optimization of dosage regimens. Pharmacodynamics (PD), on the other hand, is a subdiscipline of pharmacology, which

studies the relationship between the drug concentration (at the site of the action, i.e., receptors) and the drug effects

(response); i.e., what the drug does to the body. The pharmacological drug effect (or response) can be therapeutic and/or

toxic, depending on the drug exposure. Hence, the PK/PD relationship can be viewed as an exposure–response

[1]

[2][3]

[4]

[5]

[2][3][6]



relationship. Additionally, the relationship between the therapeutic and toxic dose of a drug is expressed by the

therapeutic index, which tells about the relative safety of a drug or the narrowness of the therapeutic index, where a

relatively small increase in the plasma drug concentration can lead to adverse effects and cause toxicity .

When the drug is orally taken, it must be absorbed, and this fraction is then carried into the hepatic portal system and liver

before reaching the site of action in the unchanged state (systemic circulation). However, there is a possibility of drug

metabolism (loss of a drug) along that path in gastrointestinal tissues and the liver. This loss of a drug is called the

(presystemic) first-pass effect (metabolism). First-pass metabolism is an enzyme-catalyzed process, where the most

common enzymes are of the cytochrome P450 (CYP) type. Besides, various isozymes, such as CYP3A4 (55% of all

drugs) and CYP2D6 (30% of all drugs), among many others, are involved in first-pass drug metabolism and show inter-

individual variability; i.e., differing enzymatic activity. This activity is of particular interest in determining many DIs, as

drugs, bioactive compounds from food (fruit juices), and other xenobiotics, when co-administered, can inhibit or induce

CYP activity (CYP inhibitors and CYP inducers), consequently affecting the pharmacodynamic outcome . One

of the PK parameters often mentioned in this paper is the area under the drug concentration–time curve (AUC), which is

used to calculate the bioavailability (F) of a drug. The AUC shows how much of a drug is in the body or describes the total

systemic exposure to the drug. Furthermore, F is the fraction (or percentage) of the absorbed drug that will be available at

the site of action. In other words, F tells us about the rate and extent of drug absorption. F is a PK parameter that also

indicates the extent of the systemic exposure to the drug. Additionally, for the intravenous route of drug administration

(i.v.), F is by definition 100% (F = 1). The AUC of the orally administered drug relative to the AUC of the i.v. route gives us

the possibility to calculate the absolute oral bioavailability of the drug (Foral). Foral can also be viewed as the product of

the fractions of a drug dose that escapes metabolism by the gut (FG) and liver (FH); i.e., Foral = Fabs × FG × FH, where

Fabs is the fraction of a dose that is absorbed intact across the enterocytes .

Many factors can influence the rate of drug absorption, such as P-glycoprotein (drug transporter), and many factors can

influence the extent of the drug absorption, such as the first-pass metabolism. Another PK parameter that is mentioned in

the paper is the elimination half-life (t ), which can be obtained from the concentration–time profile of a drug, which gives

us information of the time needed to eliminate half of the drug in the body (after drug distribution is over); simply put, it

describes the decay of the drug. Moreover, the half-life determines the duration of drug-action for many medications. Half-

life is dependent on drug clearance (CL), as CL relates to the rate of drug elimination and drug systemic exposure. The

higher the CL, the lower the systemic exposure (AUC). In addition, C  is the peak concentration, or maximum plasma

concentration of the drug, which can be easily obtained from the AUC . Finally, the number of possible DIs is

without a limit, but as a general statement, it can be said that the most pronounced DIs will be those that are affecting oral

bioavailability and clearance of drugs, particularly by affecting drug metabolism. DIs are one of the important sources of

drug toxicity, as well as responsible for the variable therapeutic responses among individuals .

3. Drug Interactions with Common Fruit Juices

The most extensively described DIs with fruit juices are those with grapefruit juice (and grapefruit pulp), for which it is

reported to have more than 40 DIs in humans . Therefore, grapefruit juice that was consumed with the medicine

lovastatin was used as a representative example for illustration of a DI, shown in Figure 1. The figure shows the CYP3A4

inhibition by the grapefruit juice, leading to development of adverse effects of lovastatin; i.e., myopathy and

rhabdomyolysis. Additionally, a human PK study confirmed that C  and the AUC of lovastatin, when taken with

grapefruit juice, were increased about 12-fold and 15-fold, respectively .
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Figure 1.  Hypothetical PK profile of lovastatin taken with water (black curve) and with grapefruit juice (red curve).

Notice the increase of AUC (red curve) which implicates the increase of systemic drug exposure that leads to

development of adverse effects.

The discovery of the grapefruit interaction with drugs was an unexpected result of an interaction study with a focus on

ethanol and felodipine (a calcium-channel antagonist) that targeted masking the taste of ethanol with grapefruit juice. The

results showed an increase in felodipine bioavailability and C , as a consequence of irreversible degradation of an

intestinal CYP3A by the grapefruit compounds . Moreover, grapefruit juice was found to have an impact on the efflux

transport via P-glycoprotein in vitro, but also the influx transport via organic anion-transporting polypeptides—OATPs,

esterases and sulfotransferases—although the clinical relevance of grapefruit juice on these drug transporters and

enzymes was never determined . Other drug classes that are known to have a clinically relevant interaction with

grapefruit juice include 3-hydroxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase inhibitors (simvastatin),

immunosuppressives (cyclosporine), antiarrhythmics (amiodarone) and anticonvulsants (carbamazepine). However, in

some other cases with other drugs, even if the pharmacokinetic parameters were altered by the interaction with grapefruit,

the clinical significance was still considered insignificant . In addition, it should be kept in mind that, due to the

variable amounts of phytochemicals in juices, the results between the different pharmacokinetic studies of the same fruit

juices cannot be compared, but the outcome can still be intuitively predicted.

The literature suggests that the specific components in grapefruit juice related to DIs could involve furanocoumarins,

namely, bergamottin and 6′7′-dihydroxbergamottin , but also naringin, which can inhibit OATP1A2 activity . It is

speculated that even micromolar concentrations of naringin were responsible for a DI with fexofenadine, resulting in a

decrease of its bioavailability , which in this case could be clinically significant but was not confirmed by other authors.

There are some indications that grapefruit juice can reduce the levels of CYP3A4 activity by 47% only four hours after

consumption, and these effects are persistent in the intestinal and liver cells at least 24 h after ingestion, meaning that

grapefruit juice, even without co-administration with the drug, can lead to a DI or alter the metabolism of any CYP3A4

substrate for longer periods of time after consumption . Proof for that can be seen in the example of a DI with tacrolimus

(immunosuppressant), where a delayed increase in systemic exposure to tacrolimus, e.g., from 4.7 ng/mL to 47.4 ng/mL,

happened one week after the last grapefruit juice intake (250 mL, 4 times a day for 3 days). The patient developed severe

headache and nausea, luckily without nephrotoxicity . Additionally, there is a case report of statin-associated

rhabdomyolysis triggered by grapefruit consumption. Rhabdomyolysis is a rare but very serious adverse effect associated

with statin therapy, which could cause kidney failure and death. In this case, the metabolism of simvastatin (CYP3A4

substrate) was altered due to CYP3A4 inactivation by the grapefruit, resulting in toxic systemic exposure to simvastatin

. What could be expected from this data is that other statins, such as atorvastatin, which are CYP3A4 substrates, will

have the same unwanted clinical outcomes. However, statins that are not substrates for the same CYP, such as

rosuvastatin, are not expected to have this DI.
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Altogether, it is clear that grapefruit juice interactions with orally given drugs cannot be generalized, and clinical relevance

cannot be precisely determined. Hence, it is better to avoid grapefruit consumption with drugs that are substrates for an

intestinal CYP3A4 and/or P-gp, especially in the cases when a drug has a narrow therapeutic index and a poor oral

bioavailability due to the high pre-systemic (first-pass) metabolism mediated via CYP3A4, because even a single

consumption of grapefruit juice can lead, in some cases, to drug toxicity. Additionally, the concentration/amount of the

grapefruit extracts and as well interindividual variability of intestinal CYP3A4 activity among humans also contribute to the

severity of the unwanted outcome .

Besides grapefruit, other citrus juices, such as orange, lemon, pomelo, and lime, were also reported to cause DIs in some

clinical studies. As previous results were contradictory, or the clinical relevance could not be determined, a meta-analysis

from Sridharan et al. provides a good summary of the DIs with selected citrus juices and cyclosporine (substrate for

CYP3A4). Cyclosporine is an immunosuppressive drug with a narrow therapeutic index, with variable pharmacokinetics

from person to person. Pooled results showed that no significant changes in the AUC and C  of cyclosporine were

observed with orange juice as compared to the controls, while pomelo juice, on the other hand, increased the AUC and

C  and decreased the elimination t  of cyclosporine . Hence, orange juice did not have any significant interaction

with cyclosporine. Interestingly, an earlier review from different authors , regarding orange juice, reported quite the

opposite trend. Furthermore, orange juice does not contain bergamottin derivatives that are present in grapefruit juice,

which may answer why orange juice did not have any significant interaction with cyclosporine. Pharmacologically, it would

be expected that DIs with citrus juices (except orange juice) would have a more significant meaning in the case of liver

disease and the concomitant use of other drugs (often seen in elderly patients) that share the same enzymatic pathway.

Orange juice was in one study found to decrease the oral absorption of alendronate (bisphosphonate agent for the

treatment of osteoporosis) by approx. 60% compared to water . This is very important, as alendronate, if taken on an

empty stomach (after an overnight fast), 2 h before any meal (breakfast), has by default a very poor absolute oral

bioavailability—approx. only 0.75% of the total dose . Hence, taking orange juice with alendronate should be avoided.

Seville (sour) orange juice was found to have the same mechanism of CYP3A4 inactivation as grapefruit juice, and thus

interacts with felodipine . However, Seville orange juice did not alter the bioavailability of cyclosporine despite the

CYP3A4 activity being significantly reduced, in contrast to grapefruit juice . Therefore, it seems that grapefruit juice,

besides the inactivation of intestinal CYP3A4, alters some other enzymes or transporters.

Seville orange and lime juices were in one clinical study inspected for a DI with sildenafil, a drug mostly known as

Viagra , which is an agent that improves penile erectile function . Sildenafil has an extensive first-pass metabolism,

which results in a relatively low absolute oral bioavailability (F = 40%). Namely, for healthy subjects that received sildenafil

(single dose of 50 mg) for three consecutive days and drank 250 mL of juice (or water) just before the drug was taken, the

results showed that Seville orange juice increased the AUC and C  of sildenafil by 44%. Although Seville orange juice is

considered a moderate CYP3A4 inhibitor, this interaction did not have any adverse effects. The increase in systemic

exposure is believed to be due to the intestinal inhibition of CYP3A4 and P-gp. On the other hand, lemon juice did not

show any effects on the PK parameters of sildenafil.

Pomelo fruit juice (250 mL) was also inspected for a DI with sildenafil in another clinical study . Surprisingly, pomelo

juice decreased the systemic exposure to sildenafil. Namely, the bioavailability of sildenafil with pomelo juice was 60%

lower compared with water. This is explained by a possibility that there was some sort of physicochemical interaction with

one of the phytochemicals from pomelo juice, or an interaction with some drug transporter. However, the clinical

significance of this interaction was not established, but the authors suggested avoiding taking pomelo juice with sildenafil.

Based on the previous information, it can be predicted that sildenafil, as a substrate for CYP3A4, will also have a DI with

grapefruit juice, resulting in an increase in the systemic exposure of sildenafil. This was also confirmed in humans, but the

adverse effects were not noticed . However, it seems reasonable to avoid this combination. Namely, there are three

independent case reports of DI-induced priapism (a persistent and painful penile erection, which is an emergency due to

the risk of impotency) due to the concomitant use of pomegranate fruit juice (a high content of flavonoids) and

sildenafil . Although evidence of this interaction is based on circumstances, it is still a good example of how DIs with fruit

juices are clinically significant, and adverse effects that are generally rare, such as priapism, are believed to be

precipitated by a fruit juice. The proposed mechanism behind this interaction is due to CYP3A4 inhibition by

phytochemicals from pomegranate juice.

Dresser et al. examined the effect of apple and orange juice on OATP uptake transporters . Namely, in a human

volunteer study, subjects were given two fexofenadine tablets (60 mg) (antihistaminic, sold by the trade name Allegra )

with 300 mL of fruit juice, up to a total volume of 1.2 L. The results of the PK study showed that both juices significantly

decreased the fexofenadine concentrations in plasma compared with water (AUC (fexofenadine) apple juice = 434 ± 53;
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AUC (fexofenadine) orange juice = 494 ± 16; and AUC (fexofenadine) water = 1616 ± 120, p < 0.001). Among the tested

individuals, the extent of the decreased fexofenadine concentrations was variable, or individuals with the highest

fexofenadine AUC with water had the greatest decrease with the juices. Fexofenadine is a substrate of P-gp, but as well

as of OATP uptake transporters, so Dresser et al. suggest the necessity to determine the individual contribution of each

transporter in this case.

Apple juice was also found to have a DI with atenolol, which is antihypertensive drug . In a human volunteer PK study,

atenolol (50 mg) was taken with apple juice (600 mL and 1200 mL) and it was shown that atenolol systemic exposure was

inversely proportional to the amount of consumed apple juice as compared to water (AUC (atenolol) 600 mL apple juice =

885.3; AUC (atenolol) 1200 mL apple juice = 389.7; and AUC (atenolol) water = 2110). In other words, the AUC of atenolol

was decreased by 82% after the ingestion of 1200 mL apple juice, but there were no observed changes in the

pharmacodynamic outcome even though there is an evident dose–response relationship. This DI is believed to be due to

inhibition of intestinal drug transporter OATP2B1, but it is also believed that the higher acidity in the gastrointestinal tract

(a large amount of apple juice) could also have an impact on atenolol absorption.

Other drugs reported as having a decreased systemic exposure with apple juice were montelukast (an anti-asthma agent)

and aliskiren (an antihypertensive agent), which are also substrates for uptake transporters  [54]. In addition,

decreasing the systemic exposure of atenolol and montelukast was also noticed with orange juice . However, to our

knowledge, there are no documented cases of a DI (from clinical practice) with apple and orange juice to date. One

exception could be in the case of calcium-fortified orange juice, where, due to chelation of the drugs with calcium,

alterations in the C  and AUC of the fluoroquinolones (antibiotics) could decrease the antibiotic effects, leading to

antibiotic resistance . The latter statement could be applied to all calcium-fortified fruit juices.

It is worth mentioning that orange juice was found to increase the systemic exposure to aluminum  and iron  by

enhancing their absorption. In the case of aluminum, there is, in theory, a risk of aluminum toxicity in a patient with renal

disease, as it was found that urinary excretion of aluminum increased 10 times when it was taken with orange juice.

Fruits, such as oranges, bananas and prunes, along with their fruit juices, or in common combinations with vegetable

juices such as carrot juice and tomato juice, contain very high amounts of potassium, which in combination with

potassium-sparing drugs, such as angiotensin-converting enzyme inhibitors (ramipril), diuretics (spironolactone,

triamterene) and especially in patients with kidney disease (hemodialysis patients) and with hypoaldosteronism, could

lead to life-threatening hyperkalemia, so it is advisable to always seek advice from a pharmacist prior to consumption

. Prune juice is best known for its laxative effect, so it is often sold as an over-the-counter (OTC) dietary supplement

in many pharmacies and specialized stores, where consumers/patients might be unaware of the possible side effects

.

Plum and avocado juices were found to contain higher amounts of biogenic amine, tyramine, as compared to other fruit

sources . In theory, monoamine oxidase inhibitors (MAOIs) can inhibit tyramine degradation, which leads to its

increased systemic exposure with a consequence of developing a hypertensive crisis . However, over the last decades,

the use of MAOIs has decreased and documented cases of their toxicity (due to the tyramine overexposure) are very rare,

but the caution is still advised, as even 8 mg of tyramine was historically known to cause hypertension with some

MAOIs .

Cranberry fruit juice is nowadays a very popular prophylactic treatment for the infections of the urinary tract. There have

been some safety concerns regarding the cranberry fruit juice intake and using warfarin—an anticoagulant—which is

known for its narrow therapeutic index and life-threatening side effects in case of increased systemic exposure . The

main reason for concern was a clinical case report that reported a change in the INR (International Normalized Ratio), a

biochemical marker of warfarin’s antithrombotic effects, related to cranberry juice intake. INR was in some patients

decreased, meaning that the blood coagulates too easily, so the risk for developing blood clots rises , or it was

increased, meaning that there is increased risk of bleeding . However, in a randomized, double-blind clinical study, this

interaction was not confirmed . Ansell et al. commented that cranberry juice was not the one to blame for the results, as

the reported cases were not convincing beyond doubt. Namely, patients had a variety of illnesses, the amount of ingested

cranberry juice was not known in some cases, as well as the other dietary components, nor was the patients’ compliance

known, but most importantly, the pharmacogenetic profiling was not done either . Although, it is well-established that

polymorphisms of CYP2C9 and vitamin K epoxide reductase (VKORC) affect the INR values and clinical outcome of

pharmacotherapy with warfarin. Detailed discussion of this interaction was provided by Zikria et al. . In the literature,

there are other described cases of other fruit juices that have in vitro effects on drug-metabolizing enzymes or

transporters; however, their clinical significance was never firmly confirmed.
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Tangerine fruit juice was reported to upregulate CYP3A4 activity and inhibit P-glycoprotein due to the high content of

flavonoid tangeretin . Interestingly, some older data reported the opposite effect—tangerine (tangeretin) inhibits

CYP3A4 and CYP1A2 in human liver microsomes .

Black mulberry was reported to inhibit CYP3A (and OATP-B), but also was wild grape . Black mulberry is traditionally

promoted as a fruit with a high content of iron, so it has a beneficial effect on the treatment of anemia. In addition, some

studies showed that black mulberry has a beneficial effect on cholesterol levels, liver tissue (hepatoprotective effect) and

even anti-obesity potential . In theory, large amounts of black mulberry fruit juice could interact with CYP3A4

substrates, leading to an increase in systemic exposure of such drugs, but clinical relevance was never determined in

humans.

Mango stem-bark was found to inhibit CYP1A1, CYP1A2, CYP3A1, CYP2C6, CYP2E1 and P-glycoprotein , while

grape, due to the resveratrol, was implied in inhibition of CYP1A1/1A2 isoforms and CYP2E1, which are needed for the

activation of procarcinogens (polycyclic arylamines, polyaromatic hydrocarbons, aflatoxin B1 and N-nitrosamines,

respectively). Hence, besides having protective role as antioxidants, it is suggested that their fruit juices could alter the

CYP3A4 activity, which is an important biotransformation pathway for many drugs . The same was reported for

papaya  and black raspberry; however, a recent study with taxane agents (anticancer agents) did not confirm altered

CYP3A4 activity .

Tropical fruit juices, such as pineapple, papaya, litchi, kiwi, starfruit and passion fruit, were implicated in DIs in vitro due to

their inhibitory effects on CYP2C9 or CYP3A4. Pineapple fruit juice, due to a high bromelain content was found to have

the most pronounced inhibitory properties on CYP2C9, compared to other fruit juices. The effect of the inhibition was

proportionally dependent on the increase in the amount of pineapple juice. Moreover, starfruit juice was found to be a very

potent inhibitor of CYP3A4 compared to grapefruit juice. Namely, an assay of midazolam 1-hydroxylase activity of human

CYP3A showed that residual activity of midazolam 1-hydroxylase (%) with starfruit juice was only 0.1 ± 0.0, as compared

to the 14.7 ± 0.5 for grapefruit juice. It would be interesting to study those inhibitory activities in vivo to determine the

clinical relevance of tropical fruit juices on DI.

The next interesting question to address is, could fruit juices be exploited for enhancing the positive pharmacotherapy

outcome in some cases? The answer is yes .

Grapefruit juice was shown to be a drug-sparing agent (an agent that decreases the therapeutic dose of another drug) in a

case of concomitant use with cyclosporine. In other words, patients could avoid the dose-related side effects of

cyclosporine . In another study, grapefruit enhanced oral bioavailability of artemether, which is antimalarial agent

with generally high presystemic metabolism via CYP3A4, indicating more effective treatments of malaria . Therefore,

grapefruit juice could be useful in maintaining the effectiveness and efficacy of some drugs.

Lime juice and artemisinin combination therapy (antimalarial agents) were given in one study to children (61 males and 50

females) with acute uncomplicated malaria . It was observed that the artemisinin with lime juice caused more rapid

clearance of parasites; also, the lime juice is believed to prevent resistance. The proposed explanation for this

phenomenon is high amounts of vitamin C and flavonoids present in lime juice, which, besides its low pH, contributed to

antioxidant activity. Similar results were shown recently on murine models, but with a lemon decoction resulting in a

suppression of parasites by 39% and rapid early parasite clearance, as compared to the controls. However, there is a

need to determine the exact effects of lime and lemon juice as supplement treatments in malaria by doing further

investigations.

Blueberry juice, prepared from fresh blueberries, was given to 201 children that were receiving etanercept as a treatment

for their juvenile idiopathic arthritis . The study showed that the blueberry juice treatment combined with etanercept

improved the symptoms of the disease, but as well decreased the side-effects of etanercept.

Regarding the previously mentioned increase of iron absorption with orange juice, it seems that it has a beneficial effect

and such a combination could contribute to a better response to iron-deficiency anemia, which is a common problem,

especially in children, but also in adults . As DIs precipitated by fruit juices can sometimes be predicted, Table 1

summarizes previously described examples of potentially relevant drug interactions that should be considered in everyday

clinical practice.ext

Table 1. Examples of potentially relevant drug interactions precipitated by fruit juices in humans.
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