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Abstract: Because pharmacokinetic changes in antiretroviral drugs (ARV), due to their concurrent
administration with food or nutritional products, have become a clinical challenge, it is necessary to
monitor the therapeutic efficacy of ARV in people living with the human immunodeficiency virus
(PLWH). A systematic review and meta-analysis were conducted to clarify the pharmacokinetic
outcomes of the interaction between supplements such as food, dietary supplements, and nutrients,
and ARV. Twenty-four articles in both healthy subjects and PLWH were included in the qualitative
analysis, of which five studies were included in the meta-analysis. Food—-drug coadministration
significantly increased the time to reach maximum concentration (tmax) (p < 0.00001) of ARV including
abacavir, amprenavir, darunavir, emtricitabine, lamivudine, zidovudine, ritonavir, and tenofovir
alafenamide. In addition, the increased maximum plasma concentration (Cmax) of ARV, such as
darunavir, under fed conditions was observed. Area under the curve and terminal half-life were not
significantly affected. Evaluating the pharmacokinetic aspects, it is vital to clinically investigate ARV
and particular supplement interaction in PLWH. Educating patients about any potential interactions
would be one of the effective recommendations during this HIV epidemic.

Keywords: food-drug interactions; nutrients; pharmacokinetics; HIV; AIDS

1. Introduction

The human immunodeficiency virus (HIV) infection is one of the major health chal-
lenges around the world. Approximately 33 million people have died from HIV/acquired
immunodeficiency syndrome (AIDS)-related illness since the start of the HIV epidemic
worldwide [1]. Globally, over 37 million people were living with HIV (PLWH) in 2020,
of which more than 27 million were receiving HIV treatment or antiretroviral (ARV) ther-
apy [2]. The commonly adopted ARV therapy includes the combined use of three or more
ARVs from at least two different classes, such as nucleoside reverse transcriptase inhibitor
(NRTI), non-nucleoside reverse transcriptase inhibitor (NNRTI), and protease inhibitor
(PI). In adults and adolescents, tenofovir/lamivudine or tenofovir/emtricitabine is the
preferred backbone, which is used in combination with a third drug, dolutegravir for
post-exposure prophylaxis [3]. Due to the widespread use of effective ARV therapy and
HIV care, about 66% of the overall infected population achieve viral suppression [2].

Dietary supplements including vitamins and minerals are widely used to boost the
body’s defense system in many patients with nutrient deficiencies. European Food Safety
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Authority stated food supplements as sources of nutrients such as vitamins and minerals,
which have nutritional or physiological value for the regulation of nutritional deficien-
cies [4]. In PLWH, inadequate nutrient intake becomes a clinical concern that could poten-
tiate treatment failure. A previous report found that PLWH did not achieve the dietary
recommendations of energy and micronutrients, especially zinc and iron [5,6]. To meet
the required level of protein and other nutrients, PLWH use a variety of supplements in
addition to their normal daily treatment therapy for HIV [7,8]. The use of complementary
medications may be quite popular since the products are easily accessible over the counter.
The lifetime use of complementary and alternative medicine was 30-90% prevalent in
PLWH, commonly using vitamins, minerals, and other over-the-counter supplements [9].

In susceptible patients, even substantially small effects of food—drug interaction may
result in therapeutic changes for some drugs with a narrow therapeutic index [10]. Likewise,
food—-drug interaction may influence the therapeutic efficacy of the drug by changing
pharmacokinetic processes such as absorption, distribution, metabolism, and excretion,
or pharmacodynamic physiological effects of the drug [11]. Given the different mechanisms
of interactions between ARV and nutrients, it is critical to monitor the resulting implications
that may positively or negatively affect the therapeutic outcomes. Due to the effect on
pharmacokinetic parameters such as maximum plasma concentration (Cmax), area under the
curve (AUC), time to reach maximum concentration (tmax), and terminal half-life (t; /), food
considerations are essential in the treatment of HIV. The effect of food on the absorption
of ARV was well noted following the reduction in plasma concentration of indinavir [12].
Food containing high-fat contents is likely to reduce the rate and extent of the absorption of
oral drugs by delaying gastric emptying, whereas some meals with high-protein contents
would increase the extent of oral drug absorption by stimulating intestinal transporters and
enzyme activity [13]. However, the effects of food on particular oral drugs may not always
be of clinical importance as some interactions may not occur in all patients. Although many
ARVs can be taken with food to optimize their absorption, the concurrent administration
with food might result in a decreased rate of absorption, longer tmax, and declined Cpax
of some ARV such as zidovudine and lamivudine; although, they were not clinically
significant [14]. Likewise, the subtherapeutic levels of raltegravir due to concomitant use
of calcium supplement in an HIV-infected patient were reported [15]. Unpredictable and
variable drug concentrations are major problems that lead to treatment failure or adverse
reactions. The possible interaction of concurrent food and ARV has become a clinical
challenge in PLWH. This systematic review and meta-analysis aims to investigate the
effect of food, dietary supplements, or nutrients on pharmacokinetic outcomes of ARV
by comparing the pharmacokinetic parameters in either PLWH or healthy people with
and without supplements. The important role of food in the ARV era is not much known
in clinical settings. The extent of changes in plasma concentration—time profiles of ARV
during fed and fasted conditions can evaluate the potential interaction.

2. Materials and Methods
2.1. Literature Search

According to the Preferred Reporting Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines, a systematic literature search was conducted [16]. Four databases
including Cochrane Library, ScienceDirect, Scopus, and PubMed were searched from the
date of their inception to June 2021 to identify studies that explored supplements and
ARV interactions. The search terms such as (food supplement OR dietary supplement
OR nutrient supplement) AND (antiretroviral therapy OR antiretroviral drug OR non-
nucleoside reverse transcriptase inhibitor OR nucleoside reverse transcriptase inhibitor OR
protease inhibitor) AND (area under curve OR cytochrome P450 OR plasma concentration)
were used. No filters or restrictions were applied during the search. The full search
strategies are mentioned in Supplementary Material Table S1. The full protocol of this
systematic review and meta-analysis was not registered.
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2.2. Selection Criteria

The primary outcomes that we aimed to collect were AUC, Cax, tmax, and t; , which
are parameters used for primarily assessed the food effect on drug pharmacokinetics [17].
All articles of any language, year published, and country that reported nutrient or food
supplement and ARV interactions were included to retrieve relevant studies. Only studies
that reported pharmacokinetic outcomes such as AUC, Cax, tmax, and t; /, were included
in the meta-analysis. Review articles, book chapters, conference abstracts, posters, in vitro
studies, and animal studies were excluded. The search results were exported to a citation
manager (Endnote 20.1., Clarivate Analytics, New York, NY, USA). Titles and abstracts
were thoroughly screened, and eligible studies were independently selected by the first
two authors for inclusion in this systematic review. Specific characteristics for inclusion
were studies of adult healthy people or PLWH on ARV, which discussed changes in ARV
levels, concerned adverse events, or treatment failure directly resulting from the food-drug
interaction (Phase I-IV clinical trials). Disagreements between the first two authors were
thoroughly resolved by consensus, and further by discussing among four authors for final
inclusion. The PRISMA diagram for the complete literature search is shown in Figure 1.

2.3. Data Extraction

After full-text articles were screened for inclusion in the systematic review, data
extraction was performed. Information such as author name, year of publication, year of
study, study design, study setting, characteristics of participants, types of ARV, types of
supplements, and pharmacokinetic outcomes were extracted by the first author and the
data entry was judged by co-authors. Discrepancies were discussed among all authors.
Any disagreement was resolved by consensus.
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Figure 1. Flow diagram for selection and inclusion of the studies.
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2.4. Quality Assessment

The risk of bias of the included studies was assessed using the different validated tools
including the risk of bias assessment tools for primary and secondary medical studies [18],
ROBINS-I for non-randomized studies [19], Cochrane Collaboration’s tool for randomized
trials [20], a modified Newcastle-Ottawa Quality Assessment Scale for cross-sectional
studies [21], a modified tool for case report described by Murad et al. [22], and Cochrane
risk of bias for crossover studies [23]. The quality assessment of included studies is
mentioned in Supplementary Material Table S2.

2.5. Statistical analysis

Review Manager (RevMan version 5.4.1: The Nordic Cochrane Center, Copenhagen,
Denmark) was used for conducting meta-analysis. Random effect models with the inverse
variance method were used to calculate the weights of the studies. Publication bias was
assessed by visually inspecting the funnel plot. The heterogeneity among studies was
assessed by I? statistics. The I? of <25% was assumed as negligible heterogeneity, whereas
that of >75% was high heterogeneity [20].

3. Results

A total of 3038 articles were retrieved. After duplicates and irrelevant studies were
removed by reviewing titles and abstracts, 28 articles were selected for potential inclusion.
The number of records with reasons for exclusion is summarized in Figure 1. Records
that possibly met the inclusion criteria were assessed for eligibility for systematic review.
Finally, twenty-four articles were included in the systematic review. Thirteen articles of
them were good quality and eleven articles were fair (Supplementary Material Table S2).
In general, the heterogeneity was high, and the 95% confidence intervals of the pooled
data were close to the most weighted and included studies whose intervals were narrow.
The summary description of the included studies is characterized in Table 1.
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Table 1. Description of the included studies.
Author, Year of . . . . . Antiretroviral .
Publication Study Setting Study Design Study Participants Food or Dietary Supplements Drugs Major Outcomes
e 1
400 mL grapefruit juice (Hitchcock, . G.rapef.rulth]plce enhan.ces t.h ¢ ora
. 8 healthy male . 12 mg intravenous bioavailability of saquinavir without
Kupferschmidt . Open crossover - freshly prepared), taken 45 min and o .
Switzerland subjects, mean age - . saquinavir or 600 affecting its clearance.
etal., 1998 [24] study 15 min before intravenous or L S
26 + 2 years L. mg oral saquinavir AUC of saquinavir increased after
oral saquinavir . .
pretreatment with grapefruit juice.
The extent of absorption of
lamivudine and zidovudine from the
bination tablet t altered b
. The standardized high-fat breakfast: combrnation tablet was not attered by
Single-center, . . . . . administration with meals.
2 slices of toasted white bread with 150 mg lamivudine, .
. open-label, 24 healthy . . . . The absorption rate (tmax and Cmax)
Moore et al., United States . . butter, 2 eggs fried in butter, 2 slices 300 mg zidovudine, . . . .
. randomized, subjects, mean age . . of lamivudine and zidovudine
1999 [14] of America of bacon, 2 ounces of hash-browned taken within 5 min
three-way 26 + 4.4 years was reduced.
potatoes, and 8 ounces of after breakfast .
crossover study . Since these changes were not
whole milk . .. .
considered clinically important, the
drug formulation can be taken with
or without food.
The extent of absorption of abacavir,
lamivudine, and zidovudine from the
bination tablet t altered b
. The standardized high-fat breakfast: . combInation tablet was not aftered by
Single-center, . . . 300 mg abacavir, administration with meals.
2 slices of toasted white bread with ) : .
. open-label, 24 healthy . . 150 mg lamivudine, The absorption rate (tmax and Cmax)
Yuen et al., United States - . butter, 2 eggs fried in butter, 2 slices . . fab it lamivudi d
2001 [25] of America randomized, subjects, mean age of bacon. 2 ounces of hash-browned 300 mg zidovudine, of abacavir, lamivudine, an
three-way 37.6 £ 9.6 years ’ taken within 5 min zidovudine were reduced.

crossover study

potatoes, and 8 ounces of
whole milk

after breakfast

Since these changes were not
considered clinically important, the
drug formulation may be taken with
or without food.
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Table 1. Cont.

A;;}LOIII.’C :fiirn()f Study Setting Study Design Study Participants Food or Dietary Supplements Antgi:;:ll‘al Major Outcomes
Coadministration of Seville® orange
juice and indinavir resulted in a
statistically significant increase in
8 ounces of Seville® orange juice indinavir tmax without altering other
Penzak et al., United States Open—la.bel, 13 healthy (prepared by §queezing fresh fruit) S pharma’co.kine’Fic parameters. '
2002 [26] of America randomized, subjects, mean age  or grapefruit juice (prepared from 800 mg indinavir Coac.lml.mstr.aho.n of grgpe.fr.ult juice
crossover study 24 £+ 1.9 years frozen concentrate), taken together and indinavir did not significantly
with indinavir change indinavir pharmacokinetic
parameters including AUCy_5,
AUCq_g, Crin, Cmax, t1/2, and oral
clearance of indinavir.
1656 mg
Study A: GW433908A, 1728
Single-center, The standardized high-fat breakfast: mg GW433908G
open-label, 16 healthy male 2 slices of toasted white bread with ~ (taken within 5 min
single-dose, subjects, age range  butter, 2 eggs fried in butter, 2 slices ~ after breakfast),
randomized, 24-50 years of bacon, 2 ounces of hash-browned 2592 mg
five-way potatoes, and a glass of whole milk ~ GW433908G, The effect O_f fO(,)d on GW433908G
crossover study 1200 mg pharmacokinetic parameters
amprenavir (AUCOT“” C.max, tmax, and oral‘
Falcoz et al. b}oaygllablhty) was not statistically
’ Germany _ The standardized hich-fat significant.

2002 [27] e standardized high-fa ] )
breakfast: 2 slices of toasted The therapeutic levels of amprenavir
white bread with butter, prodrug under fed conditions and

Study B: 2 eggs fried in butter, 2 slices 1728 mg fasting state were comparable.
Open-label, of bacon, 2 ounces of GW433908G (taken

single-dose, 24 healthy male hash-browned potatoes, and a  after low- or

randomized, subjects, age range glass of whole milk high-fat meal),

six-way crossover ~ 19-48 years - The low-fat meal: 30 g 1200 mg

bioequivalence cornflakes, 100 g amprenavir (taken

study semi-skimmed milk, after low-fat meal)

and 2 slices of toasted white
bread with margarine and
marmalade
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Table 1. Cont.
Author, Year of . . .. . Antiretroviral .
Publication Study Setting Study Design Study Participants Food or Dietary Supplements Drugs Major Outcomes
Two-treatment, S .
Piscitelli et al., United States 3-period, 9 hetalthy . 1200 mg saquinavir, In th? presence of garlic, the mean
. . subjects, mean age  Garlic caplet taken together with  saquinavir AUC(_g, Cioyeh, and Cmax
2002 [28] of America single-sequence, . &
o 38 & 7.8 years garlic were decreased.
longitudinal study
Prospective, 800 mg indinavir,
Slain et al., United States open.-lab.e L 7 hgalthy S taken atleast 3 h High doses of v1tam.1n C can significantly
. longitudinal, subjects, mean age 1000 mg vitamin C reduce steady-state indinavir plasma
2005 [29] of America g separately from . o
two-period time 23.4 + 1.6 years L concentrations by 20%.
- vitamin C
series
Mouly et al,, United States ;iar;domlzed, 20$ea1thy Seville® orange juice (prepared by S Seville® orange juice delayed absorption of
2005 [30] of America “phase, crossover - subjects, mean age squeezing fruit) 600 mg saquinavir saquinavir (prolonged tmax)
study 28 £ 9 years q & q p ¢ fmax)-
500 mg quercetin with food
DiCenzo et al., New York, Prospectlve. . 10 }}ealthy (standarc.hzecrz{)d light breakfast oof 40g 1200 mg saquinavir, o tration of quercetin did not
2006 [31] United States pharmacokinetic subjects, mean age  of Cheerios™ cereal, 350 g of 2% taken together with influence plasma saquinavir concentration
of America analysis 30.7 £ 9.4 years milk, 43 g of toasted white bread, quercetin '
9 g of margarine, and 4 g of sugar.)
- Standard breakfast: 4 slices of
bread, 1 slice of ham, 1 slice of
cheese, butter, jelly, and 2 cups 100 mg ritonavir
22 healthy subjects, of coffee/tea with milk bc'i on d?ys Lto5, Administration of darunavir/ritonavir in a
Open-label, . and/or sugar with a single . . .
median age 32 . . . fasting state resulted in a decrease in
Sekar et al., Beleium 2-panel, (2-50) years males - High-fat breakfast: 2 eggs 400 mg darunavir darunavir Co - and AUCH. of
2007 [32] & randomized, 3-way Y ’ fried in butter, 2 strips of given on day 3 mex last

crossover study

49 (34-55) years
females

bacon, 2 slices of white bread
with butter, 1 croissant with 1
slice of cheese, and 240 mL of
whole milk

Croissant with coffee

(darunavir/ritonavir),
taken immediately
after meal

approximately 30% compared with
administration after a standard meal.
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Table 1. Cont.
A;;}LOIII.’C :fiirn()f Study Setting Study Design Study Participants Food or Dietary Supplements Antgi:;:ll‘al Major Outcomes
400 mg
14 health lopinavir/100 mg Neither lopinavir nor ritonavir
Robertson et al., United States Single-center, subiects fnean ave 120 me Ginkeo biloba ritonavir, taken pharmacokinetic parameters were
2008 [33] of America open-label Jects, & & S together with significantly changed by 2 weeks of Ginkgo
29.5 (23-48) years : ) . . -
Ginkgo biloba biloba extract coadministration.
extract
Open-label, 16 healthy Multivitamin t‘ablet (162 mg of 20 mg Multivitamins did not significantly affect
Patel et al., . . elemental calcium and 100 mg of S/GSK1349572, L.
- randomized, subjects, mean age . . 2. . S5/GSK1349572 pharmacokinetics.
2011 [34] magnesium per tablet, in addition taken together with . .
crossover study 30.8 years . . Lo Therefore, they may be co-administered.
to iron, zinc, and copper) multivitamin tablet
Single sequence, . 400.mg . Neither lopinavir nor ritonavir
~ . open-label, 12 healthy subjects, lopinavir/100 mg -
Calderon et al., United States : . . . . pharmacokinetic parameters were
. single-center median age 32 500 mg Panax ginseng ritonavir, taken .
2014 [35] of America L . changed by two weeks of Panax ginseng
pharmacokinetic (23-42) years together with 2 .
; .. ) administration.
investigation Panax ginseng
- During mealtime, dolutegravir and
calcium or iron supplements can be
co-administered since the food
Open-label, 50 mg dolutegravir, increases the exposure.
21 healthy o .
Song et al., United States randomized, ubiects. mean a 1200 mg Calcium carbonate/324 mg  taken together with - Under fasted conditions, dolutegravir
2015 [36] of America 2-cohort, 4-period ;3 Zjec S me 8¢ Ferrous fumarate Calcium or iron should be administered 2 h before or
crossover study - years supplements 6 h after administration of calcium or
iron supplements, as there is a
reduction in AUC(_y, Cmax, and Cyy
of dolutegravir by chelation.
Phase 1 . .
. ’ High-mineral content water .
. smgle—ce':nter, 15 healthy (Contrex®: calcium 468 mg/L, 20. m dolu‘tegrawr Dolutegravir pharmacokinetic
Buchanan et al., United States randomized, . . (dispersed in .
. subjects, mean age  magnesium 74.5 mg/L), . parameters were unaffected by mineral
2017 [37] of America open-label, . o 12.5 mL of high- or .
5-period 39.8 + 12.5 years Low-mineral content water (5% low-mineral water contents in water.

crossover study

Contrex® in purified water)
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Table 1. Cont.
Author, Year of . . . . . Antiretroviral .
Publication Study Setting Study Design Study Participants Food or Dietary Supplements Drugs Major Outcomes
150 mg elvitegravir,
Open—la.bel, - Standard breakfast: 2 slices of 4 50 mg cobicigstat
randomized, bread with strawberry jam, 200 mg ’
ingle-dose, i Lo
Yamada et al., Japan Cs%l—rtl;ge aetm(;iet :ﬁg}zi;hfnzﬂi . 1 boﬂe.d €ge and 160 g of emtricitabine, Food or a nutritional protein-rich drink did
2018 [38] p 3-period ¢ o :{: p 8/ ears & gﬁap? 1u1cel o rich deink 10 mg tenofovir not affect the bioavailability of study drugs.
3 1% , Oy - utritional protein-rich drin alafenamide, taken
“sequence (250 mL Ensure® liquid) within 5 min after
crossover study
breakfast
Openabel, Bvitegravie/ e parametens of
rfmdomized, - Nutritional protein-rich drink ~ cobicistat/ }c)obicistat. P
Yonemura et al., ertlglet—doset, 12§eaithy male (250 mL Ensure® liquid) emtrf1c1t.ab1ne / ) Taking elvite-
Bspi | ken o Jrma o sbesmense o aonimik IO e S ot femirictin
P ! ’ =Y - 200 mL apple juice o . tenofovir alafenamide with milk
3-sequence within 5 min after . .
could maintain therapeutic plasma
crossover study supplements . b -
concentrations of elvitegravir.
Protein, carbohydrate, fat, HPMC
C 1 ited 7 male PLWH, separately provided in the form of All meals decreased thg ex?ent .
arver et al., United States Four-way mean age 41 + 18 low viscosity liquid meals 200 mg indinavi (AUCgoo and Ciay) of indinavir
1999 [12] of America crossover stud J o Y It ’ § mnainavit absorption compared to fasted
y years administered 15 min before P P
indinavir control
15 PLWH on
Open-label nelfinavir and . L .
Jensen-Fangel et al., prospective reported chronic 135Q mg calcium carbonate or o There were no 51gr.11f1cant changes in
2003 [40] Denmark randomized trial diarthea. median calcium gluconate 1950/ calcium 1250 mg nelfinavir ~ plasma concentration (Cg, and Cgy,) of
pilot study age 51 (3’2_ 66) carbonate 300 mg nelfinavir and its active metabolite M8.

years
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Table 1. Cont.
Author, Year of . . . . . Antiretroviral .
Publication Study Setting Study Design Study Participants Food or Dietary Supplements Drugs Major Outcomes
After 10 months of starting
raltegravir, the patient subsequently
400 mg ) developed detectable HIV-1 RNA
raltegravir/200 mg levels (7190 copies/mL) with
Roberts et al., United States Case report An HIV-infected Calcium carbonate 1 g vitamin D3 emtricitabine documented resistance to raltegravir.
2011 [15] of America p man 400 IU (cholecalciferol) + 300 mg tenofovir Calcium supplements may lead to
disoproxil subtherapeutic raltegravir levels due
fumarate to binding to the divalent metal
ion-chelating motif of raltegravir.
Multi-center, 11 PLWH receiving [3-carotene supplementation did not
open-label, nel.fmam.r 1259 mg cause any clinically significant
Sheehan et al., non-randomized twice daily with at [3-carotene 25,000 IU, taken together .. difference in the nelfinavir and M8
Canada least two NRTIs for . Y 1250 mg nelfinavir exposure
2012 [41] steady-state with nelfinavir P .
pharmacokinetic ?;;Ziszghgo weeks, Mean C134O./° a.r;.d CDI4: D8 ratio
increased significantly.
study 45.5 + 9.4 years & Y
282 ART-naive LNS intake was associated with lower
g; ;Vi{érgea;fsge Lipid-based nutrient supplement 600 m plasma ne\./irapi.ne Frou.gh '
Abdissa et al., Ethionia Double-blinded, (LNS /w.) g 454 containing whey (LNS/w) efaviregnz /200 m concentratlpns, 1nd.1cat1ng possible
2015 [42] P randomized trial i Lipid-based nutrient supplement S & drug-LNS interactions.
10.3 years (LNS/s), nevirapine LNS did not affect EFV trough

31.7£8.5 years (no
LNS)

containing soy (LNS/s)

concentrations.
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Table 1. Cont.

Author, Year of . . .. . Antiretroviral .
Publication Study Setting Study Design Study Participants Food or Dietary Supplements Drugs Major Outcomes
130 ART-naive
malnourished 300 mg tenofovir .
. PLWH (BMI < Lipid-based nutrient supplements disoproxil The LNS_VM regimen appeared to offer
Munkombwe et al., . Randomized 2 o protection against phosphate and
2016 [43] Zambia controlled trial 18kg/m~), mean (LNS) or LNS with vitamins and fumarate /200 mg potassium loss during HIV /AIDS
; age 35 + 8 years minerals (LNS-VM) emtricitabine/600 treatment
(LNS), 38 £ 9 years mg efavirenz ’
(LNS-VM)
60 PLWH receiving
. darunavir/ritonavir 800 mg . .
Daskapan etal, The Netherlands Cross-sectional 800/100 mg od, Main meal/between-meal snack darunavir/100 mg Concurrf:nt food intake did not affect
2017 [44] study (short report) . . . darunavir trough concentrations.
median age 45 ritonavir

(20-66) years
AUC: area under the curve; tmax: time to reach maximum concentration; COh: plasma concentration at 0 hr; C3h: plasma concentration at 3 h; Cmax: maximum plasma concentration;
GW433908A: sodium salt of amprenavir prodrug; GW433908G: calcium salt of amprenavir prodrug; HPMC: hydroxypropylmethylcellulose; LNS: Lipid-based nutrient supplement; M8:
an active metabolite of nelfinavir; PLWH: people living with HIV; S/GSK1349572: dolutegravir.
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3.1. Studies Included in the Qualitative Analysis

Two-hundred and seventy-nine healthy subjects, and five-hundred and six PLWH
who participated in twenty-four studies were included in the qualitative analysis (Table 1).
The participants include various ethnic and racial groups such as people of European,
African, and Asian descent. There were 3 randomized controlled trials, 13 cross-over studies,
2 longitudinal studies, 4 pharmacokinetic studies, 1case report, and 1cross-sectional study.
Among the included studies, three studies reported the effects of grapefruit juice or Seville
orange juice on ARV pharmacokinetics [24,26,30]. While nine studies investigated the
effects of food or nutrient supplement on ARV pharmacokinetics [12,14,25,27,32,38,42-44].
The rest of the studies explored the pharmacokinetic interactions between ARV and vi-
tamins or minerals [15,29,34,36,37,40], and dietary supplements [28,31,33,35,39,41]. Most
studies showed non-significant changes in ARV pharmacokinetic parameters when co-
administered with meals. However, there was a significant decrease in the extent of
absorption of indinavir with liquid meals reported by Carver et al. [12]; protein, carbohy-
drate, fat, and viscosity meal treatments reduced indinavir AUCy—o by 68%, 45%, 34%,
and 30%, respectively, while these meals decreased Cmax by 74%, 59%, 46%, and 36%,
respectively. Regarding the meal compositions, fat meals resulted in the highest variability
on the plasma indinavir levels. The consumption of garlic supplement decreased AUC and
Cmax of saquinavir by 51% and 54%, respectively [28], while other dietary supplements
such as quercetin, Ginkgo extract, Ginseng extract, 3-carotene did not significantly affect
saquinavir, lopinavir, ritonavir, and nelfinavir pharmacokinetics [31,33,35,41]. Grapefruit
juice administration increased the oral bioavailability of saquinavir [24] while its concurrent
intake did not lead to any change in indinavir concentrations [26]. A pharmacokinetic study
by Slain et al. [29] indicated that after a week of 1000 mg vitamin C supplementation, the
steady-state indinavir plasma concentration was reduced by 20%. On the contrary, some
studies have reported that the use of multivitamins or minerals did not lead to any pharma-
cokinetic variation in ARV such as dolutegravir and nelfinavir [34,36,37,40]. In a case report
of an HIV-infected man receiving raltegravir, concomitant calcium administration resulted
in virologic failure showing detectable plasma HIV-1 RNA levels [15]. Coadministration
of protease inhibitors such as nelfinavir with (3-carotene led to a significant increase not
only in mean CD4%, but also in the CD4:CDS8 ratio in PLWH in one study [41]. In addition,
the study also found an increase in CD4 counts; although, it was not clinically significant.

3.2. Studies Included in the Meta-Analysis

A total of 122 participants from 5 studies were included in the meta-analysis. Studies
by Moore et al. [14], Yuen et al. [25], Falcoz et al. [27], Sekar et al. [32], and Yamada et al. [38]
reported the pharmacokinetic outcomes of the interaction between food and ARV were
eligible for meta-analysis. In general, the heterogeneity was high, and the 95% confidence
intervals of the pooled data were close to the most weighted and included studies whose
intervals were narrow.

Figure 2 shows the meta-analysis of the pharmacokinetic effects of food on the AUC;,¢
of ARV. There were no significant changes in AUC;,s of ARV between fasted and fed
conditions (mean difference -24.64, 95% CI -141.34to 92.07, p = 0.68), with a substantial
heterogeneity of 75%.
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Fed Fasted Mean Difference Mean Difference
Study or Subgroup Mean [ng-h/mL] SD [ng-himL] Total Mean [ng-himL] SD[ng-h/mL] Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Moore 1958 3TC combined tablet 6,035 4 11606 24 6,137.6 1,234 24 2.8% -102.20 [[779.94, 576.54] 15089
Moore 1999 AZT combined tablet 21476 BE4.E 24 2,308.2 ro5.8 24 TA4% -260.60 [-638.46,137.26] 1999 + +
Yfuen 2001 3TC combined tablet 5,610 1,340 24 6,060 1,370 24 11% -450.00 [1216.70, 316.70] 2001 * *
Yuen 2001 ABC combined tablet 6,570 2110 24 7,310 2,710 24 0.7% -740.00 [2114.08, 634.05] 2001 + +
Yuen 2001 AZT combined tablet 2,080 40 24 2,070 T20 24 8.3% -20.00 [-380.07, 340.07] 2001 + +
‘Yamada 2018 TAF 154 33 12 ikl 42 12 39.4% 1300 F17.22,43.22] 2018 —
Yamada 2018 TOF 238 a0 12 279 52 12 386% 9.00[-31.82,48.82] 2018 e
Yamada 2018 COBI 6,851 2874 12 7714 3,038 12 0.2% -BB4.00 [-3229.34, 1501.34] 2018 + +
‘famada 2018 EVG 32,267 7,889 12 1711 5128 12 0.0% 15156.00[9932.35 20479.65] 2018 4
‘Yamada 2018 FTC 14,193 2751 12 14,295 2,803 12 0.3%  -102.00F2324.12,212012] 2018 4 +

Total (95% CI) 180 180 100.0% -24.64 [141.34,92.07] -—*——

Heterogeneity: Tau®= 8752.71; Chi®= 36.06, df= 9 (P = 0.0001), F=75% e = T +

7o _ 0 a0
Testfor overall effect: 7= 0.41 (P = 0.68) Higher AUC in fasted Higher AUC in fed

100

Figure 2. Forest plot showing the mean difference in AUC;, of ARV under fasted and fed states (3TC,
lamivudine; ABC, abacavir; AZT, zidovudine; COBI, cobicistat; EVG, elvitegravir; FTC, emtricitabine;
TAF, tenofovir alafenamide; TDF, tenofovir).

The overall effect of food on Cnax of NRTI group shows no clinical significance
between fasted and fed conditions (mean difference —0.56, 95% CI -2.31 to 1.20, p = 0.53) in
fixed effect models, while Ciax of NRTI group shows a significant decrease during fed state
(mean difference -204.70, 95% CI -337.14 to -72.26, p = 0.002) in random effect models with
the heterogeneity value of 84%. Interestingly, there was a significant increase in the Cpax
of PI group during fed state (mean difference 845.51 (110.10-1580.92, p = 0.02) as shown
in Figure 3. Figure 4 indicates the overall effect of food on Cy4, which was not significant
(mean difference —0.13, 95% CI —3.08 to 2.82, p = 0.93).

Fed Fasted Mean Difference Mean Difference
Study or Subgroup Mean [ng/mL] SD [ng/mL] Total Mean [ngimL] SD[ngimL] Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
3.1.1 Cmax NRTI
Moore 1989 3TC combined tablat 1,367.6 403.9 24 1,620.3 519.6 24 9.5% -252.70[-516.00,10.60] 1988 1 —
Moore 1999 AZT combined tablet 1,139.2 687.8 24 200832 209.9 24 7.0% -969.10 126947, -468.73] 1999
Yuen 2001 3TC combined tablet 1,270 360 24 1,570 4490 24 9.9% -300.00 [-543.25,-56.74] 2001 +——
Yuen 2001 ABC combined tablet 2,280 240 24 3,200 1,240 24 4.5% -1010.00 [1609.21,-410.79] 2001
Yuen 2001 AZT combined tablet 9490 510 24 1,360 740 24 1% -370.00 [728.56,-10.44] 2000 ¥
Yamada 2018 FTC 2,749 742 12 2,562 7a0 12 4.5% 197.00[399.92, 793.927] 2018 + +
‘Yamada 2018 TAF 163 75 12 160 a7 12 127% 3.00-66.37,72.37] 2018
Yamada 2018 TDF k] 1.7 12 8.4 26 12 13.0% -0.50 [2.26,1.26]) 2018 b
Subtotal (95% CI) 156 156 68.8% -204.70 [-337.14, -72.26] —_—

Heterogeneity: Tau® = 18033.29; Chi*= 42.81, df= 7 (P < 0.00001); F= 84%
Testfor overall effect Z= 3.03 (F =0.002)

3.1.2Cmax Pl

Sekar 2007 RTV HF 1,522 689 12 2,044 92 12 38%  -522.00F1200.73,156.73] 2007 + +
Sekar 2007 RTV standard breakfast 1,827 679 23 2,044 q82 12 4.3% -217.00 [-838.05, 404.05] 2007 + +
Sekar 2007 DRY CWC 5,363 958.5 " 3,609 7752 12 35% 1754.00[1037.61,2470.39] 2007 4
Sekar 2007 DRV HF 5,903 1,687 12 3,609 TTh2 12 1.9% 2299.00 [1248.56, 3349.44] 2007 4
Sekar 2007 DRY standard breakfast 5,328 1,148 23 3,609 7752 12 44% 1717.00[1074.75, 2359.25] 2007 4
Sekar 2007 RTV CWC 3,236 847 1" 2,044 482 12 33% 1192.00 [444.18,1838.82] 2007 4
Wamada 2018 COBI 1,081 209 12 1,042 236 12 10.3% 38.00 [181.99, 267.99] 2018 + +
Subtotal {95% CI) 104 84 31.2% 845.51[110.10, 1580.92] 3

Heterogeneity: Tau®=8614532.79; Chi®= 67.49, df= 6 (P = 0.00001}; F=31%
Testfor overall effect Z=2.25 (P = 0.02)

Total (95% CI) 260 240 100.0% 9.95 [146.97, 166.87] ——*—-
Heterogeneity: Tau?= 48367.49; Chi= 124,36, df=14 (P < 0.00001); F = 89% F ' | ; y
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Figure 3. Forest plot showing the mean difference in Cax of ARV under fasted and fed states by
ARV regimens (3TC, lamivudine; ABC, abacavir; AZT, zidovudine; COBI, cobicistat; CWC, croissant
with coffee; DRV, darunavir; FTC, emtricitabine; HE, high fat; NRTI, nucleoside reverse transcriptase
inhibitor; PI, protease inhibitor; RTV, ritonavir; TAF, tenofovir alafenamide; TDF, tenofovir).

Fed Fasted Mean Difference Mean Difference

Study or Subgroup Mean [ng/mL] SD [ng/mL] Total Mean [ng/mL] SD[ng/mL] Total Weight IV, Random, 95% CI Year IV, Random, 95% CI
Yamada 2018 COBI 1748 18 12 6.6 324 12 1.9% -9.10 [F30.40,12.20] 2018 _
Yamada 2018 EVG 566 387 12 386 177 12 0.0% 180.00 [-45.45 405.45] 2018 +
Yamada 2018 FTC 1.4 14.5 12 81.3 17 12 8.1% 0.20[12.44,12.84] 2018 -1
Yamada 2018 TDF 322 0.7z 12 3.22 0.9z 12 93.0% 0.00 [-0.66, 0.66] 2018
Total (95% CI) 48 48 100.0% 0.13 [-3.08, 2.82]

o 2 — - 2 - - SR = ; } T + {
?et?;ogeneny‘.lT?ru t722f§,DC)gthr_ED.1953, df=3(P=0.37),F=5% Soo R 3 =0 100

estfor overall effect 2= 0.08 (P = 0.93) Higher C24 infasted Higher C24 in fed

Figure 4. Forest plot showing the mean difference in Cy4 of ARV under fasted and fed states (COBI,
cobicistat; EVG, elvitegravir; FTC, emtricitabine; TDF, tenofovir).
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The results of the subgroup meta-analysis of pharmacokinetic changes in tmax of ARV
depending upon food or supplement administration are shown in Figure 5. The overall
effect in NRTI group indicates a significantly higher tax value under fed condition (mean
difference 0.67, 95% CI 0.44-0.91, p < 0.00001), showing the heterogeneity of 63%. Similarly,
we found a significant increase in tmax in fed state compared to fasted condition in PI
receiving groups (mean difference 1.29, 95% CI 0.81-1.77, p < 0.00001) (Figure 5). For both
NRTI and PI groups, none of these show any clinically significant changes in t; /, (Figure 6).
We observed no statistical heterogeneity on t; /, of both NRTI and PI regimens.

Fasted Mean Difference Mean Difference
Study or Subgroup Mean [hr] SD[hr] Total Mean[hr] SD[hr] Total Weight IV, Random, 95% Cl Year IV, Random, 95% CI
5.1.1 tmax NRTI
Moore 1398 3TC combined tablet 1.86 0.04 24 091 0.48 24 B.0% 0.95[0.53,1.37] 1943
Moore 1899 AZT combined tablet 107 066 24 057 045 24 BA% 0.50[0.18,0.82] 1999 —_—
Yuen 2001 ABC combined tablet 183 085 24 095 056 24 B0% 0,97 [0.56,1.38] 2001 —_—
Yuen 2001 AZT combined tablet 17 087 4 084 052 24 B0% 0,86 [0.45,1.27] 2001 —_—
Yuen 2001 3TC combined tablet 24 077 M4 135 045 24 B1% 1.05 [067,1.43) 200 —_—
Yamada 2018 FTC 2.25 040014 12 1.75 0.8292 12 61% 050[012,1.12] 2018 T
Yamada 2018 TAF 1.075 05315 12 0.625 015 12 6.3% 045012078 2018 —
Yamada 2018 TDF 2 06124 12 2 0.6124 12 57% 0.00[0.48,0.49) 2018 [ —
Subtotal (95% CI} 156 156  47.7% 0.67 [0.44,0.91] -

Heterogeneity: Tau®= 0.07; Chi*= 1872, df= 7 (P = 0.008); *= 63%
Test for overall effect 2= 560 (P = 0.00001)

5.1.2 tmax Pl

Falcoz 2002 APV capsule LF 1.875 075 24 075 015 24 B4% 1.13[0.81,1.44] 2002 —

Falcoz 2002 APY suspension 6 23363 16 1.375 0.7628 16 3.0% 363 (242,483 2002 4
Falcoz 2002 APV tablet HF 2625 1315 24 20075 1.2984 24 46% 0.62[012,1.36) 2002 e

Falcoz 2002 APV tablet LF 26875 1.2437 24 20075 1.2984 24 47% 068 [0.04,1.400 2002 1

Sekar 2007 DRY CWiC 2875 0ra " 175 06292 12 5.4% 113 [0.56,1.69] 2007 e
Sekar 2007 DRY HF 3124 1.0308 12 175 06292 12 4.9% 1.38 [0S, 2.06] 2007 R —
Sekar 2007 DRY standard breakfast 3124 1.0308 23 175 06292 12 5.4% 1.38[0.82,1.893] 2007 —
Sekar 2007 RTY CWC 3748 01443 " 225 08014 12 5.6% 1.40[098,2.02] 2007 —_—
Sekar 2007 RTV HF 4375 1.2666 12 225 049014 12 41% 213[1.25,2.000 2007 —
Sekar 2007 RTV standard breakfast 4626 21641 23 225 04014 12 3.5% 2.3B8[1.35,3.40) 2007 e
Yamada 2018 COBI 3 0.866 12 375 08292 12 4.9% -075[1.43,-0.07] 2018 ——

Subtotal (95% CI} 192 172 52.3% 1.29[0.81,1.77] —i———

Heterageneity Tau®= 0.53; Chi*= 63.07, df= 10 (P < 0.00001); F= 84%
Test for overall effect 2= 527 (P = 0.00001)

Total {95% CI) 348 328 100.0% 0.98 [0.70, 1.25] -
Heterogeneity. Tau®=0.28; Chi®= 99.15, df= 18 (P = 0.00001); F= 82% j2 il 'i %
Testfor overall effect Z=6.98 (P = 0.00001)
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Figure 5. Forest plot showing the mean difference in tmax of ARV under fasted and fed states
by ARV regimens (3TC, lamivudine; ABC, abacavir; APV, amprenavir; AZT, zidovudine; COBI,
cobicistat; CWC, croissant with coffee; DRV, darunavir; FTC, emtricitabine; HE, high fat; LF, low fat;
NRTI, nucleoside reverse transcriptase inhibitor; PI, protease inhibitor, RTV, ritonavir; TAF, tenofovir
alafenamide; TDF, tenofovir).

Fed Fasted Mean Difference Mean Difference
Study or Subgroup Mean [hr] SD[hr] Total Mean [hr] SD[hr] Toial Weight IV, Random, 95% Cl Year IV, Random, 95% CI
6.1.1 1112 NRTI
Maare 1999 3TC combined tablet 10,62 6.32 24 9.93 278 24 0.3% 0.54 [1.86,2.94] 1989
Maare 1999 AZT combined tablet 1.53 0.41 24 1.4 0.24 24 32% 0.03[0.16,0.22] 1993 ——
Yuen 2001 3TC combined tablet 5.69 1.26 24 6.47 233 24 1.3%  -0.78[1.84,0.28 2001 —
Yuen 2001 ABC combined tahlet 1.96 0.68 24 1.63 07 24 9.3% 0.27 [0.12, 0.66] 2001 T
Yuen 2001 AZT cambined tablet 263 1.08 24 25 074 24 6.1% 013 [0.41,0.67] 2001 . E—
Yamada 2018 FTC 131 a1 12 13 349 12 0.2% 010[272,292] 2018 + +
Yamada 2018 TAF 0.4 01 3 05 01 6 476% -010[024,004] 2018 -
Yamada 2018 TOF 4245 42 12 393 348 12 0.2% 2.60[-0.49,5.69] 2013 S E——
otal (95% CI) 147 150 95.2% 0.00 [-0.15, 0.16] L 3
Heterogeneity: Tau®=0.01; Chi*= 880, df=7 (F=026), F=21%
Testfor averall effect 7= 0.05 (P = 0.96)
6.1.21112 Pl
Sekar 2007 DRV CWC 171 5.64 11 14.07 B.25 12 0.1% 304 [1.82,7.90] 2007 +
Sekar 2007 DRV HF 12.67 449 12 14.07 B.25 12 01%  -1.40[575 295 2007 + +
Sekar 2007 DRV standard breakfast 1455 482 23 14.07 B.25 12 0.1% 0.48[-3.57, 453 2007 + +
Yamada 2018 COBI 32 oa 12 a5 0.6 12 4B8%  -0.30[-087,027] 2018 ——
Subtotal (95% CI) 58 48 4.8%  -0.26 [-0.81,0.29] e
Heterogeneity: Tau?= 0.00; Chi*= 2.18, df= 3 (P = 0.54), F= 0%
Testfor overall effect 2= 0.82 (P = 0.36)
Total (95% CI) 205 198 100.0%  -0.02 [-0.15,0.10] <
Helerogeneity: Tau? = 0.00; Chi*= 11.74, di=11 (P = 0.38), F= 6% ]2 t 1’ 2‘

Testfor overall effect Z=0.38 (P =0.71)

-1
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Figure 6. Forest plot showing the mean difference in t;,; of ARV under fasted and fed states by
ARV regimens (3TC, lamivudine; ABC, abacavir; AZT, zidovudine; COBI, cobicistat; CWC, croissant
with coffee; DRV, darunavir; FTC, emtricitabine; HEF, high fat; NRTI, nucleoside reverse transcriptase
inhibitor; PI, protease inhibitor; TAF, tenofovir alafenamide; TDF, tenofovir).

3.3. Publication Bias

Publication bias was assessed by visual inspection of the funnel plot, which is shown
in Figure 7. It was found that there were seven missing studies for tmax. The distribution
of the standard error was close to the peak of the funnel plot, which demonstrated that
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there may be systematic difference or publication bias between smaller and larger studies.
Further statistical test for the funnel plot asymmetry was not performed since the forest
plot that had the largest number of included studies included only five studies [45].
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Figure 7. Funnel plot of the adjusted association between tmax and food (SE, standard error; MD,

mean difference).

4. Discussion

This systematic review and meta-analysis mainly presented no significant pharma-
cokinetic changes in AUC, Cy4, and t; /, of ARV when co-administered with food or dietary
supplements. However, it can be highlighted that there was an increase in tmax of NRTI
and PI under fed conditions. Of interest, the higher Cpax in fed state was observed in
participants receiving the PI regimen in this study. Among the articles included in this sys-
tematic review, most of the ARV’s pharmacokinetic parameters were not clinically altered
by the concurrent administration of food and other supplements such as quercetin, Ginkgo
extract, vitamin supplement, Ginseng, or (3-carotene.

The different classes of ARV have varied pharmacokinetic metabolisms. Pls are
extensively metabolized by the cytochrome P (CYP) 450 enzymes in the liver and small
intestine [46]. Thus, ingestion of some foods or juices that have an inhibitory effect on
CYP450 may increase concentrations of PIs. Kupferschmidt et al. [24] reported an increase
in the bioavailability of saquinavir bioavailability after an intake of grapefruit juice, which
is widely known as a CYP3A4 inhibitor [47]. In addition, a previous study reported
an increase in AUC of atazanavir, lopinavir/ritonavir, nelfinavir, and saquinavir when
ingested with food [48]. Under the fed condition, there was a long tmax of amprenavir from
1 to 4 h compared with the fasting state [27]. The tmax of darunavir under fasted conditions
was approximately 1.5 h, whereas it was increased to 3-4 h after administration with
food including standard breakfast, croissant with coffee, and high-fat breakfast. Similarly,
the median tmax of 2 h of ritonavir without food extended to 4 or 5 h when food was
administered concurrently [32]. Regarding the changes in plasma concentration of PI such
as darunavir, Sekar et al. [32] reported the increased Cmax by about 30% under fed condition
compared with the fasted state. Another class of ARV, NNRTIs such as efavirenz and
nevirapine are also metabolized by several liver CYP isoenzymes [49]. The administration
of efavirenz with high fat or high caloric meal was associated with the increased mean AUC
by 28% and mean Cpnax by 29%, respectively, compared to fasted conditions [50]. Most
NRTIs are degraded by liver enzymes from the purine or pyrimidine nucleoside salvage
pathway, depending upon the NRTI analogs [51]. Since they are not extensively metabolized
by CYP450 [51], they have less interaction with food or other drugs. The delayed absorption
of abacavir, lamivudine, and zidovudine was noted by Yuen et al. [25] an hour later
in median tmax under fed conditions compared to fasted conditions. Similarly, Moore
et al. [14] observed the slower tmax of lamivudine and zidovudine by 30 min and 45 min,



Nutrients 2022, 14, 520

17 of 22

respectively, after the administration of combined tablets with a high-fat meal. The mean
tmax Of emtricitabine and tenofovir alafenamide under standard breakfast was2h and 1 h,
respectively, which was longer than those under fasted conditions [38,52]. The concurrent
administration of integrase inhibitors (Ils) and polyvalent cations such as magnesium
and calcium should be monitored since these cations may bind with ARV, which leads to
decreased plasma levels. Although Buchanan et al. [37] reported no clinical significance,
dolutegravir, according to its medication package insert, should be taken 2 h before or
6 h after administering a cation containing antacids or laxatives, sucralfate, oral iron
supplements, oral calcium supplements, or buffered medications [36,53].

The impacts of vitamin and mineral supplements on ARVs were mostly investigated in
IIs [15,34,36,37] and some PIs [29,40]. Co-administration of 1200 mg calcium carbonate and
324 mg ferrous fumarate with dolutegravir during fasted conditions decreased in AUCy_,,
Cmax, and Cy4 of dolutegravir by respective 37% to 39% and 54% to 57% due to chelation
with polyvalent cations [36]. However, coadministration of these divalent cations and
dolutegravir under fed conditions counteracted such the interaction [36]. Moreover, Roberts
et al. [15] reported subtherapeutic raltegravir levels when co-administered with 1000 mg
calcium carbonate. Nonetheless, information on the time interval between raltegravir and
calcium intake or whether they were administered under fed or fasted conditions were not
reported. Given that calcium supplement is necessary for the prevention of osteoporosis,
especially in PLWH [54], future studies investigating the magnitude of such interaction
between raltegravir and calcium supplement under fasted and fed conditions should
be conducted. If the fed condition can counteract the interaction, calcium supplements
may be co-administered with raltegravir. Concerning the impacts of vitamin and mineral
supplements on PIs, while the divalent calcium ion did not significantly alter nelfinavir and
its active metabolite M8 concentrations [40], co-administration with vitamin C significantly
decreased steady-state indinavir concentrations [15]. This could be explained by the
inductive property of vitamin C on CYP isoenzymes observed in animal studies [55-59].
However, another study reported no significant effect of vitamin C on CYP3A4, the primary
enzyme used to metabolize indinavir activity [60]. Based on the contradictory effects of
vitamin C on CYP3A4, further studies are needed to confirm the results.

Concerning the impacts of various dietary supplements, different classes of ARVs were
investigated, mostly the Pls. Piscitelli et al. [28] reported that garlic supplement significantly
decreased the extent of saquinavir absorption, as indicated by the decrease in AUC_g,
Ctrough/ and Cnax. No definite underlying mechanism could be drawn from this study,
but the authors proposed that it could be due to the induction of CYP450, or P-glycoprotein
(P-gp) produced by long-term use of garlic. Nonetheless, evidence has shown that the
effects of garlic on CYP3A4 are controversial as some in vitro studies reported that garlic
had an inhibitory effect on CYP3A4 [61]. While other studies showed no significant effect
of garlic on CYP3A4 [62,63]. Given that garlic supplements might have a negative effect
on saquinavir exposure, garlic supplementation should be avoided in patients receiving
treatment with saquinavir.

Quercetin, an inhibitor of various CYP450 including CYP3A4 as well as P-gp, could
theoretically be used as a booster of saquinavir levels [64,65]. However, DiCenzo et al. [31]
did not find significant effects of quercetin on saquinavir concentrations. The nonsignif-
icant effect of quercetin could partially be explained by the intersubject and intrasubject
variability. Given that only ten subjects were included in the study by DiCenzo et al. [31],
further studies are required to confirm such results.

Ginkgo biloba, another widely used dietary supplement, has been shown to induce
CYP3A activity [66,67]. However, Robertson et al. [33] reported no significant effects of
Ginkgo biloba extract on lopinavir and ritonavir pharmacokinetics. These could be explained
by the inhibitory effect of co-administered ritonavir on CYP3A. Nevertheless, the impacts of
Ginkgo biloba extract on un-boosted protease inhibitors were not investigated in that study;,
and hence coadministration of Ginkgo biloba extract with un-boosted PI is not theoretically
recommended. Similar to the effect of Ginkgo biloba, Panax ginseng has shown an inductive
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effect on CYP3A, which in turn may reduce PI concentrations [68]. However, the two-week
administration of Panax ginseng did not alter lopinavir and ritonavir pharmacokinetics [35].
The same reason concerning the inhibitory effect of concurrently administered ritonavir
could be applied here. Therefore, a similar recommendation on the use of Panax ginseng
and un-boosted PI to that of Ginkgo biloba extract is proposed.

Inconclusive effects of 3-carotene on CYP3A4 have been reported from in vitro stud-
ies, as one study found an inhibitory effect [69], while another reported an inductive
property [70]. A clinical study investigating the impacts of 3-carotene supplementation
at the dose of 25,000 IU twice daily on nelfinavir and its active metabolite M8, which
is metabolized by respective CYP2C19 and CYP3A4, indicated no clinically significant
effect [41]. This implies that PLWH receiving ARVs that are substrates of CYP2C19 or
CYP3A4 may be able to use 3-carotene as a dietary supplement. However, it should be
noted that these findings were based only on 15 HIV-infected subjects. Further prospective
studies investigating the impact of 3-carotene on other CYP2C19 and CYP3A4 substrates
may be warranted.

This study has some limitations. The included studies did not report the component
of fruit juices, i.e., whether the juice contained pulp or additives. This information may be
crucial since these compositions might not be pharmaceutically inert. Since most studies
were conducted with different ARV drugs and different supplements, only limited studies
were included for meta-analysis. Only food (meal) and ARV pharmacokinetic interaction in
healthy subjects were analyzed due to the limited number of studies with supplements and
ARV pharmacokinetic interaction. Additionally, caution should be taken when the stratified
results are interpreted as the minimal number of studies for subgroup analysis should be
more than 10 [71]. Some studies from the qualitative analysis could not be included in the
meta-analysis because of the diverse types of supplements among studies. The number of
participants in each study was relatively small, and there may also have been interpatient
or intrapatient variability. Furthermore, most studies were conducted in different regions
with different study designs. Moreover, our systematic review may not be generalizable to
all nutrient or food supplements as we did not focus on some products, e.g., probiotics or
prebiotics, which may have effects on ARV pharmacokinetics. Of note, the heterogeneity
across studies may also affect the results due to the potential effects of some factors such as
gender, comorbidities, food compositions, dosage regimen, and duration of treatment.

This study found new information on the potential impact of supplement use on
ARV pharmacokinetics. The study highlighted the decreased absorption of NRTIs such as
abacavir, emtricitabine, and PIs such as ritonavir and darunavir after co-administration
with food. The increased tmax and plasma concentration of some ARV such as darunavir
due to ARV-food interaction can suggest nutrition monitoring in relation to HIV and ARV
treatment. As a further matter, due to the diversity of supplements, further research that
considers not only the variability of interactions but the likelihood of an individual patient
to develop potential outcomes should be examined. Improving awareness of therapeutic
monitoring followed by pharmacokinetic evaluation of specific interaction should be
implemented because there is extensive use of supplements in the HIV population.

5. Conclusions

This study pointed out the delayed absorption of NRTIs such as abacavir, emtricitabine,
lamivudine, zidovudine, tenofovir alafenamide, and PIs including amprenavir, darunavir,
and ritonavir under fed conditions including low-fat and high-fat meals. The higher plasma
concentration of PI such as darunavir and cobicistat was also observed in a fed state. Con-
sidering the effects of various products on drug-metabolizing enzymes, more evidence in
pharmacokinetic fields is required. So far, it is still necessary to investigate the potential in-
teractions of ARV and particular supplement or complementary products in PLWH. Further
pharmacokinetic studies are highly recommended to explore the potential pharmacokinetic
interaction between food and ARV that might affect therapeutic outcomes. Physicians and
healthcare providers need to be aware of the potential interaction between prescribed ARV
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and any mineral supplements that may lead to virologic failure or delayed absorption due
to chelation. Since even a small change in plasma drug level can affect therapeutic efficacy,
PLWH on ARV should be educated or given information on supplement use.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
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