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Introduction: The genetic admixture of the Brazilian population has considerable relevance 
to the implementation of the principles of pharmacogenomics (PGx), as it may compromise 
the extrapolation of data obtained in more homogeneous world populations.
Purpose: This study aims to investigate a panel of 117 polymorphisms in 35 pharmaco
genes, which contains label recommendations or clinical evidence by international drug 
regulatory agencies, in Amazonian Native American populations, and compare the results 
obtained with continental population data from the 1000 Genomes Project Consortium.
Patients and Methods: The study population is composed of 109 Native American 
individuals from three Brazilian Amazon groups. The genotyping of the PGx polymorphisms 
was performed by allelic discrimination using TaqMan® OpenArray Genotyping with a panel 
of 120 customized assays on the QuantStudio™ 12K Flex Real-Time PCR System.
Results: Statistical differences within the Native American populations were observed 
regarding both genotypes and phenotypes of some genes of the CYP family. The discrimi
nant analysis of principal components (DAPCs) between the NAM group and the continental 
populations of the 1000 Genomes Project resulted in the clustering of the three Native 
American populations. Additionally, in general, the NAM group was determined to be 
closely situated between East Asia, America, and South Asia groups, which enabled us to 
infer a genetic similarity between these populations. The DAPC analysis further demon
strated that eight polymorphisms and six polymorphisms were more relevant in differentiat
ing the NAM from the continental populations and the NAM populations among themselves, 
respectively.
Conclusion: Some investigated polymorphisms show differences among world populations, 
particularly with populations of European origin, for whom precision medicine protocols are 
primarily designed. The accumulated knowledge regarding these variations may assist in the 
design of specific protocols for Native American populations and populations admixed with 
them.
Keywords: Native Americans, pharmacogenomics, polymorphisms, population, genetic 
admixture, Brazil

Introduction
The Brazilian population is one of the most heterogeneous in the world, showing 
considerable genetic admixture among Europeans, Africans, and Native 
Americans.1 Among the three main groups forming the Brazilian population, 
Native Americans have the scarcest genetic data.

The Amazon region concentrates a greater part of the Native American popula
tions of Brazil: there are more than 180 communities, apart from several isolated 
groups living in the biome, which represents approximately 200 thousand people, 
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86 languages, and 650 dialects.2 Specifically addressing 
the state of Pará, the second largest state in the Brazilian 
Amazon region, the last census reported more than 50 
thousand indigenous people and 42 different Native 
American groups.3

The epidemiological profile of Native American popu
lations is very little known, which stems from the scarcity 
of investigations, the absence of surveys and censuses, as 
well as the precariousness of information systems on mor
bidity and mortality, which complicates any discussion 
about the health/disease process of indigenous peoples.4 

As far as information on genetic data for that population, 
data availability is even more scarce.

The population paradigm of PGx is based on the frequency 
of numerous polymorphisms in “pharmacogenes” that vary 
widely among human populations (Suarez-Kurtz, 2010). The 
guidelines formulated by regulatory drug agencies for the 
accuracy of therapies cannot be fully applied to Native 
Americans or even to populations with a high degree of genetic 
admixture with this group, such as the Brazilian population.5 

This study aims to investigate a panel of 117 polymorphisms in 
35 pharmacogenes, including label recommendations or clin
ical evidence from international drug regulatory agencies in an 
Amazonian Native American population, and to compare the 
results obtained with global population data. Relevant pharma
cogenetic biomarkers were selected from the 
Pharmacogenomics Knowledge Base database.7

Patients and Methods
Population Study
A total of 109 Native American individuals from the 
Brazilian Amazon region were selected from a database 
of an epidemiological study investigating indigenous 
populations of Pará. The study population was composed 
of 65 men and 44 women and collected from adult indivi
duals (between 18 and 50 years old). Twenty-five samples 
were obtained from Asurini do Koatinemo (KOA), 41 
Asurini do Trocará (ASU), and 43 Kayapó-Xicrin 
(KAY). All the Native Americans groups are in the state 
of Pará: the Kayapó-Xikrin is located in the Cateté and 
Trincheira Bacajá regions, both indigenous protective 
lands (geographic coordinates: −6.241917, −50.804833), 
it counts with a total population of 1800 individuals; the 
Asurini do Trocará settlement is located east of the 
Tocantins River (geographic coordinates: −3.567694, 
−49.711039), summing a total population of 546 indivi
duals; and, Asurini do Koatinemo is situated on the right 

bank of the Xingu River (geographic coordinates: 
−4.230970, −52.298335), with a total population of 182 
individuals. The three Native American groups are isolated 
from each other, located at a mean distance of 390 km 
between them, and do not share family relationships. For 
some analyses, the three Amazonian Native American 
populations were gathered in a group called Native 
Americans (NAM). The genomic data for each marker 
investigated in the continental populations were obtained 
from the Ensembl Phase 3 Project.8

Selection of PGx Biomarkers
Relevant pharmacogenetic biomarkers were selected from 
the database of the Pharmacogenomics Knowledge Base,9 

a publicly available online knowledgebase website whose 
main objective is collecting, curating, integrating, and dis
seminating basic pharmacogenetic data. Here, we define 
“biomarker” as the function of a gene to code enzymes 
responsible for processes of pharmacokinetics or pharma
codynamics that may interfere in drug pathways, conse
quently affecting drug response.10

Pharmacogenetic biomarkers are labeled by levels of 
evidence regarding their importance to drug response. 
Levels of evidence rank from 1A, which denotes a variant- 
drug combination in a medical society-endorsed PGx guide
line, or already implemented in a major health system, to 
level 4, which denotes annotation based on a case report, 
nonsignificant study or in vitro, molecular or functional assay 
evidence only. For the current analysis of the Native 
American populations, 117 biomarkers (ranked from level 
1A to 2A and 3) from a total of 35 different genes, including 
absorption, distribution, metabolism, and excretion genes 
(ADME) and pharmacodynamic genes, were selected. All 
the biomarkers selected for this study are shown in Table 1.

DNA Isolation/Genotyping and Quality 
Control
Genetic material was extracted from peripheral blood 
using the BiopurKit Mini Spin Plus-250 commercial kit 
(Biopur, Brazil) according to the manufacturer’s recom
mendations. DNA concentration and purity were measured 
with a NanoDrop 1000 Spectrophotometer (Thermo Fisher 
Scientific, Wilmington, DE). The genotyping of single 
nucleotide polymorphisms (SNPs) was performed by alle
lic discrimination using TaqMan® OpenArray Genotyping 
with a panel of 120 customized assays on the 
QuantStudio™ 12K Flex Real-Time PCR System 
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Table 1 Biomarkers Analyzed in the Three Native American Populations

Chromosomal 
Position

Gene dbSNP Variant Nucleotide 
Change

Reference 
Allele

Evidence 
Level

7:87,509,329 ABCB1 rs1045642 ABCB1*2,*13 3435C>T G/G 2A

7:87,550,285 ABCB1 rs1128503 ABCB1*2,*13 1236C>T G/G 2A

7:87,531,302 ABCB1 rs2032582 ABCB1*2,*13 2677G>A 2677G>T C/C 2A
7:87,600,877 ABCB1 rs3213619 ABCB1*- 129T>C A/A 3

10:99,804,058 ABCC2 rs2273697 ABCC2*- 1249G>A G/G 3

10:99,844,450 ABCC2 rs3740066 ABCC2*- 3972C>T C/C 3
10:99,782,821 ABCC2 rs717620 ABCC2*- 24C>T C/C 3

4:88,131,171 ABCG2 rs2231142 ABCG2*- 421C>A G/G 2A
5:148,826,877 ADRB2 rs1042713 ADRB2 46A>G A/A 2A

11:113,400,106 ANKK1 rs1800497 ANKK1 2137G>A A/A 2B

19:44,908,822 APOE rs7412 APOE 526C>T C/C 2A
22:19,963,748 COMT rs4680 COMT*- 322G>A G/G 2A

17:45,834,159 CRHR1 rs1876828 CRHR1 54898C>T C/C 2B

15:74,749,010 CYP1A2 rs12720461 CYP1A2*1K 729C>T C/C 3
15:74,745,879 CYP1A2 rs2069514 CYP1A2*1L,*1C 3860G>A G/G 3

15:74,749,576 CYP1A2 rs762551 CYP1A2*- 163C>A A/A 3

19:40,848,628 CYP2A6 rs1801272 CYP2A6*2 479T>A A/A 2A
19:40,850,474 CYP2A6 rs28399433 CYP2A6*- 48T>G A/A 2A

19:41,006,936 CYP2B6 rs3745274 CYP2B6*- 516G>T G/G 1B

19:41,004,377 CYP2B6 rs12721655 CYP2B6*13,*8 13072A>G A/A 3
19:41,012,316 CYP2B6 rs28399499 CYP2B6*16,*18 21011T>C T/T 2A

10:94,842,865 CYP2C19 rs3758580 CYP2C19*2 990C>T C/C 1A

10:94,761,900 CYP2C19 rs12248560 CYP2C19*17 806C>T C/C 1A
10:94,762,804 CYP2C19 rs17885098 CYP2C19*- 99C>T C/C 1A

10:94,762,706 CYP2C19 rs28399504 CYP2C19*4 1A>G A/A 1A

10:94,775,416 CYP2C19 rs41291556 CYP2C19*8 358T>C T/T 1A
10:94,781,859 CYP2C19 rs4244285 CYP2C19*2 681G>A G/G 1A

10:94,780,653 CYP2C19 rs4986893 CYP2C19*3 636G>A G/G 1A

10:94,852,738 CYP2C19 rs56337013 CYP2C19*5 1297C>T C/C 1A
10:94,781,858 CYP2C19 rs6413438 CYP2C19*10 680C>T C/C 4

10:94,775,453 CYP2C19 rs72552267 CYP2C19*6 395G>A G/G 1A

10:94,781,999 CYP2C19 rs72558186 CYP2C19*7 19294T>A T/T 2
10:95,038,992 CYP2C8 rs10509681 CYP2C8*3 986A>G T/T 2A

10:95,058,362 CYP2C8 rs1058930 CYP2C8*4 11041C>G G/G 3

10:95,067,273 CYP2C8 rs11572080 CYP2C8*3 2130G>A C/C 3
10:95,058,349 CYP2C8 rs11572103 CYP2C8*2 11054A>T T/T 3

10:94,942,309 CYP2C9 rs7900194 CYP2C9*8, *27 3627G>T 3627G>A G/G 2A

10:94,981,296 CYP2C9 rs1057910 CYP2C9*3 42614A>C A/A 1A
10:94,942,290 CYP2C9 rs1799853 CYP2C9*2 430C>T C/C 1A

10:94,981,224 CYP2C9 rs28371685 CYP2C9*11 42542C>T C/C 2A

10:94,981,301 CYP2C9 rs28371686 CYP2C9*5 42619C>G C/C 2A
10:94,981,297 CYP2C9 rs56165452 CYP2C9*4 42615T>C T/T 2A

10:94,941,958 CYP2C9 rs72558187 CYP2C9*13 3276T>C T/T 3

CYP2D6 rs72549353/rs758320086 CYP2D6*19 2539_2542delAACT AGTT/AGTT 3
22:42,128,818 CYP2D6 rs72549354 CYP2D6*20 1973_1974insG -/- 3

22:42,128,174 CYP2D6 rs5030656 CYP2D6*9 2615_2617delAAG TCT/TCT 2A

22:42,129,770 CYP2D6 rs28371706 CYP2D6*17 1023C>T G/G 1A
22:42,129,033 CYP2D6 rs5030865 CYP2D6*8, *14 1758G>A 1758G>T C/C 2A

22:42,127,856 CYP2D6 rs5030867 CYP2D6*7 2935A>C T/T 3

22:42,130,761 CYP2D6 rs769258 CYP2D6*35 31G>A C/C 2A

(Continued)
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Table 1 (Continued). 

Chromosomal 
Position

Gene dbSNP Variant Nucleotide 
Change

Reference 
Allele

Evidence 
Level

22:42,130,692 CYP2D6 rs1065852 CYP2D6*4,*10 100C>T G/G 1A

22:42,132,375 CYP2D6 rs1080985 CYP2D6*- 1584C>G G/G 3
22:42,126,611 CYP2D6 rs1135840 CYP2D6*- 4180G>C C/C 1A

CYP2D6 rs147960066 CYP2D6*56 3201C>T G/G 3

22:42,127,941 CYP2D6 rs16947 CYP2D6*- 2850C>T G/G 1A
22:42,129,910 CYP2D6 rs201377835 CYP2D6*11 883G>C C/C 4

22:42,127,803 CYP2D6 rs28371725 CYP2D6*41 2988G>A C/C 1A

22:42,128,242 CYP2D6 rs35742686 CYP2D6*3 2549delA T/T 1A
CYP2D6 rs3892097 CYP2D6*4 1846G>A C/C 1A

22:42,129,084 CYP2D6 rs5030655 CYP2D6*6 1707delT A/A 1A

22:42,130,668 CYP2D6 rs5030862 CYP2D6*12 124G>A C/C 3
22:42,127,608 CYP2D6 rs59421388 CYP2D6*29 3183G>A C/C 2A

22:42,127,532 CYP2D6 rs72549346 CYP2D6*42 3259_3260insGT -/- 3

22:42,127,841 CYP2D6 rs72549349 CYP2D6*44 2950G>C C/C 4
22:42,128,201 CYP2D6 rs72549351 CYP2D6*38 2587_2590delGACT AGTC/AGTC 4

10:133,527,063 CYP2E1 rs2070673 CYP2E1*7 333T>A T/T 3

7:99,763,843 CYP3A4 rs2242480 CYP3A4*1H*1G 20230G>A C/C 2A
7:99,784,473 CYP3A4 rs2740574 CYP3A4*1B 392A>G T/T 2A

7:99,768,693 CYP3A4 rs35599367 CYP3A4*22 15389C>T G/G 3

7:99,767,460 CYP3A4 rs4646437 CYP3A4 21726C>T G/G 3
7:99,665,212 CYP3A5 rs10264272 CYP3A5*6 14690G>A C/C 3

7:99,652,771 CYP3A5 rs41303343 CYP23A5*7 27131_27132insT -/- 3

7:99,672,916 CYP3A5 rs776746 CYP3A5*3 6986A>G T/T 1A
19:15,879,621 CYP4F2 rs2108622 CYP4F2*3 18000G>A C/C 1A

1:97,305,364 DPYD rs1801160 DPYD*6 2194C>T C/C 3

1:97,883,329 DPYD rs1801265 DPYD*- 85T>C C/C 3
1:97,699,535 DPYD rs2297595 DPYD*- 496A>G T/T 3

1:97,450,058 DPYD rs3918290 DPYD*2 1905C>T C/C 1A

1:97,515,787 DPYD rs55886062 DPYD*13 1679A>C A/A 1A
1:97,082,391 DPYD rs67376798 DPYD*- 2846T>A T/T 1A

11:113,475,629 DRD2 rs1799978 DRD2 585A>G T/T 2A
1:169,549,811 F5 rs6025 F5 1601G>A C/C 2A

11:120,792,654 GRIK4 rs1954787 GRIK4 10039T>C T/T 2B

11:67,585,218 GSTP1 rs1695 GSTP1*- 313A>G A/A 2A
19:39,248,147 IFNL3 rs12979860 IFNL3 1825G>A C/C 1A

19:39,252,525 IFNL3 rs8099917 IFNL3 T>G T/T 1B

1:11,794,419 MTHFR rs1801131 MTHFR*- 1286A>C T/T 3
rs1801133 MTHFR rs1801133 MTHFR*- 665C>T G/G 3

8:18,400,285 NAT2 rs1041983 NAT2*- 282C>T C/C 2A

8:18,400,806 NAT2 rs1208 NAT2*12 803A>G A/A 2A
8:18,400,484 NAT2 rs1799929 NAT2*11 481C>T C/C 3

8:18,400,593 NAT2 rs1799930 NAT2*6 590G>A G/G 2A

8:18,400,860 NAT2 rs1799931 NAT2*7 857G>A G/G 2A
8:18,400,194 NAT2 rs1801279 NAT2*14 191G>A G/G 2A

8:18,400,344 NAT2 rs1801280 NAT2*5 341T>C T/T 2A

6:154,039,662 OPRM1 rs1799971 OPRM1 118A>G A/A 2B
6:160,122,116 SLC22A1 rs12208357 SLC22A1*3 286C>T C/C 3

6:160,139,813 SLC22A1 rs628031 SLC22A1 1222A>G A/A 3

6:160,139,851 SLC22A1 rs72552763 SLC22A1*2,*5,*6 1365GAT>del GAT/GAT 3

(Continued)
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(Applied Biosystems, Life Technologies, Carlsbad, USA) 
according to the protocol recommended by Applied 
Biosystems. Three of the 117 selected biomarkers were 
triallelic, specifically rs2032582 for ABCB1, rs5030865 for 
CYP2D6, and rs7900194 for CYP2C9, requiring two dif
ferent probes per biomarker in the array, making a total of 
120 assays to be analyzed (Table 1). To ensure the correct 
assessment of the genotypes, native samples were ana
lyzed together with negative and positive internal quality 
controls. Data were analyzed with TaqMan® Genotyper 
software v1.2.2. Copy number variation for CYP2D6 was 
analyzed by using TaqMan® commercial probes according 
to the TaqMan® Copy Number assay protocol recom
mended by Applied Biosystems and to a final volume of 
10 µL per reaction. Three different regions were analyzed, 
intron 2, intron 6, and exon 9, together with an internal 2- 
copy control (RNAse P). Analysis of the three regions 
allowed us to detect hybrids CYP2D6/2D7 and 
CYP2D6*36. Data were analyzed with CopyCaller® soft
ware v.2 by using a two-copy as a positive control. The 
predicted copy number was assessed for the three probes, 
and the mean and standard deviation were also calculated.

Genomic Ancestry Analysis
Ancestry analysis was performed as described by Ramos et al 
2016,11 using 61 autosomal ancestry informative markers 

(AIMs). Three multiplex PCR reactions were performed 
using the insertion/deletion markers (INDEL) and the PCR 
amplifications were analyzed by electrophoresis using the 
ABI Prism 3130 sequencer and the GeneMapper ID v.3.2 
software. The individual proportions of European, African, 
and Native Americans’ genetic ancestries were estimated 
using the STRUCTURE v.2.3.3 software, assuming three par
ental populations (European, African, and Native Americans).

Statistical Analyses
To compare genetic frequencies for the genes involved in 
the ADME processes between the three Native American 
populations and other reference populations, data from the 
1000 Genomes Project Consortium6 were downloaded 
from the website, and pharmacogenetic biomarkers were 
carefully selected. A total of 2.613 individuals from Africa 
(AFR), Europe (EUR), East Asia (EAS), South Asia 
(SAS), and America (AMR) were used to perform discri
minant analysis of principal components (DAPC) using R 
software with the Adegenet package.12

DAPC maximizes discrimination between the populations 
included in the analysis and, in this way, enables us to char
acterize the proximity of the NAM populations to the reference 
populations. Moreover, DAPC provided an informative 
description of the contribution of the alleles to the discriminant 
functions used to differentiate the populations. Two R libraries 

Table 1 (Continued). 

Chromosomal 
Position

Gene dbSNP Variant Nucleotide 
Change

Reference 
Allele

Evidence 
Level

12:21,176,804 SLCO1B1 rs2306283 SLCO1B1*- 388A>G A/A 2A

12:21,130,388 SLCO1B1 rs4149015 SLCO1B1*17 910G>A G/G 2A
12:21,178,615 SLCO1B1 rs4149056 SLCO1B1*5,*15,*17 521T>C T/T 1A

6:159,692,840 SOD2 rs4880 SOD2 47T>C G/G 2B

6:18,130,687 TPMT rs1142345 TPMT*3A,*3C 719A>G T/T 1A
6:18,138,997 TPMT rs1800460 TPMT*3A,*3B 460G>A C/C 1A

6:18,143,724 TPMT rs1800462 TPMT*2 238G>C C/C 1A

6:18,130,781 TPMT rs1800584 TPMT*4 626G>A C/C 1A
2:233,757,013 UGT1A1 rs4124874 UGT1A1*60 3279T>G T/T 3

2:233,760,498 UGT1A1 rs4148323 UGT1A1*6 211G>A G/G 2A

2:233,759,924 UGT1A1 rs887829 UGT1A1*- 4652C>T C/C 1A
4:68,670,366 UGT2B15 rs1902023 UGT2B15*2,*5 253G>T G/G 3

16:31,092,475 VKORC1 rs2359612 VKORC1*2 7566C>T G/G 2A

16:31,094,032 VKORC1 rs17708472 VKORC1*4 6009C>T G/G 2A
16:31,091,000 VKORC1 rs7294 VKORC1*3 9041G>A C/C 1B

16:31,093,188 VKORC1 rs8050894 VKORC1 g.6768G>C G/G 2A

16:31,096,368 VKORC1 rs9923231 VKORC1*2 1639G>A C/C 1A
16:31,093,557 VKORC1 rs9934438 VKORC1*2 6484C>T G/G 1B
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were used to obtain summary tables with descriptive informa
tion for each SNP: SNPassoc (Minor Allele Frequency, Hardy- 
Weinberg Equilibrium, and call rate) and GenABEL (Minor 
Allele Frequency, Hardy-Weinberg Equilibrium, call rate, and 
genotype frequencies).13,14

Haplotypes were inferred by using Pharmgkb website 
and the software AlleleTyper™ v1.0. This software inter
prets the real-time PCR analysis data and determines the 
star-allele results based on specific tables designed from 
haplotypes tables from Pharmgkb website. Allele Typer 
software allows to encompass results from SNPs and copy 
number variation to give a joint genotype prediction.

Furthermore, frequencies of genotypes, haplotypes, and 
metabolizer phenotypes were compared by Fisher’s exact 
tests. Call rates higher than 90% were obtained when 
analyzed with OpenArray.15

Results
Pharmacogenetic Variants Observed in 
the Native American Populations
The distribution of 12 haplotypes in the three representa
tive groups of the Native American populations of Brazil 
is shown in Figure 1. Of these genes, five had a signifi
cantly different distribution among the three Native 

Figure 1 Genotype distribution of haplotype-forming genes in the three Native American populations of Brazil.  
Notes: *p<0.05; **p<0.01; ***p<0.001.  
Abbreviations: A_T, Asurini do Trocará (ASU); K_X, Kayapó-Xikrin (KAY); (K), Koatinemo (KOA).
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Americans groups: CYP2D6 (p = 0.0047), CYP3A5 (p = 
0.043), CYP4F2 (p = 0.0105), CYP2B6 (p = 0.00018), and 
DPYD (p = 0.0012) (Figure 1). To define the possible 
CYP2D6 genotypes, 22 polymorphisms were investigated, 
determining 11 different genotypes, of which *1/*1, *2A/ 
*2A, *1/*4, and *1/*2A were present in all three popula
tions investigated. The wild-type homozygous genotype 
(*1/*1) was the most frequently found (33%) followed 
by the *1/*2A genotype (32%). Wild-type homozygotes 
(*1/*1) were highly common in ASU (17%) and KAY 
(14%), while KOA presented a considerably lower fre
quency (4%). Some of the genotypes were detected at 
low frequencies and in only one of the three populations 
investigated, such as *2A/*9 and *1/*5 genotypes that 
occurred only in ASU; *1/*1xN found only in KAY; *4/ 
*29 and *2A/*29 only in KOA. The haplotypes *9 (pre
sent in genotype *2A/* 9) and *5 (*1/*5) were exclusive 
in the ASU.

Another gene that also presented a distribution of gen
otypes with significant differences in the three indigenous 
communities was CYP3A5, which has five possible geno
types. Haplotype *3 was the most frequent in the Native 
Americans. The *1/*3 genotype was observed with high 
frequencies in ASU and KAY (42% and 58% individuals, 
respectively), in contrast with the frequency values 
observed in the KOA community (20% of individuals). 
Another genotype that confirms the prevalence of haplo
type *3 in the groups is the *3/*3 genotype, which has a 
relatively more frequent frequency in the groups, summing 
32%, 35%, and 56% of individuals in the ASU, KAY, and 
KOA communities, respectively. On the other hand, the*3/ 
*6 genotype presented a rare frequency, being observed 
only in 4% of KOA individuals.

The CYP4F2 gene has three possible genotypes, which 
also presented significant differences regarding its distri
bution in the Brazilian Native American populations. The 
wild-type genotype *1/*1 was the most frequent in the 
groups, being found in 93%, 63%, and 84% of individuals 
of the ASU, KAY, and KOA communities, respectively. 
The genotype *1/*3 had a high frequency in the KAY 
population (35% individuals), whereas in the ASU, it 
was only found in 7% of individuals and the KOA group 
in 16% of individuals. Regarding the *3/*3 genotype, it 
was observed only in 2% of the individuals in the KAY 
group.

The CYP2B6 gene also presents three possibilities of 
genotypes, which were also different in the Native 
Americans evaluated. In general, the wild-type genotype 

(*1/*1) was observed most frequently, being observed in 
68%, 28%, and 48% of individuals of the ASU, KAY, and 
KOA groups, respectively. The haplotype *6 presented a 
high frequency, mainly in the Kay population, being found 
in the genotypes *1/*6 (49% individuals) and *6/*6 (14% 
individuals).

Finally, the DPYD gene also presented three genotypes 
with significant differences in the studied populations. The 
most common genotype was the wild-type genotype (*1/ 
*1), summing 59% of individuals in the ASU group, 49% 
of individuals in the KAY group, and 76% of individuals 
in the KOA community. The haplotype *9 was observed in 
both genotypes *1/*9 and *9/*9. The *1/*9 genotype was 
frequent in the KAY group (44% of individuals) and was 
also found in 12% and 20% of individuals from the ASU 
and KOA groups. The genotype *9/*9 exhibited low fre
quency, being observed only in 7% and 2% of KAY and 
ASU populations.

Figure 2 shows the distribution of the metabolization 
profile of eight genes found in the Brazilian Native 
American populations. For seven genes, CYP2C19, 
CYP2C9, CYP3A5, CYP4F2, DPYD, TPMT, and 
SLCOB1, we considered the assignment of phenotype- 
based on genotypes: poor function, decreased function, 
and normal function.7 For the CYP2D6 gene, the activity 
score (AS) classification was considered.16,17 Two genes 
had a significantly different profile distribution among the 
three communities analyzed: CYP2D6 (p = 0.0306) and 
CYP4F2 (p = 0.0105).

According to the combination of the CYP2D6 geno
types, we can determine the enzyme metabolic profile and 
classify the predictive phenotype of each individual by the 
activity score (AS) rate, as defined previously by Gaedigk 
et al, 2008,16 associating this information with the efficacy 
of drugs or adverse reactions during pharmacological 
therapies.

For the other seven genes, the normal function profiles 
were the most frequent in the Native Americans. The KAY 
population was the only one to have two individuals with 
AS 3, equivalent to ultrafast metabolism classification, 
representing approximately 5% of the total group. In the 
KOA, it was possible to exclusively observe one indivi
dual with poor function. The CYP4F2 gene also showed 
significant differences in metabolization profiles. In all the 
Native Americans studied, the most frequently observed 
profile was normal function followed by decreased func
tion. The KAY group was the only one to present a single 
individual classified as poor function.
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Although the distribution of the phenotypes was not 
statistically significant regarding the differences presented 
by the Native American groups, it is important to highlight 
the data found in two genes: CYP3A5 and SLCO1B1. Both 
genes showed high frequencies of poor function indivi
duals. The poor function profile of the CYP3A5 gene was 
observed in 60% of individuals in the KOA community, 
35% of individuals in the KAY group, and 32% of indivi
duals in the ASU population. Regarding the SLCO1B1 
gene, there were also high frequencies of poor function, 
approximately 20% and 19% of individuals in the ASU 
and the KAY communities and 16% of individuals in the 
KOA group.

Comparative Analysis Between Brazilian 
Native American Populations and 1000 
Genomes Project
The scatterplot shown in Figure 3 was obtained with a DAPC 
for the 117 PGx markers in 2613 individuals from eight 
global populations (EUR, AFR, EAS, SAS, AMR, KOA, 

ASU, and KAY). X- and Y-axis of the scatterplot describe 
the first and second linear discriminant (LD) function (LD1 
and LD2 respectively). The AFR group formed an isolated 
cluster, clearly genetically differentiated from the rest of the 
world (x-axis). In the y-axis of the diagram, the divergence 
between the EUR and EAS cluster was highlighted. The SAS 
and AMR populations formed close clusters between them
selves and the EUR cluster, demonstrating similarity 
between these populations for the PGx markers evaluated.

The Native American populations formed close clus
ters among themselves and were closely situated between 
the EAS, AMR, and SAS groups, even though the ASU 
was the closest to the EAS group. The DAPC assigned 
51% of individuals belonging to the ASU population to the 
EAS cluster, while the percentage of EAS-assigned indi
viduals was lower in the other two Amerindians popula
tions (37% for KAY and 20% for KOA). This result is in 
keeping with the highest percentage of Native American 
ancestry shown by ASU (mean value 97.4%), which was 
significantly higher than that shown by KOA (94.9%).

Figure 2 Metabolism profile distribution for the genes investigated in Native American populations of Brazil. For CYP2C19, CYP2C9, CYP3A5, CYP4F2, DPYD, TPMT, and 
SLCOB1, we considered the assignment of genotypes poor metabolizers (PM), intermediate metabolizers (IM), and extensive metabolizers (EM). For the CYP2D6 gene, the 
activity score (AS) classification was considered.  
Note: *p<0.05.  
Abbreviations: A_T, Asurini do Trocará (ASU); K_X, Kayapó-Xikrin (KAY); (K), Koatinemo (KOA).
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Because of the lack of clear discrimination between 
native American populations of Brazil in the previous 
analysis (Figure 3), DAPC was also performed using 
only the three Native American populations of Brazil 
(Figure 4). The ASU population forms a cluster isolated 
from the other two Native American populations in the 
x-axis (LD1) and consequently has more differences. KOA 
and KAY, although still forming different clusters (y-axis, 
LD2), have some intercession between them that shows a 
greater similarity of these regarding the ASU group.

Table 2 shows the list of the most contributing PGx 
markers to each discriminant function (LD1 and LD2) in 
both DAPC analysis. The first section of Table 2 shows the 
most important markers in the discrimination shown in 
Figure 3. LD1 corresponds to the x-axis demonstration of 
the scatterplot; this discriminant function allows differenti
ate the AFR population (Figure 3). Among the markers 
listed in LD1, we highlight CYP3A4 (rs2740574), GRIK4 

(rs1954787), and OPRM1 (rs1799971), which are more 
relevant in differentiating AFR from other populations. 
The second linear discriminant (LD2) corresponds to the 
scatterplot demonstrative y-axis (Figure 3); along this axis, 
the rest of the populations are distributed. Among the 
markers listed in LD2, we highlight CYP1A2 
(rs2069514), CYP2A6 (rs28399433), CYP2E1 
(rs2070673), SLCO1B1 (rs2306283), and SOD2 (rs4880), 
which have been shown to have greater relevance in dif
ferentiating EUR from EAS.

The second section of Table 2 shows the most impor
tant markers to differentiate the Brazilian Native American 
populations among themselves (KOA, ASU, and KAY). 
LD1 corresponds to scatterplot’s x-axis demonstration 
(Figure 4). Among the markers listed in LD1, we highlight 
ABCB1 (rs1128503), GSTP1 (rs1695), and UGT2B15 
(rs1902023), which are of greater relevance in differentiat
ing the ASU population from the other Native American 

Figure 3 Discriminant analysis of principal components (DAPC) of 117 PGx. Scatterplot for the five groups of continental populations described in the 1000 Genomes 
Project (EUR, AFR, EAS, SAS, and AMR) and three populations of Native Americans of Brazil (KOA, ASU, and KAY).
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populations investigated. LD2 corresponds to scatterplot’s 
y-axis demonstration (Figure 4). Among the markers listed 
in LD2, we highlight ABCG2 (rs2231142), CYP2E1 
(rs2070673), and NAT2 (rs1041983), which are more rele
vant to differentiate KOA from the other Native American 
populations in Brazil.

Discussion
The Amazonian Native American populations present low 
degrees of genetic admixture with non-indigenous popula
tion, a fact that is highly important for studies involving 
these groups, which remain genetically isolated from 
others and may offer advantages in genome-wide studies 
of hereditary diseases.18,19 The Amazonian Native 
Americans of this study presented mean values of Native 
American’s genomic ancestry of 96.2%, which confirms 
the low genetic admixture of these populations.

Several studies have shown large genetic variation for 
important PGx biomarkers between distinct populational 

groups.20–22 The knowledge obtained to date in PGx genes 
in Native American populations is very limited to specific 
genes, failing to reach a wider genome context.23,24 The 
investigation of important PGx polymorphisms in the 
genes selected by our panel has the potential to provide 
powerful information regarding the predictivity of thera
peutic response to the use of different drugs and xenobio
tics in Amazonian Native Americans and/or admixed 
populations with this ethnic group. Although PGx biomar
kers genotyping is useful to guarantee a more accurate 
prediction of the response to drugs in Amazonian Native 
Americans, it is also necessary to consider other factors 
such as ethnic origin and environmental factors of each 
population.

The pharmacogenomic data obtained from populations 
were compared to global populations from the 1000 
Genomes Project Consortium.8 In our analyses, the 
DAPC identified a set of SNPs in PGx genes that most 
contributed to grouping global populations into clusters, 

Figure 4 Discriminant analysis of principal components (DAPC) of 117 PGx markers. Scatterplot for the three Native American populations of Brazil (KOA, ASU, and KAY).
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making it possible to infer which populations have the 
highest level of similarity regarding PGx genes (Figure 1).

The distancing of AFR in the plot is due to the “out-of- 
Africa” hypothesis, in which modern human populations 
originated in Africa and migrated to other continents in the 
world; thus, the African populations show a greater genetic 
diversity that was reflected in the PGx data evaluated.25 

The data demonstrate the formation of relatively close 
clusters among the three Amazonian Native American 
populations.

The SAS and AMR groups formed similar clusters 
regarding the PGx data evaluated. Our results showed that 
Amazon Native American populations are located between 
this cluster and the EAS grouping. The formation of the AMR 
population (Peru, Mexico, Puerto Rico, and Colombia) 
occurred through abundant mixing between European, 
African, and Native American groups.26,27 Therefore, the 
similarity between Amazonian Native American groups and 
AMR is possible due to the high level of admixture of these 
populations with indigenous peoples.19,27 Several authors 
have demonstrated genetic affinities between Native 
American and Asian populations,28,29 which corroborates 
the findings of our study. This similarity of PGx genes is 
based on the hypothesis of migration of Asian populations to 
the Americas through the Bering Strait.30

The DAPC analysis revealed in LD1 the most important 
polymorphisms capable of differentiating AFR and the rest 
of the world in the CYP3A4, GRIK4, and OPRM1 genes. The 
divergence found for these polymorphisms in AFR may 

influence the therapy of different drugs for the populations 
formed and derived from them. The CYP3A4 gene presents 
genetic information referenced by FDA and EMA agencies 
in package inserts of different drug classes, such as antineo
plastics, antipsychotics, and antiretrovirals (Food and Drug 
Administration, n.d.; For et al, n.d.). Polymorphisms in the 
GRIK4 and OPRM1 genes are strongly associated with an 
altered response upon treatment with antidopaminergic and 
opioid-based drugs.32–34

We observed that the PGx locus investigated could also 
separate EUR and EAS clusters (LD2) through the P450 
family represented by three genes: CYP1A2, CYP2A6, and 
CYP2E1. The polymorphism in the CYP2A6 gene is particu
larly important because it defines the interindividual varia
bility in the tolerability of the S1 antineoplastic therapy 
between European and Asian populations, which is consid
ered a genetic-dependent scheme.35 Other genes that strongly 
contributed to differentiating global populations (EUR x 
EAS) were the SLCO1B1 and SOD2 genes. The FDA 
warns that higher plasma concentrations of the rosuvastatin 
have been seen in small groups of patients homozygous for 
the SLCO1B1 rs4149056 variant.31 The polymorphism in 
SOD2 is associated with adverse effects observed during 
the use of asparaginase in patients with acute lymphoid 
leukemia and cyclophosphamide as antineoplastic.36,37

Genotype/Phenotype Relationship
Here, we will discuss the genotype/phenotype relationship 
of important PGx genes evaluated in Figures 3 and 4. Our 

Table 2 List of Most Contributing PGx Markers to Each Linear Discriminant Function (LD1 and LD2) in DAPC for Nam and 1000 
Genome Populations (Top) and for the Three Native American Populations of Brazil (Bottom)

Gene dbSNP LD1* LD2*

Native Americans of Brazil and populations 

of 1000 Genomes Project

CYP1A2 rs2069514 0.0017 0.0350
CYP2A6 rs28399433 0.0027 0.0366
CYP2E1 rs2070673 0.0280 0.0413

CYP3A4 rs2740574 0.0602 0.0017

GRIK4 rs1954787 0.0965 0.0002
OPRM1 rs1799971 0.0526 0.0014

SLCO1B1 rs2306283 0.0083 0.0393

SOD2 rs4880 0.0004 0.0421

Three Native Americans populations of Brazil 

(KOA, ASU and KAY)

ABCB1 rs1128503 0.0506 0.0012

ABCG2 rs2231142 0.0027 0.0560
CYP2E1 rs2070673 0.0000 0.0766

GSTP1 rs1695 0.0404 0.0012

NAT2 rs1041983 0.0237 0.0317
UGT2B15 rs1902023 0.0450 0.0036

Notes: *X and Y axis of the scatterplot describe the first and second linear discriminant (LD) function (LD1 and LD2, respectively).
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results demonstrated significant differences at the geno
type level of five genes among the Brazilian Native 
American groups (CYP4F2, CYP2D6, CYP2B6, DPYD, 
and CYP3A5) and the phenotypic profile of two genes 
(CYP2D6 and CYP4F2).

CYP4F2
The CYP4F2 gene has great relevance in the evaluation of 
metabolism and dose adjustment of warfarin.38 A poly
morphism (rs2108622) was investigated in this gene to 
define haplotype *3. The three Native American popula
tions of the study demonstrated a high frequency of the 
wild-type homozygous genotype (*1/*1) followed by the 
heterozygous genotype (*1/*3). The KAY population 
demonstrated a differentiated metabolization profile since 
it was the only one to present the mutant homozygous 
genotype (*3/*3), which is determinant to define the PM 
profile. Moreover, this group also showed higher frequen
cies of the heterozygote genotype in comparison with the 
other populations investigated.

Populations from EUR, EAS, and AMR have frequen
cies of the CYP4F2*3 haplotype similar to the correspond
ing global population (24%), as described in the design 
from 1000 Genomes Project Consortium.8 AFR presented 
low frequencies of this haplotype (8%), which was similar 
to that found in our study for Native American populations 
(11%). Shendre et al showed that the warfarin dose varies 
according to ancestry background by the influence of the 
CYP4F2 gene.39 These researchers reported that the 
CYP4F2*3 variant was associated with higher doses of 
warfarin in European/American, Asian, and Hispanic 
populations, while Africans, Americans, and Brazilians, 
especially self-declared blacks, presented low frequencies 
of this mutation and therefore showed no need for warfarin 
dose adjustment.39

CYP2D6
The CYP2D6 gene plays an important role in the metabo
lism of approximately 25% of clinically important drugs, 
including antidepressants, antipsychotics, antiarrhythmic 
drugs, antihistamines, β-blockers, and antineoplastics.40 

Polymorphisms of this gene have been extensively studied 
in several population groups; however, little is known 
about this gene in indigenous populations.41

Different studies in world populations describe a simi
lar profile of CYP2D6 gene activity to that found in 
Amazonian Native Americans, with high frequencies of 
extensive metabolizer (EM) and low frequencies of ultra- 

rapid metabolizers (UM) or poor metabolizers 
(PM).27,40,42 In the Native American populations investi
gated, the alleles *1 and *2 (including *2A) were the most 
observed with frequencies of 58% and 32%, respectively. 
These alleles are associated with the normal metabolic 
function of the enzyme and therefore are decisive for the 
definition of EM, which was also the most frequent meta
bolic profile in the sample investigated (97%).43 These 
results are similar to other populations from the 1000 
Genomes Project Consortium, except for AFR and EAS, 
which have lower frequencies of this metabolic profile.

The alleles associated with null enzyme activity (*4 
and *5) were found in approximately 7% of the Native 
Americans, presenting in the heterozygous genotype. The 
PM profile was not found in any of the three Native 
American groups studied. This metabolic profile is con
sidered rare in continental populations, except in 
Europeans.43 The frequency of PM described in the 
admixed population of Brazil is 4%.44 Studies have 
reported that other Native American populations have 
reduced frequencies of nonfunctional alleles in the 
CYP2D6 gene. In Venezuela and Mexico, mean frequen
cies of 3% of the *4 allele were reported,23,45 while in 
Costa Rica, the observed mean frequency was 7%.27 There 
were exceptions in Native Americans: Bribri, and Cabebar 
from Costa Rica, Bari from Venezuela, and Seris from 
Mexico presented high frequencies of the referred allele 
(31, 27, 42, and 21%, respectively).41,45

The intermediate metabolizer (IM) profile is defined by 
the presence of genotypes with reduced function alleles (*9 
and *29). Data estimated by the 1000 Genomes Project 
demonstrate low frequencies of these alleles in world popu
lations except for AFR, SAS, and EAS.8,43 In Native popula
tions of the Brazilian Amazon, the IM profile was rare (1%), 
found exclusively in the KOA group. Our results differ from 
other studies with Native Americans that determined high 
frequencies of these alleles in Seris (41.2%) and Mayos 
(22.7%) from Mexico and Bari (35%) from Venezuela.41,45 

Perez-Paramo et al have suggested that differentiated profiles 
of the null/reduced metabolic activity in the CYP2D6 gene in 
other indigenous populations of South America are the result 
of food selection and lifestyle processes that these popula
tions have undergone.46 Patients with PM and IM profiles 
have a higher risk of developing adverse reactions to 
CYP2D6-substrate treatments.41 Therefore, the lack of PM 
and the low frequency of IMs in the Amazonian Native 
Americans of Brazil may represent a lower risk of toxicity 
development during these therapeutic schemes.41,45
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The UM profile is determined by the presence of func
tional allele duplications, increasing the enzyme’s mechan
ism of action on metabolism. In the investigation of 
Amazonian Native Americans, the UM profile was found 
exclusively in the KAY population at low frequencies (2%). 
In the admixed population of Brazil, frequencies similar to 
the Amazonian Native Americans were reported (5%).16 In 
contrast, high percentages of UMs were described in Native 
Mexican populations (20%) and Guatuso from Costa Rica 
(18.8%).27 According to Lazalde-Ramos, the probable 
cause for the gain of active genes in these indigenous 
populations could be natural selection.41 Environmental 
factors, such as diet, could have exerted a selective advan
tage over duplicate CYP2D6 genes, increasing the survival 
rate of these individuals. It is believed that a similar phe
nomenon occurred in Ethiopia and Saudi Arabia, where the 
highest frequency of multiple active CYP2D6 genes has 
been described.41 Individuals with multiple active 
CYP2D6 copies metabolize drugs more rapidly; therefore, 
the therapeutic effect in standard doses is not achieved. For 
instance, reduced concentrations of drugs, such as tramadol, 
venlafaxine, morphine, and mirtazapine, were reported in 
patients with UM profiles.41

In conclusion, the Amazon Native Americans of Brazil 
presented high frequencies of EMs (97%), absence of PM, 
and low frequencies of IM (1%) and UM (2%). This 
population, thus, has a metabolic profile with normal 
CYP2D6 enzyme, mostly resulting in reduced adverse 
reactions and the obtention of adequate concentrations of 
drugs, thereby achieving the desired therapeutic effect.

CYP2B6
The CYP2B6 gene is involved in the metabolism of several 
drugs, including antiretrovirals and opioids, such as efa
virenz and methadone.47,48 The most frequently deficient 
allele of this gene is CYP2B6*6 (rs3745274), where homo
zygous and heterozygous carriers for this nonfunctional 
allele have demonstrated PM phenotypes for various 
drugs, such as those mentioned above.

In the Brazilian Native American populations, a rela
tively high frequency of the *6 alleles was observed in 
both the heterozygous genotype (*1/*6) and the homozy
gous genotype (*6/*6). The mean frequency of the *6 
allele in the Amazonian indigenous populations was 
27%. According to data from the 1000 Genomes Project 
Consortium, the mean frequency of this allele in continen
tal populations is 32%, which is similar to the value found 
in the Native Americans of this study.

Due to the frequency of the *6, determinant allele for 
PM profile, found in the Amazonian Native American 
populations, it can be inferred that this population presents 
greater risks of developing toxicities if they are submitted 
to antiretroviral and opioid treatments. There are no stu
dies investigating the CYP2B6*6 genotype in other Native 
American populations.

DPYD
The DPYD gene is a biomarker for predicting severe 
toxicity in chemotherapeutic treatments, specifically fluor
opyrimidine-based therapies. The guidelines of the 
Clinical Pharmacogenetics Implementation Consortium 
(CPIC) describe three DPYD haplotypes as the major 
nonfunctional variants (*2A [rs3918290], *13 
[rs55886062], and rs67376798) and strongly recommend 
the use of alternative drugs or the reduction (in 50%) of 
the standard dose of fluoropyrimidines for patients who are 
homozygous or heterozygous for any of these variants.49,50 

These polymorphisms were investigated in the Amazonian 
Native American populations, but their deleterious alleles 
were not observed.

Another polymorphic variant of DPYD is the *9 allele 
(rs1801265). This mutation induces an exchange of amino 
acids in the gene product (dihydropyrimidine dehydrogen
ase [DPD]), which can affect the enzymatic activity of the 
protein. The allele *9 was observed in both genotypes *1/ 
*9 and *9/*9 in our Native American populations with an 
average allelic frequency of 16%. This frequency is not in 
agreement with that found in the continental populations 
described in the 1000 genomes database, where the MAF 
is 26%. Despite the change in amino acids in the DPD 
protein caused by the *9 allele, there are still divergences 
in the literature regarding the possible alterations that this 
allele may cause to the metabolizing phenotypes of the 
DPYD gene.49,51

Thus, as the Amazonian Native Americans investigated 
do not have deleterious alleles of the three main poly
morphic variants of the DPYD gene and as the *9 allele 
has not been correlated as a potential interference in ther
apeutic conducts, they are classified as extensive metabo
lizer and may, if needed, benefit from fluoropyrimidine- 
based treatments.

CYP3A5
The CYP3A5 gene is highly relevant to immunosuppres
sive therapies (Tacrolimus, Sirolimus, s and Everolimus), 
and dose adjustment is recommended for these drugs 
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based on rs776746 SNP genotyping that characterizes the 
*3 allele.52 Amazonian Native Americans have a high 
frequency of the *3 allele in the three populations evalu
ated and, consequently, a large number of individuals with 
a PM profile. Data from the 1000 Genomes Project con
firm that the deleterious allele *3 in the CYP3A5 gene is 
strongly influenced by population groups. The frequency 
of this polymorphism in Amazonian Native Americans 
(63%) resembles SAS and EAS populations with a fre
quency of 69%; however, it shows divergence with the 
EUR (94%) and AFR (18%) populations.8

A recent study evaluated the frequency of the rs776746 
polymorphism and its association with hypertension in 
eight indigenous populations from Mexico.53 The analysis 
report that the CYP3A5*3/*3 genotype frequencies ranged 
from 23.5% in Mexicaneros to 93.3% in Mayos, and the 
mean observed in the Mexican indigenous groups was 
67.5% (very similar to the frequency found in the Native 
Americans of our study). Also, Galaviz-Hernandez et al 
found that the CYP3A5*3/*3 genotype was more frequent 
in indigenous women with higher systolic and diastolic 
blood pressures values.

Birdwell et al have shown an increase in the chances of 
having the *3 allele for individuals with greater European 
ancestry and a reduction for those with a greater African 
ancestry influence.54 A study with miscegenated transplant 
recipients in Brazil identified benefit when adjusting tacroli
mus dose according to the genotypes *3, *6, and *7.55 The 
Brazilian protocol is based on the European protocol, which 
considers the high frequencies of the *3 allele in its popula
tion. The design of the protocol for individuals carrying the 
*1 allele requires an increase in the dose of tacrolimus since 
this allele characterizes the extensive metabolism 
phenotype.54,56 The Native American populations combined 
showed a frequency of 12% of this phenotype; consequently, 
these individuals may have low therapeutic efficacy with the 
use of tacrolimus through a standard protocol.

SLCO1B1
Although the SLCO1B1 variants did not show significant 
differences between the Native Americans populations, 
they have high frequencies of phenotypes that confer 
decreased or poor function of the SLCO1B1 protein-cod
ing, which is extremely important from the pharmacoge
nomic point of view. The FDA and EMA have clinical 
recommendations based on SLCO1B1 genotyping in the 
use of statin therapies.57 The FDA recommends against 80 
mg daily simvastatin dosage.31 In patients with the C allele 

at SLCO1B1 rs4149056, there are modest increases in 
myopathy risk, even at lower simvastatin doses (40 mg 
daily); if optimal efficacy is not achieved with a lower 
dose, alternate agents should be considered.58

Our results indicate a high frequency of the PM pheno
type in samples of Amazonian Native Americans. The PM 
profile was characterized in our study by the high frequency 
of the mutant allele in the 521T> C polymorphism (defined 
as haplotype *5 or *15) of 43% in Amazonian Native 
Americans, which differs from the frequency found in other 
world populations from the 1000 Genomes Project (9%).6 

The high frequency of this allele in Native American popula
tions may have an important impact on the therapeutic course 
with the use of different statin-based drugs in these popula
tions due to the risk of myopathies and other adverse effects 
resulting from therapeutic conduction.

Conclusion
Finally, it is well-known that important PGx loci have 
great variation among world populations. Therefore, inves
tigations that analyze the pharmacogenomic profile of 
understudied ancestral population groups, such as Native 
Americans and, consequently, populations admixed with 
them, will facilitate the implementation of protocols of 
precision medicine for these populations.

Most protocols of therapeutic conduct used in Brazilian 
populations are based on recommendations for populations 
of European origin. Thus, studies that show population 
differences for these important loci can assist in the design 
of targeted protocols for Native American populations and 
the populations admixed with them, as these groups are 
commonly underrepresented in pharmacogenomic studies.
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