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RESUMO

Acidose tubular renal distal ou ATR tipo 1 compm®rum grupo heterogéneo de
afeccdes resultantes da disfuncdo dos tubulosidigtze podem levar a um déficit de
crescimento, nefrocalcinose, raquitismo e insufici& renal crénica. O objetivo deste estudo
foi descrever o curso clinico de um grupo de paegeportadores de ATR distal e analisar os
possiveis fatores preditivos independentes paranti@yde peso e de estatura ao final do
tratamento. Os pacientes foram acompanhados efi8¢ & 2008 de acordo com nosso
protocolo de seguimento. O teste t pareado féizatio para comparar os resultados dos
dados clinicos e laboratoriais a admissdo e nmadalttontrole. Um modelo de regressao
logistica foi utilizado para identificar as variaa/éndependentes associadas ao ganho de pelo
menos um desvio padrdo (DP) no z-escore para pakora. Foram analisados 33 pacientes
(15 do sexo masculino) portadores de ATR distagtidlogia primaria predominou (60,6%).
A idade ao diagnéstico foi de 2,67+3,1 anos e gpteme seguimento clinico de 10,8+6,1
anos. Baseado nas curvas de pesof/idade e estwdea/b8,3% dos pacientes recuperaram
completamente o crescimento apds o tratamento. V@l niicial de bicarbonato foi
considerado um fator preditivo independente pagartho de estatura. Em relacdo ao ganho
de peso, os pacientes do sexo masculino apresenpaoa evolugcdo. Acidose metabdlica,
distarbios hidroeletroliticos, hipercalciiria e mehlcinose apresentaram melhora
significativa durante o seguimento clinico (p<0,0Blossos dados mostraram o grande
impacto do tratamento no controle metabolico, atfmindicar fatores preditivos para a

retomada do crescimento nos pacientes portadora3 Ralistal.

Palavras-chave: acidose tubular renal. infancia. deficit do cresmo. nefrocalcinose.

acidose metabodlica.



ABSTRACT

Distal renal tubular acidosis (RTA) refers to aenegeneous group of diseases that
result from distal tubular dysfunction and can leadyrowth retardation, nephrocalcinosis,
bone disease and, rarely, chronic kidney disedd@s study aimed to describe the clinical
course of distal RTA series and to analyze songabevth by identifying possibly predictive
factors of growth improvement. Patients were fokobup from 1984 to 2008 according to
our standard protocol. Paired t test was useddoparison between pre and post-treatment
results. A logistic regression model was appliedlentify variables that were independently
associated with the gain of at least one standaxghtion (SD) in Z-score for height and
weight. A total of 33 distal RTA patients (15 malegere analyzed. Primary disease was the
commonest form (60.6%). The mean age at the dgagmweas 2.7+3.1 years and the mean
duration of follow-up was 10.84+6.1 years. Basedwenght/age and stature/age curves, 58.3%
of the patients completely recovered growth afteattnent. Bicarbonate levels at admission
were independent predictors of stature gain atvis#t and the male sex negatively affected
the final weight gain. Metabolic acidosis, elebtte disturbances, hypercalciuria and
nephrocalcinosis also improved during follow-up @®35). Our data showed the great impact

of treatment on metabolic control and further ilatikd predictive factors of growth catch-up.

Key words: renal acidification. growth failure. nephrocalcsig metabolic acidosis.
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1  INTRODUCAO

O termo Acidose Tubular Renal (ATR) engloba diveratec¢bes caracterizadas por
acidose metabdlica secundaria a um defeito na oegfxs tubular renal de bicarbonato
(HCO3) e/ou na excregdo urinaria de ions hidrogéni9,(Bhquanto a fungdo glomerular é
nada ou minimamente afetada. Todas as formas de #&rBsentam acidose metabdlica
hiperclorémica, com intervalo anibnico normal. Sédoencas cronicas com impacto
significativo na qualidade de vida dos pacientengo néo tratadas adequadamente, podendo
evoluir com déficit do crescimento, osteoporosguitssmo, nefrolitiase e até perda da funcao
renal. Podem ser primarias, decorrentes de defgénéticos nos mecanismos de transporte
dos tubulos renais, ou secundarias a doencas giagmou ao efeito adverso de
medicamentos [1, 2].

Os rins s&o responsaveis pela reabsorcdo dosHfilittado e excrecédo de ‘Hhuma
guantidade igual aquela produzida pelo metabolidi@mo de proteinas. A resposta normal a
acidemia consiste na reabsorcdo do HC@ltrado e aumento da excrecdo de &acidos,
principalmente através da maior excrecéo de ior@am{NH;") na urina. Assim, para cada
H* excretado ha regeneracéo de um ion EIQO plasma [3, 4].

As ATR sao classificadas em quatro categorias: AiERal ou tipo 1; ATR proximal
ou tipo 2 e ATR hipercalémica ou tipo 4. A ATR maigiu tipo 3 é caracterizada por uma

desordem que apresenta caracteristicas mistagpdesdlte 2 [1].

A seguir, serdo brevemente descritos os subtip@sTéeem relagdo as caracteristicas
clinicas, fisiopatologia, etiologia, genética, diagtico e tratamento.

1.1 Acidose Tubular Renal Distal - ATR Tipo 1

A ATR distal ou tipo 1 caracteriza-se por uma ifidade dos tubulos distal e coletor

em promover uma adequada acidificacdo urinériajlteeslo numa urina com pH elevado,
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mesmo em presenca de acidose metabdlica [1]. lmierde, a funcdo glomerular encontra-se
normal ou perto do valor normal em todos os cadps [

Em relacdo ao quadro clinico, observam-se défi@t atescimento, polilria,
hipercalciuria, nefrocalcinose e nefrolitiase. Amgudstico grande parte dos pacientes
apresenta-se com baixa estatura e baixo peso [®1@tardo do crescimento aparece como
gueixa principal em quase todos os estudos realizaté o momento [5-10]. Dentre os
sintomas clinicos, vomitos e polidria encontramesdre os mais prevalentes [5-8}
nefrocalcinose, presente em cerca de 50% dos pesi@o diagnéstico [5, 6, 10], pode
progredir para insuficiéncia renal crbnica. Na ATRtal diagnosticada precocemente a
instituicdo do tratamento com alcalis pode promaveetomada da curva de crescimento,

impedir ou retardar o desenvolvimento da nefronakxe e preservar a funcéo renal.

1.1.1 Fisiopatologia

A ATR distal pode resultar dos seguintes defeitos tdibulos distais: diminuicdo da
atividade da FATPase (ATR-1 secretora); aumento da permeabilidad@embrana luminal
(ATR-1 por difuséo retrégrada) ou diminuicdo dabseacdo distal de sodio (Na(ATR-1
voltagem dependente) [11].

A diminuicdo, ou mesmo auséncia, de atividade UsTRase das células intercaladas
dos tubulos distais e coletores, geralmente é géciana um defeito genético. Também ja
foram detectadas mutagdes no trocado’HZIO;  (AE1) que, assim como a*ATPase,
participa do processo de acidificacdo urinariahbseavendo HC@. Outra possibilidade para
explicar este sub-tipo da ATR distal seria a erist de um defeito na 'WK*ATPase,
localizada na membrana apical das células intetaaldNo entanto, alguns autores acreditam

que esta bomba esteja mais relacionada a homedstasgassio (K) que do H [1].

O modelo de Stewart [12] € uma forma alternativeedndimento dos disturbios
acido-basicos, que se baseia nas leis de conserdagiassa e carga. Levando-se em conta
que o plasma é formado por ions totalmente dissosiéions “fortes” tais como NaK*, CI",
lactato), acidos “fracos” parcialmente dissocia@bumina e fosfato) e tampdes volateis
(espécies carbonadas), Stewart elaborou uma equpginomial que relaciona a

concentracdo de ‘Hcom trés variaveis independentes: a diferenca evgrions “fortes”, a
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concentracdo total de acidos fracos e a press@mlpde gas carbdnico (GP[12]. Dessa
forma, o modelo de Stewart avalia as acidoses mltab através de mudancas nas
concentracdes de ions considerados “fortes” afermida seguinte operacdo matematica:
[Na']+[K]-[CI"]. Segundo essa nova Vvisdo, acredita-se que a AZR devida
primariamente a um defeito nas proteinas de tratespdo ion H que acarretam,
secundariamente, em alteracdes no transporte do (€b). Tais alteracbes no transporte de
CI” reduzem a diferenca entre os ions “fortes”, raadld em acidose metabdlica. Este
modelo considera que as alteracfes na excrecawaltdnato sdo apenas um epifenébmeno,
decorrente das mudancas na excre¢do urinariaodses'fortes” [13]. Esta nova visdo dos
disturbios acido-basicos permite um melhor enterdimdos achados clinicos e laboratoriais
em alguns tipos de ATR distal como as decorrenéesndtacdes do trocador AE1, assim
como explica a piora da acidose nesses paciemegzida por uma carga excessiva de
cloreto de sadio (NaCl) 0,45% [14].

O exemplo classico de ATR distal, causada por atonda permeabilidade da
membrana luminal do néfron distal (ND), esta assticao uso de anfotericina B. Postulava-
se, inicialmente, que esta droga formaria canai®sws na membrana das células do tubulo
distal (TD) e promoveria o retorno de ion$ para o interior da célula. Este processo foi
chamado de difusdo retrégrada. Recentemente, amttretesta teoria tem sido questionada.
Alguns autores acreditam que ed®D; e/ou 0 HC@', e nio o H, possam retornar para a luz
tubular [11]. O relato de criangcas com quadros d&R Alistal associada a doencas auto-
imunes sugere que 0 mecanismo de difusédo retrégada causa ainda nao foi totalmente
esclarecido [15].

A reabsorcdo de Nano tabulo coletor (TC) cria uma diferenca de poi@nlimen-
negativa, que é fundamental para a secregdo deHfoaK’ [16]. Os fatores relacionados a
diminuicdo da reabsorcdo de Nau de seu aporte ao TD, podem reduzir a capacidade
secretora deste segmento do néfron, que é voltatgpandente [11]. Os fatores mais
comumente relacionados a este tipo de ATR saopatiaoobstrutiva, a deplecao volumétrica
e o uso de diuréticos poupadores de[K7]. Como a secrecdo de’kesta igualmente
comprometida, também pode evoluir com elevagdo rdesis séricos deste cation [11].
Recentemente, entretanto, a teoria de que a ATR Hipercalémica seja causada por defeito
isolado de uma diferenca de potencial transmembeanasido questionada. Alguns estudos
tém demonstrado que o0s mecanismos envolvidos sdo rbais complexos, envolvendo
também defeitos no funcionamento daAfPase, H/IK*ATPase e NaK*ATPase [17].
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1.1.2 Etiologia e Genética

A ATR distal pode ser primaria, devido a defeit@ngicos nos mecanismos de
transporte, ou secundaria a uma variedade de dodAtaDentre as formas primarias
podemos encontrar as seguintes variantes: autass@uminante e autossémica recessiva
com ou sem surdez. Na crianca, o defeito €, narraalas vezes, primario, como uma forma
de heranca autossémica dominante ou recessiva [1].

Em algumas familias, a presenca da doenca em \geragOes sugere uma forma
autossémica dominante. Apesar das manifestacoescadi ndo serem diferentes das
observadas nas formas autossémicas recessivas @sparadicas, estes pacientes podem ter
seu diagnostico mais tardio e evoluirem com sintolbgia mais branda [18]. Acredita-se
que mutacdes no gerd C4Al,que codifica o trocador GHCO; (AEL1l), localizado na
membrana basolateral das células intercaladas.tipossam estar associadas a esta forma de
ATR [2, 19]. Ressalta-se que mutacdes nesse trogaétram descritas em criangas do nosso
meio, portadoras de ATR distal e nefrocalcinosé.[20

Pacientes com a forma autossdmica recessiva ger@mpresentam manifestacoes
clinicas mais acentuadas com importante déficic@scimento e nefrocalcinose precoce,
podendo evoluir para insuficiéncia renal [19]. ©8aos clinicos dos pacientes autossémicos
recessivos acompanhados de surdez neurosensoridésdicos aos dos pacientes portadores
de ATR distal esporadica ou autossémica recessivaaudicdo normal [21, 22]. A evolucdo
da surdez é progressiva e ndo ha melhora, mesnsaeafpia com alcalis [12]. As mutacdes
no geneATP6V1B] que codifica a subunidade B1 daATPase, localizada na membrana
apical das células intercaladas tipoja foram detectadas em pacientes portadores d& AT
distal autoss6mica recessiva associada a surdeaseegorial [22]. Demonstrou-se que as
células auditivas interdentais e as células do sacilinfatico sdo muito semelhantes as
células intercaladas do tipg apresentando tanto aATTPase como o trocador AE1. Assim,
uma secrecdo normal de acidos por estas célulasddarhental para a manutencdo de um pH
reduzido na endolinfa e uma funcao auditiva nofiie.

A ATR distal, autossémica recessiva, com funcaatimadhormal € a forma priméria
mais comumente encontrada. Acredita-se que mutag@eeneATP6V0A4 que codifica a
subunidade a4 da’ATPase, possam ser responsaveis pelo desenvolvirdesta forma de
ATR [14]. Por outro lado, alguns autores acreditara pacientes com esta mutacdo possam

vir a desenvolver a surdez apds a segunda décaddadi].
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Dentre as causas secundarias, que sdo mais comummaaentes adultos do que
pediatricos, incluem-se [23-25]:

a) doencas auto-imunes: sindrome de Sjogren, hepatidaica ativa, tireoidite,
poliarterite nodosa, hiperparatireoidismo primario) esponjoso medular, doenca de
Wilson, artrite reumatoide e lUpus eritematos@Esisto;

b) uso de medicamentos: anfotericina B, sulfametox@iaoktoprim, amilorida, litio,
analgésicos;

c) exposicao ao tolueno (cheiradores de cola) e aolmer

d) doencas tubulo-intersticiais: uropatia obstrutpialonefrite crénica, transplante renal;

e) doencas genéticas: Sindrome de Ehlers-Danlos.

1.1.3 Diagnéstico

O diagndstico de ATR distal deve ser suspeitadgpmsenca de acidose metabdlica
hiperclorémica acompanhadaal@on gapurinario positivo, ou seja, de uma concentracdo de
CI” na urina inferior & soma das concentracdes d® sodotassio. Nessas circunstancias, se
a concentracdo plasmatica de potassio € normastaureduzida, e o paciente € incapaz de
reduzir o pH urinario para valores inferiores a B&abelece-se o diagndstico de ATR distal.
A excrecgdo urinéria de citrato geralmente esta rdiidia, devido a sua maior reabsorgcéo
proximal, estimulada pela acidose. A excrecéo tiirgumentada de célcio (€passociada
a hipocitratiria e ao pH urinario persistentemeetevado, pode contribuir para o
desenvolvimento de nefrolitiase e nefrocalcinosgs alteracdes sdo comuns na ATR distal
nao tratada, embora existam relatos de nefrocaleina auséncia de hipercalciuria [26].

O raquitismo e a diminuicdo da massa 0ssea tambéenpser encontrados, mas sua
real incidéncia ainda € incerta. A acidose metahétambém pode, por si sé, alterar o
metabolismo da vitamina D, diminuindo sua produgd&oal, com consequente déficit na
reabsorcao intestinal de €& doenca éssea secundaria [23].

A hipocalemia esta presente em 30 a 50% dos c&mie manifestar-se como
fragueza muscular, as vezes com episodios agudpsardéisia flacida, que podem evoluir
para tetraplegia em até 48h [27].

A apresentacdo clinica da ATR distal engloba, atferdéficit de crescimento nas

criancas, um quadro de anorexia, vomitos e polif2@]. Algumas condi¢cbes podem
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mimetizar a ATR distal com pH urinario maior qué.5Pacientes portadores de infecgcéo
urinaria por bactérias urease-positivas podem aptas pH urinario alcalino, porém, em

geral, ndo apresentam acidose sistémica. Além,dissgame microbioldgico e o sedimento
urinario exibem alteragdes tipicas. A fase inicial ATR proximal, quando ainda ha perda
urinéria de alcalis e hipovolemia, também pode wodif-se com a ATR distal. A deplecao

de K" e 0 aumento da excrecdo urinaria de amoniagNile podem ocorrer na acidose
metabolica por diarréia aguda, simulam, algumassjez quadro laboratorial desta patologia
[1].

E importante ressaltar ainda que existem formaeniptetas de ATR distal que
dificultam o diagndstico, pois, muitas vezes, osigrees apresentam-se com pH sangilineo
normal e pH urinario apenas levemente aumentadesdsecasos, pode ser necessaria a
utilizacdo de provas de acidificacao urinaria paianda administracéo oral de cloreto de
amonio (NHCI), em p6 ou em capsula, na dose de 0,1 gram&kKgomenda-se que seja
coletada a urina a cada hora, nas préximas 8 hemagasometria seja realizada no inicio do
teste e a cada hora, nas 4 horas subsequentesrasttdigio do acido. Se o pH urinario falha
em cair abaixo de 5,5 durante a quarta hora apiid,€l, € provavel que a ATR distal esteja
presente, desde que um pH sangiineo inferior ae7\88 bicarbonato menor que 20 mEg/I

sejam documentados.

1.1.4 Tratamento

O objetivo do tratamento consiste ndo s6 na carrded alteragdes bioquimicas, mas
principalmente na retomada do crescimento e naepgéw da nefrocalcinose e da
insuficiéncia renal. Os pacientes adequadamentadtra geralmente sdo assintomaticos e
podem levar uma vida normal, a ndo ser que ja teah@o lesédo renal ou dssea irreversiveis
[1]. A normalizacdo do pH sérico diminui a perdanaria de K e previne a litiase e o
desenvolvimento da nefrocalcinose [29]. A corregaacidose também reverte as alteracdes
no metabolismo das células 6sseas, aumentand@&cgimrgemente, a densidade mineral do
0sso [30].

A base do tratamento constitui na administracddates continuas e adequadas de
alcalis, sob a forma de HGOou citrato. A quantidade ofertada deve ser sufteipara suprir

as perdas urinarias de HgQalém da demanda diaria gerada pela continua géiodde
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acidos pelo organismo, secundaria ao cataboliswtéipo. Em pacientes mais jovens, podem
ser necessarios de 4 a 14 mEqg/Kg de bicarbonasddle, que deve ser oferecido em doses
fracionadas [1, 28]. Criancas maiores e adultosgeral, necessitam de doses menores. O
citrato de potassio também pode ser utilizado eseslde 4 mEqg/Kg/dia. A dose de alcalis é
considerada adequada quando é suficiente pargic@rraioria das anormalidades urinarias,
inclusive a hipercalciuria. Deve-se evitar 0 usoddses excessivas de alcalis, que podem
elevar excessivamente o pH urinario, propiciandprecipitacdo do calcio excretado em
excesso. Recomenda-se, entéo, evitar que o pHiorioéne-se superior a 8,0. Idealmente, o
pH urinario deve ser mantido entre 6,5 e 7,5 esamatria revelar equilibrio acido basico. A
monitoracdo individual € fundamental para o ajdsiedoses [31].

A correcdo da hipercalcidria € mandatoria, mesmopeesenca de uma excrecao
urinaria adequada de citrato. O citrato pode matharsaturacao urinaria para o oxalato de
calcio, mas ndo reverte a tendéncia para a saturagal do fosfato de calcio no osso [31]. A
monitoracdo do C& urinario, através da relacéo célcio/creatininasnostra de urina e/ou
dos niveis de calcio na urina de 24 horas € imptatpara a avaliacado do tratamento [32]. O
uso de diuréticos tiazidicos é uma opcéao teragepaca controlar a hipercalciuria, quando a
excrecdo urindria de calcio persiste aumentada megms correcdo do distirbio acido-
basico [33].

Pacientes portadores de ATR distal primaria vaaess tratamento prolongado,
possivelmente por toda a vida. Em geral o progoostiexcelente, sobretudo para as criancas
precoce e adequadamente tratadas. O uso adequddrmapia alcalina pode restabelecer o

crescimento e prevenir a progressao para nefrocaiei[1].

1.2 Acidose Tubular Renal Proximal - ATR Tipo 2

A ATR proximal ou do tipo 2 caracteriza-se por uefeito na reabsorcao tubular
proximal de HC@, determinando acidose metabdlica hiperclorémicaiipercloremia se
deve ao aumento da reabsorcdo dq &dtimulada pela diminuicdo do volume extracelular
[1]. Como esta porcdo do néfron é responséavel gelhsorcdo da maior parte do HCO
filtrado, a acidose tende a ser mais acentuadaldidi controle [26].

A ATR proximal isolada é uma forma rara de ATR [2Bp ponto de vista clinico, os

pacientes apresentam-se com vémitos, politriadipsiia, desidratacdo, fraqueza muscular e,
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principalmente, déficit de crescimento [34-36]. AR proximal também pode ocorrer como
parte de um defeito generalizado do transporteoc@racterizando a Sindrome de Fanconi
[11, 23, 34], que veremos mais adiante.

O papel principal dos tubulos proximais no procassacidificacdo urinaria consiste
na secrecdo de'Hatravés do trocador N&i* (NHE-3), e no transporte de HgQatravés do
co-transportador NaHCO;™ (NBC-1) [37]. A enzima anidrase carbdnica (AC) teapel
fundamental nesse mecanismo. As suas isoformasséitca (I) e intraluminal (IV) sdo

altamente estimuladas pela acidose metabdlicaca$hj 3, 18].

1.2.1 Etiologia e Genética

A ATR proximal pode ocorrer como uma desordem @&lasem associacdo com
outras doencas e/ou anomalias do TP [26]. Estaafgrate ser transitdria ou persistente,
esporadica ou adquirida. A natureza transitoriaemsiguima imaturidade da fungdo dos
trocadores NHE-3 [18] que, apds o crescimentoosemaliza. Pode ser também decorrente a
exposicao a alguns tipos de medicamentos, comfaiifdda (analogo da ciclofosfamida) e a
tetraciclina [25]. Ja a ATR proximal permanente goser autossdmica recessiva ou
dominante. A forma recessiva esta associada a afidatdes oculares (catarata, glaucoma) e
é causada por uma mutacdo no géh€4A4que codifica o co-transportador NBC-1 (mesma
familia SLC4 que codifica o AE1), localizado na membrana basmh das células do TP
[21]. Sobre a forma dominante pouco se sabe atmédmélguns estudos experimentais
sugerem alteracGes genéticas em ratos [18]; paenhumanos, nenhuma mutacéo foi ainda

descrita.

1.2.2 Diagnostico

O diagnéstico de ATR proximal ou tipo 2 deve sengmesuspeitado em presenca de
acidose metabdlica hiperclorémica que se acompdahermo ou hipopotassemia e de um
anion gapurinario negativo, isto é, de uma concentraca€llea urina superior & soma das

concentracdes de Na K'.
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Se o diagnostico desta doenca for realizado prevente, observa-se um pH urinério
alcalino devido as perdas excessivas de FHCCom o passar do tempo, 0s niveis séricos de
HCO; caem de tal forma que o TD € capaz de reabsosgararga, ocorrendo acidificacéo
urinaria normal. Nesta fase, os niveis sanguiineds@Q" encontram-se na faixa de 15 a 18
mEq/L [26].

1.2.3 Tratamento

O tratamento tem como base a reposicéo de alchlia forma de HCQ ou citrato. A
maioria das criancas requer doses de bicarbonatdie de 10 a 20 mEqg/Kg/dia, para
manter o pH sérico dentro dos limites da normakddd 23].

As formas autoss6micas dominante e recessiva gem&nsao permanentes e vao
requerer o uso do HGO por toda a vida. A maioria desses pacientes retonsau
crescimento, mas dificilmente atingira uma estatmamal [36]. As formas esporadicas, em
contraste, séo transitérias e o tratamento conmlisilpade ser descontinuado apdés alguns

anos, sem reaparecimento dos sintomas [35].

1.2.4 ATR proximal com Sindrome de Fanconi

Como ja mencionado, caso haja acometimento isothddransporte proximal de
HCO; tem-se a ATR proximal isolada, sem Sindrome dedfamassociada. Se, por outro
lado, todos os mecanismos de transporte do TP facemetidos, produzindo deficiéncia na
reabsorcdo de glicose, aminodcidos, fosfato,(B@ também de HCQO, tem-se a Sindrome
de Toni-Debre-Fanconi, mais comumente denominaddr@he de Fanconi [3, 26, 35]. As
manifestacbes clinicas dependem do grau de acoembtmtubular e da etiologia da
sindrome. Na crianca, estao presentes atraso sildroento e raquitismo resistente a vitamina
D. No adulto, observa-se osteomalacia [34]. A piaiésta presente com frequéncia, podendo
ser causa de febre e desidratacao [36].

A Sindrome de Fanconi pode ocorrer devido a ocoméie erros inatos do

metabolismo transmitidos geneticamente (cistinasmlerancia a frutose, galactosemia,
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glicogenose, sindrome de Lowe, tirosinemia e doatgadVilson) e em algumas doencas
adquiridas bem como na exposicdo acidental a teximetais pesados (cadmio, chumbo e
mercurio), ou a certas drogas (tetraciclina, geitiaan, acido valproéico, cisplatina e
azatioprina). Mais comumente, a Sindrome de Fanedaiopatica e sua ocorréncia pode ser
esporadica, sem qualquer evidéncia de transmismaétiga. Mais raramente, ha relatos de
casos herdados como um traco dominante ou recd8§ilvo

A fisiopatologia da Sindrome de Fanconi ainda rdiocbmpletamente elucidada.
Acredita-se que o defeito possa estar relacionagwoducédo deficiente de energia com
conseqlente alteracdo do funcionamento daNATPase. Outras possibilidades referem-se
as anormalidades na permeabilidade da membranal &pirasolateral, ao fluxo bilateral ou
retrogrado através ddgyht-junctions ou as alteracfes patologicas numa organela celula
especifica [28, 36].

Os exames laboratoriais mostram acidose metabbifErclorémica com intervalo
anionico normal, hipocalemia, hipofosfatemia e hijizemia. A fracdo de excrecédo de PO
esta elevada assim como a atividade da fosfatasénal. A glicosuria esta presente com
niveis séricos normais de glicose. Ha aminoacidagapecifica. O pH urinario esta normal
na auséncia de tratamento, podendo haver baix@sniee aménia e acidez titulavel. Se
houver queda da funcédo glomerular durante a evolulgi doenga, ocorre uma melhora
paradoxal dos niveis séricos de eletrélitos e uetugdo da aminoaciduria, glicosuria e
fosfaturia [34].

N&o ha nenhum meétodo diagnostico especifico pa&indrome de Fanconi. Os
achados laboratoriais citados associados a cl@ecdéficit de crescimento e de raquitismo
resistente a vitamina D sdo bastante sugestivos.

A expressao clinica e bioquimica varia de pacipata paciente, de modo que ndo ha
um tratamento universal. Em pacientes com Fancecurglario, o tratamento esta voltado
para a causa primaria da doenca. Naqueles condesia primaria, a terapia de reposicao
eletrolitica pode restabelecer o balango mineidg eletrélitos, prolongar a sobrevida e, em
alguns casos, permitir uma vida normal. O raquitigpode ser corrigido bem como as

deformidades Osseas, porém um crescimento nornaaheaite € obtido [35, 38].
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1.3 Acidose Tubular Renal Hipercalémica - ATR Tipat

O espectro clinico da ATR hipercalémica abrangeepées com hipoaldosteronismo,
tanto primario quanto associado a hiporreninemiapagientes com doenca renal cronica, e
pacientes com pseudohipoaldosteronismo [18, 39%. &scritos também casos de causa
indeterminada e carater transitorio que surgempnioseiros anos de vida, desaparecendo até
0s trés a cinco anos de idade [18].

1.3.1 Etiologia

A ATR hipercalémica pode resultar de doencas dadgla adrenal, como Doenca de
Addison, hiperplasia congénita de supra-renal ediffmsteronismo primario, onde ha déficit
na producédo de aldosterona. Nestes casos a fueigaloassta normal, ha freqlientemente perda

urinaria de sédio, a atividade de renina plasm#&sta elevada e a aldosterona urinaria baixa.

O hipoaldosteronismo hiporreninémico consiste ndionaa de ATR hipercalémica
resultante de doencgas renais associadas a damstiomd e destruicdo do aparelho justa-
glomerular, como lesGes obstrutivas, pielonefritefrite intersticial, diabetes mellitus e
nefroesclerose, apesar de também poder ser pesaahbidasos de hipervolemia com inibicao
da acdo das prostaglandinas. Neste caso, os s&mi®s de renina e consequentemente de

aldosterona estao diminuidos e a funcao renal padestar preservada.

Raramente a ATR hipercalémica pode ocorrer devidma nao resposta do tubulo
distal a aldosterona (pseudohipoaldosteronismo).nf@sis plasmaticos de renina e de
aldosterona estaréao elevados, a funcéo renal gssarvada e a perda urinaria de NaCl € a

regra.

1.3.2 Fisiopatologia

A ATR hipercalémica ou tipo 4 foi identificada emagentes com hipercalemia de
diversas causas [18, 39]. O defeito tubular € déteacomplexo, ocorrendo simultaneamente
alteragdes na reabsorcdo de bicarbonato e na &ecrée H, que se manifestam

fundamentalmente por uma diminuicdo da excrecawua de amoénio [39]. Os mecanismos
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de acidificacdo urinaria estdo intactos e o defdioreabsor¢do de bicarbonato € menos
acentuado do que na ATR proximal [18].

A alteracao tubular situa-se nos segmentos dodudistal sensiveis a aldosterona [39].
A principal causa é a deficiéncia de aldosteronfyaa também possa ocorrer em decorréncia
de refratariedade da célula tubular renal a ac&disterona (pseudohipoaldosteronismo) e a
alteracOes tubulares primarias [39]. Quando aaléer tubular se deve ao mecanismo de
diminuicdo da reabsorcdo de Naode ser afetada tanto a secrecdo fecdino de K,

podendo levar a ATR hipercalémica [40].

1.3.3 Diagnoéstico

O diagnostico é sugerido pela presenca de acidessbgiica hiperclorémica associada
aanion gapurinario positivo e a uma elevacao, ainda quereliacda concentracéo plasmatica
de K [18]. Para adequada avaliacdo desses pacientéza-gé a administracdo aguda de
furosemida na dose de 1 mg/ Kg. Pacientes com laipst@ronismo hiporreninémico
apresentardo uma urina com pH inferior a 5,5, aeelat hipoamoniuria e persisténcia de
niveis plasméticos reduzidos de renina e aldosderBacientes com expansdo do volume
extracelular e inibicdo secundaria do eixo renidasterona exibirdo, por outro lado, uma
resposta que sera indistinguivel de controles sad[{@8]. O diagnodstico do
pseudohipoaldosteronismo € realizado em pacierdas quadro sugestivo de hiperplasia
adrenal congénita [41], caracterizado por hiponaitee hipercalemia, mas que se associa a
niveis plasméticos aumentados de renina e aldostér®em como excrec¢do urinéria normal de

17-cetosteroides e pregnantriol [39].

1.3.4 Tratamento

O tratamento da ATR hipercalémica deve ser voltadawsa primaria do disturbio.
Nos casos de hipoaldosteronismo primario, a supleag@o com fluorocortisona sera a
terapéutica de eleicdo [18, 39]. Caso haja conteacdes para 0 seu uso, tais como
hipertensdo e edema que podem ser exacerbados amuo de mineralocorticoides, esta
indicada dieta hipocalémica e diurético de al¢ca macontrole da hipercalemia. Em caso de
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pseudohipoaldosteronismo, o tratamento consisteupkementacdo oral de cloreto de sédio

(3-5 gramas/ dia), apos correcao venosa do estatimhtacdo [39].

1.4 Consideracoes

E importante ressaltar ainda que, apesar de n&seyarem incidéncia tdo elevada
em nosso meio como outras nefropatias, as acidobakares assumem grande importancia,
nao so pela dificuldade diagndstica, mas também gelnde impacto sobre o crescimento
pondero-estatural das criangcas acometidas. Desga,fustifica-se claramente a necessidade
de um maior entendimento da fisiopatologia, evaug@tamento e prognostico das acidoses
tubulares na infancia. Dentro dessa perspectiva,dissertacdo de Mestrado esté inserida em
uma linha de pesquisa que aborda as tubulopatigsedmatria. O presente estudo tem, entéo,
por objetivo descrever o curso clinico de uma @det pacientes pediatricos com ATR distal,
acompanhados de forma sistematica por longo pededempo no intuito de identificar as
variaveis que contribuem para a melhora dos paramde crescimento. O foco principal do
presente estudo em ATR distal se deveu a maioalémsia deste subtipo e pelo fato de que
sua deteccdo precoce reveste-se de especial imgartduma vez que pode modificar
completamente o futuro da crianca acometida, nae@msorelacdo ao crescimento, mas
também a prevencéo de lesdo renal, muitas verestisivel.

Finalmente, é necessario explicar que essa digdertfoi elaborada conforme o
modelo aprovado pelo Programa de Pés-Graduacad@mi&s da Saude — Saude da Crianca
e do Adolescente da Faculdade de Medicina da UFMI®, permite sua confec¢ao sob a
forma de artigos cientificos ja submetidos ou arsesubmetidos para publicacdo em revistas
médicas. Sendo assim, a apresentacéo do trabglhe aeseguinte estrutura:

a) Secdao de Introducéo (que acaba de ser apresentada);

b) Secao de Revisdao da Literatura, apresentada salrnza fdo artigo:Molecular
Pathophysiology of Renal Tubular Acidog@stigo publicado pelo periédico Current
Genomics em janeiro de 2009);

C) Secdao de Objetivos;

d) Secdao de Pacientes e Métodos;
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e) Secao de Resultados e Discussao, apresentaddamieado artigo originalClinical
course of 33 children with distal renal tubular dosis(artigo submetido ao periddico
Pediatric Nephrology);

f) Secao de Comentarios Finais;

Q) Anexos.

As referéncias bibliograficas estdo dispostasiaal de cada artigo ou secdo. As
referéncias dos artigos seguem as normas do pawiédpecifico para o qual o mesmo foi ou
serd submetido. As referéncias listadas ao finatadia secdo estdo dispostas em ordem de

citacdo e seguem as normas de Vancouver.
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ABSTRACT

Renal tubular acidosis (RTA) is characterized bytaielic acidosis due to renal
impaired acid excretion. Hyperchloremic acidosishwiormal anion gap and normal or
minimally affected glomerular filtration rate deés this disorder. RTA can also present with
hypokalemia, medullary nephrocalcinosis and nejifasis, as well as growth retardation and
rickets in children, or short stature and osteomala adults. In the past decade, remarkable
progress has been made in our understanding ahtiecular pathogenesis of RTA and the
fundamental molecular physiology of renal tubulaansport processes. This review
summarizes hereditary diseases caused by mutatigenes encoding transporter or channel
proteins operating along the renal tubule. Revawthe molecular basis of hereditary
tubulopathies reveals various loss-of-function aingpf-function mutations in genes
encoding cotransporter, exchanger, or channel ipstevhich are located in the luminal,
basolateral, or endosomal membranes of the tulmalaror in paracellular tight junctions.
These gene mutations result in a variety of fumetialefects in transporter/channel proteins,
including decreased activity, impaired gating, defe trafficking, impaired endocytosis and
degradation, or defective assembly of channel stgunFurther molecular studies of
inherited tubular transport disorders may shed righ¢ on the molecular pathophysiology of
these diseases and may significantly improve ouderstanding of the mechanisms

underlying renal salt homeostasis, urinary minerkairetion, and blood pressure regulation in
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health and disease. The identification of the mdkr defects in inherited tubulopathies may
provide a basis for future design of targeted thewsic interventions and, possibly, strategies

for gene therapy of these complex disorders.

Key words: renal tubular acidosis, acid-base homeostasisegul@r physiology, tubular

transport, gene mutations

2.1 Introduction

The term Renal Tubular Acidosis (RTA) defines matigorders characterized by
metabolic acidosis, secondary to defects in rarallar reabsorption of bicarbonate (HEO
and/or in urinary excretion of hydrogen *JHwhile glomerular function is little or not
affected [1, 2, 3, 4, 5, 6]. All forms of RTA predehyperchloremic metabolic acidosis, with
normal anion gap and are chronic diseases withfsignt impact on the quality of life of
affected patients when left untreated, possibldilegto growth failure, osteoporosis, rickets,
nephrolithiasis and even renal insufficiency [1324, 5, 6].

Defects in proximal bicarbonate reclamation oralistcid secretion give rise to the
respective clinical syndromes of proximal or disdlA [1, 2, 3, 4, 5, 6]. These disorders can
be primary, originating from genetic defects on ufiab transport mechanisms [7], or
secondary to systemic diseases and to adverserelagons [8, 9, 10, 11, 12]. The familial
conditions exhibit distinct inheritance patterngstBl RTA can be transmitted as either an
autosomal dominant or an autosomal recessive waiyeas isolated proximal RTA usually
occurs as an autosomal recessive disease [6, 7ML 8he past few years, the molecular
genetic strategies of positional cloning and caaidicgene analysis have been combined to
identify the genes responsible for these inheritedditions [6, 13]. This review will
summarize the mechanisms of acid-base regulationthgy kidney and the current
understanding of the genetic causes of primaryritdteRTA. It will, in addition, evaluate the
ability of known functional and biochemical propestof these mutant proteins to explain the

pathophysiology of associated renal acidificatiefedts.
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2.2 Brief overview of renal acid-base homeostasis

The kidney plays two major roles in acid-base hostes. First, the filtered
bicarbonate load (approximately 4000 mmol/day) nimesteabsorbed, mainly in the proximal
tubule and beyond in the loop of Henle and disggdhmon. This reclamation process in the
proximal tubule minimally requires the followingydrogen (H) secretion of an equivalent
amount via the luminal N&H" exchanger (NHE-3) and the vacuolaf-ATPase; luminal
carbonic anhydrase type IV (CAIV) and cytosolic bmaric anhydrase type Il (CAll); and
basolateral bicarbonate exit through the electringda’-dependent bicarbonate cotransporter
(NBC-1) [2, 14, 15, 16, 17]. Second, the kidneysmuegenerate new bicarbonate
(approximately 50 + 100 mmol/ day) in the procelsaad-secretion, mainly in the collecting
ducts, to match the amount of newly produced amadi lby systemic metabolism [18, 19]. In
addition to sufficient buffer in the lumen, thisopess requires activities of several transport
proteins of the acid secretingintercalated cells, including the luminal vacudiirATPase,
CA 1l, and the basolateral chloride-bicarbonatenexger, AE1 [18, 20, 21].

2.2.1 Proximal tubular bicarbonate reabsorption

HCQO; is freely filtered at the glomerulus and approxieia 80 to 90% of this is
reabsorbed in the proximal tubule [6]. In the tasdumen, HC@ combines with Hin a
reaction catalyzed by CA IV, which is bound to theninal membrane of proximal tubular
cells [2, 14, 15]. This reaction produces carbau, which is promptly converted to GO
and HO. The resulting Cerapidly diffuses into the tubular cells and is doned with water
to produce intracellular Hand HCQ'. This intracellular reaction is catalyzed by CA I
HCO; is then cotransported with Nanto blood (with a probable stoichiometry of 3 HCO
to 1 N&) [6] via the NBC-1, located on the basolateral ommbrane. The intracellular'H
produced by CA Il is secreted into the tubular lanpeedominantly via the NHE-3, situated
on the luminal membrane [6, 15, 22]. This transpootcess is called facilitated diffusion and
depends on the sodium concentration gradient gesterday the action of a basolateral
membrane NaK*-ATPase. It should be mentioned that there is mahinet acid excretion in
the proximal tubule, since most of thé Becretion is coupled with HGOreabsorption [6,

13]. The small amount of remaining’ Wvill be buffered by phosphate as titratable acid.
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HCO;s reabsorption is influenced by luminal HE@oncentration and pH, luminal flow rate,
peritubular pC@, and angiotensin Il [2, 6, 17].

Proximal tubular cells are capable of generatingtr&g bicarbonate through the
deamination of glutamine to glutamate, then fornmunketoglutarate and eventually glucose.
This metabolic process produces HC@&nd NH,": the former reclaimed via the basolateral
membrane and the latter secreted into the tubutaeh. This pathway can be upregulated in
states of chronic acidosis [3, 6, 15].

The main mechanisms of proximal tubular bicarbematbsorption are displayed in
Fig. 2.1).

Proximal Tubular Cell

Lumen Blood
H,0 cO » CO, + H,0 .
2 2 2 2 3Na
@ iATPase
2K*
HZTC Os H,CO;
HCO3+ H+V\

* H HCO3 >
NBC-1
NHE-3 .
Na

Na* >

FIGURE 2.1 - Schematic model of bicarbonate (HEbroximal reabsorption. The intracellular carborécid
(H,COy) dissociates into Hand HCQ' in a reaction catalysed by a cytoplasmic carbamdydrase (CAIl) At
the luminal membrane, Hsecretion is due to an especific 'Na H  exchanger (NHE-3), while, at the
basolateral membrane, the 1 Na3 HCQ; cotransporter (NBC-1) is responsible for HC®@ansport to the
peritubular capilar. The secreted Heacts with filtered HC@ to form luminal HCO;, which is dissociated into
H,O and CQ by the action of membrane-bound carbonic anhyd(&#dV). The generated G@liffuses back

into the cell to complete the HG@eabsorption cycle.
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2.2.2 Distal tubular hydrogen secretion

One of the important roles of the collecting duegrsent of the nephron is acid
secretion, combined with reclamation of the apprately 10% of filtered HC® that is not
reabsorbed by more proximal nephron segments TI&].average omnivorous human diet in
the "Western' world is rich in protein, and genesai+1.5 mmol hydrogen/kg body weight
each day [23]. Urinary acid excretion is therefessential, and urine pH can drop as low as
4.5. Thea-intercalated cell is the main responsible for log#gm secretion into the urine. In
humans at least, hydrogen pumps, callédAfiPases, mainly carry out hydrogen secretion
[18, 19, 23]. H-ATPases are present at high density on the lummeaibrane ofa-
intercalated cells [18]. Studies in nonhuman marsnsbw that these HATPases are also
present within specialized intracellular tubuloetss close to the membrane, allowing
additional pumps to be recruited to the membranekfyuin to response to stimuli, such as
systemic acidosis, for example [23]. These celisete H into the lumen of the distal tubule
and collecting duct not only via H+-ATPase but plolgsalso by an exchanger, "HK*-
ATPase [7, 10]. In addition, the normal functiontbé luminal H-ATPase ina-intercalated
cells is coupled, in a poorly understood mannethéoelectroneutral transport of Hg®ack
across the basolateral surface into the intersfitiad, and thence to blood. The transporter
responsible for this activity in renakintercalated cells is the THCOs; exchanger AEL [7,
20, 21]. The AE1 exchanger is homologous with gk aell anion exchanger known as ‘band
3’ (eAE1) [6, 24]. After the red cell, the kidneyg the next richest source of this protein
(KAE1) [24]. Proton secretion varies with systerpld and it is also aldosterone-dependent
and voltage-dependent [24].

Once secreted, net urinary elimination dfdepends on its buffering and excretion as
titratable acid (mainly phosphate - HBO+ H" « H.PQ,), and excretion as Nf [24].
Notably, the production of NA from glutamine by the proximal tubule, and its seduent
excretion in the urine, also generates ‘new’ bioadie, which is added to plasma [24].
Availability of phosphate as a buffer depends anfiitration, whereas N} depends on
normal function of the proximal tubule, as well ascomplex process of secretion,
reabsorption, and secretion again along the nepf24jn The final secretory step for NH
excretion is ‘diffusion trapping’ in the collectinduct. Anything that interferes with *H
secretion in the collecting duct will reduce diffus trapping and cause a decrease in

excretion of both Hand NH" [6, 24]. As previously mentionedhronic metabolic acidosis
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stimulates renal N} synthesis and excretion [3, 6, 15]. Fi@.2 shows renal acidification

process ira-intercalated cells of the distal nephron.

a-intercalated cell

Lumen Blood
v H* H 4= H*  HCOs >
b ATPase E 1
\ < CI”
H* H* H,COs
TPase
HPOZ  NH; g+
K* S
CO, + H0 T

H.PO7 NH

FIGURE 2.2 - Schematic model of theintercalated cell and the Hsecretion in cortical collecting tubule. The
a-intercalated cell is responsible for'Hsecretion by a vacuolar 'HATPase (main pump) and also by &K'-
ATPase. The luminal ammonia (§Hbuffers H to form nondiffusible ammonium (WB and divalent basic
phosphate (HP®) is converted to the monovalent acid formRB;,) in H" presence. Intracellularly formed
HCO;s leaves the cell via Gl HCO; exchange, facilitated by an anion exchanger (AEYfoplasmic carbonic

anhydrase Il (CA ) is necessary to secrét H

2.3 Classification and clinical features of renalubular acidosis

Clinically, RTA is characterized by a normal anigap, hyperchloremic metabolic
acidosis, and associated failure to thrive seconttagrowth failure as well as anorexia [13].
Polyuria and constipation can also be seen, althaegther may be apparent in the neonatal
period [13]. Hyperchloremic metabolic acidosis edtric practice is most often associated
with diarrheal disease. Both diarrhea and RTA Itesuhypokalemia. For this reason, in a
young infant with diarrhea and underlying RTA, tinee diagnosis may be obscured. Thus,
inordinately slow resolution of hyperchloremic nieihc acidosis following diarrheal disease

should suggest the possibility of an underlyingrany RTA [13].
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Beyond the difficulties inherent in delineating RTRTA can be subcategorized into
different disorders with distinctly diverse progaeq13]. The diagnostic cataloguing of RTA
is based on the underlying pathophysiology. Theecirmodel of how the nephron reabsorbs
HCOs™ and secretes Has led to a clinical and functional classificatif proximal (tubule)
versus distal (tubule and collecting duct) form$&RaiA [24]. Thus, the main types of RTA are
proximal (or type 2) RTA and distal (or type 1) RTRype 3 RTA is a mixed type RTA that
exhibits both impaired proximal HGOreabsorption and impaired distal acidificationd an
more disturbingly osteopetrosis, cerebral caldiftca and mental retardation [4].
Hyperkalemic (or type 4) RTA is a heterogeneousigrof disorders that is characterized by
low urine NH,", which is probably caused by the hyperkalemiayorlolosterone deficiency
or defective signaling [4].

In distal RTA, distal nephron net acid secretiomipaired. This leads to a high urine
pH, even in the presence of systemic acidosis J[2Hdwever, there is often no metabolic
acidosis and the blood bicarbonate concentrationomsnal, so-called ‘incomplete’ distal
RTA, and a defect in renal acid excretion must émahstrated by a failure to lower urine pH
below 5.5 following an NECI load or a modified furosemide test [2, 6, 24¢gaired distal
RTA is often secondary to autoimmune diseases, fglSjogren’s syndrome [6, 24].
Inherited distal RTA can be essentially of threpety, autosomal dominant distal RTA (the
commonest form) and autosomal recessive distal Riith and without sensorineural
deafness [24]. In the complete forms of both domirzand recessive distal RTA bone disease
is common (rickets or osteomalacia), as well ashragalcinosis (often) complicated by renal
stone disease. The occurrence of renal stones tibbuéed to the combination of
hypercalciuria, low urinary citrate excretion (dizesystemic and intracellular acidosis) and
high urine pH, all favouring calcium phosphate stdormation. Hypokalaemia, another
characteristic feature, is less troublesome thathéacquired autoimmune form of distal
RTA, but it can become symptomatic, especially thiazide diuretic is prescribed to reduce
hypercalciuria [24]. In recessive distal RTA, somatients suffer from sensorineural
deafness, which can be late in onset [24].

Conceptually, the proximal tubule is charged witle task of reclaiming filtered
HCOs (~ 85% of the total) [13]. Failure of this procdeads to reduction in systemic base,
resulting in metabolic acidosis — proximal RTA [18roximal RTA typically manifests as
part of a generalized defect of proximal tubulection, namely the renal Fanconi’'s syndrome
(with glycosuria, low molecular weight proteinuriaurinary phosphate wasting,

hypophosphataemia and hypouricaemia) [24]. Isolggezkimal RTA occurs rarely and
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usually presents as growth retardation in childhdokle distal RTA, it can be divided into
three types: autosomal recessive proximal RTA wottular abnormalities, autosomal
recessive proximal RTA with osteopetrosis and aadelzalcification, and autosomal
dominant proximal RTA [24]. Autosomal recessivexinoal RTA with ocular abnormalities
is the commonest form of isolated and inheritedkipnal RTA, but even this is rare. Ocular
abnormalities include band keratopathy, glauconth Gataracts [24]. Short stature is usual;
dental enamel defects, mental retardation, hypottiigm, abnormal pancreatic function and
basal ganglia calcification are also features =, In inherited CA Il deficiency, isolated
proximal RTA presents with osteopetrosis (due taired osteoclast function), cerebral
calcification and variable mental retardation [28]though this form of inherited RTA is
clinically more proximal in type, it can also prasewith a mixed proximal and distal
phenotype, which reflects the presence of CA Halis all along the renal tubule.

Type 3 RTA can be caused by recessive mutatiomerCA2 gene on chromosome
8922, which encodes CAII [4] or could involve direnteraction between CA Il and the
NBC1 [27] or CI/ HCO;™ exchangerSLC26Ad4, 28].

The causes of type 4 RTA include various types dafremal failure or
pseudohypoaldosteronism type 1 (PHA1) due to defiecthe mineralocorticoid receptor or
the epithelial Nachannel, all characterized by salt loss and hysite [4]. A similar picture
may be seen in obstructive uropathy or drug inductatstitial nephritis [4]. Furthermore, a
number of drugs may impair signalling in the remingiotensin-aldosterone system and cause
hyperkalemia and metabolic acidosis (e.g. potassparing diuretics, trimethoprim, cyclo-
oxygenase inhibitors, angiotensin converting enzyrhiitors) [4]. Lately, much interest has
been given to a group of rare autosomal dominasdadies characterized by hyperkalaemia
and acidosis and age-related hypertension [4]pite ©f hypervolaemia, aldosterone is not

low and the disorders have been collectively terpmelidohypoaldosteronism type 2 (PHA2)
[4].

2.4 Inherited forms of distal renal tubular acidoss

Inherited forms of distal RTA have three variarstosomal dominant and autosomal
recessive with or without deafness. Dominant disegpically presents more mildly in

adolescence or adulthood, and recessive varianir®adn infancy/early childhood, where
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growth retardation is common [6]. In the table beloe can see the chromosome mapping of
distal RTA.

TABLE 2.1 - Chromosome mapping of the Inherited Distal Renddular Acidosis

Inherited distal RTA Gene Mapping Protein encoded

Autosomal dominant SLC4Al1 Chromosome AE 1 exchanger
17921-922

Autosomal recessive ATP6V1B1 Chromosome B1 subunit of

(with deafness) 2913 H*-ATPase

Autosomal recessive ATP6VOA4  Chromosome a4 isoform subunit of

(with preserved hearing) 7033-934 H*-ATPase.

2.4.1 Autosomal dominant distal RTA (distal RTA gypa)

Distal RTA occurs with the greatest frequency assatated defect, often transmitted
as an autosomal dominant trait [13]. In few repbifemilies, the presence of the disorder in
several generations suggests an autosomal dontmaasimission. Although clinical findings
are not different from those observed in autosoreakssive or sporadic cases, in these
patients the disease may be diagnosed later (lesmince or adulthood) [6] or manifest with
milder symptomatology.

Autosomal dominant distal RTA has been found toabsociated in several kindred
with mutations in th&&LC4Algene encoding the WHCO; exchanger, AE1 [15].

The electroneutral anion exchanger (AE1)

The CI/HCGOs™ anion exchanger, AEL, is a glycoprotein encoded lggne $LC4A)
presenbn chromosome 17 q21-23CL4Algene is a member of ti& C4family comprising
10 genes of which 8 encode bicarbonate ion trate®of6, 24, 29]. AE1 is an integral
membrane glycoprotein containing a long cytoplasNuterminus (~ 400 amino acids), 12—

13 transmembrane domains (responsible for aniarspi@t and dimerization), and a short
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cytoplasmic C-terminus (~ 35 amino acids) [30, 3i]is predominantly expressed in the
erythrocytes (eAE1) and in the kidney (KAE1).

KAEL1 is a truncated isoform of eAE1 with lacking&® amino acids at the N-terminus
owing to the use of differential transcription amanslation start sites [32]. This extra NH2-
terminal sequence confers additional roles for eAltluding facilitation of red cell
metabolism and maintenance of erythrocyte structstability via interaction with a
glycolytic enzyme complex and cytoskeletal elemergspectively [6]. KAE1 mediates an
electroneutral exchange of chloride for bicarbonatethe basolateral membrane of acid
secretinga-intercalated cells of the distal nephron and ctithg duct [32, 33]. This ion
exchanger promotes the reabsorption of bicarboinédethe blood. Therefore, eAE1 defect
results in morphological changes of red blood c#BC) while kKAE1 abnormality leads to
distal RTA [32].

The physiological role of KAE1 in the regulation distal nephron acid secretion is
well established. In the acidification processha tlistal nephron, basolateral KAE1 mediates
Na" independent, electroneutral /EICO; exchange, allowing HCO to exit the a-

intercalated cells in concert with apical secretion via the vacuolar tATPase.

AE1 gene (SLC4A1) mutations

Because of the expression of AE1 in two differezilsc(RBC andx-intercalated distal
tubular cells) with distinct functions, AE1 mutat® show pleiotrophic effects resulting in
two distinct and seemingly unrelated phenotypeseditary spherocytosis (or other forms of
erythrocyte abnormalities) and distal RTA [31]. Taegest group of mutations in human AE1
is associated with autosomal-dominant red cell dyphologies (hereditary spherocytosis —
HS; and Southeast Asian ovalocytosis - SAO), whenal acid-base handling is normal [6].
AE1 mutations also result in distal RTA, because dbfect in AE1 affects anion T1CO;
exchanger at the basolateral membrane ofithtercalated cells in the distal nephron [31].

SAO, a well-known erythrocyte disorder, is causgdaldeletion of 27 bp in codons
400-408 in exon 11 (Ex11D27) of AE1 leading to eklaf 9 amino acids in the protein,
which is inactive for anion transport.

How can be explained either the absence of redatelbrmalities in patients with
distal RTA or the rarity of defects in distal unigacidification in patients with hematological



41

disorders, when, in both circumstances, mutatiorike sam&LC4Algene are present? [15].
One exception is the homozygous AE1 mutant V488Mn(B3 Coimbra; GTG-» ATG),
which presents with severe anemia and renal acadiifin defect [34, 35].

The majority of AE1 mutations apparently cause ariythroid abnormalities without
renal phenotype. Most cause autosomal dominantsfmfrHS and are not encountered in
homozygous form, suggesting embryonic lethality [7]

Dominant HS-associated AE1 mutations are genenafyassociated with distal RTA.
Conversely, distal RTA-associated AE1 mutationsadse not commonly accompanied with
HS. Whereas HS missense mutations are distributeasughout AE1 cytoplasmic and
transmembrane domains, distal RTA mutations aré¢rices] to AE1l's transmembrane
domain. Although, the almost complete segregabieiween mutations associated with HS
and with distal RTA is not fully understood [7].

Autosomal dominant distal RTA was first associatedh exon 14 nucleotide
substitutions encoding missense mutations in resk® (R589), in which the wild-type Arg
is converted to His, Ser, or Cys [30, 36]. A singlese change alters the identical AE1l
residue, R589, in eight of the ten reported kindsétth dominant distal RTA, supporting the
importance of this residue in the normal acidificatprocess. R589 lies at the intracellular
border of the sixth transmembrane domain of theeprp adjacent to K590. These basic
residues are conserved in all the known vertelzmaten exchanger isoforms and are thought
to form part of the site of intracellular anion @ing. Arginine at this position is conserved in
all vertebrate AE proteins, indicating its funct@mmportance [37].

Three different mutations at this position (R58&®589H, and R589S) were found in
autosomal dominant distal RTA and twle novoR589H mutations have also been reported
[30, 32, 36]. A high prevalence of AE1 R589 mutasiand the presence of at least to
novo mutations at this position suggest that codon &33C) is a “mutational hotspot” of
AE1. The mechanism of recurrent mutations probably ve®Imethylation and deamination
altering cytosine (C) to thymine (T) in the CpG wlifeotides [37].

Another missense mutation alters serine to phegwyila¢ at position 613 [36] within
the adjacent transmembrane loop, evidencing thertapce of this region of the protein. A
further complex mutation results in a C-termindhyncated AE1 protein lacking the last 11
amino acids [29].
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AE1 in Autosomal Recessive Distal RTA

Recent gene studies have shown that some of ther\Eations are responsible for
autosomal recessive distal RTA in several countrieéSoutheast Asia; these patients may be
homozygous for the mutation or be compound hetgraeg of two different AEinutations,
one of which is usually the SAO mutation [38, 3%he evaluation of the AE1 G701D
mutation has provided the first explanation for hamy distal RTA-associated AE1 mutation
might cause the disease [40].

Recessive distal RTA appears to result from themdss or a very marked deficiency
of chloride-bicarbonate exchange activity in thesdateral membrane of the distat
intercalated cell. In the case of the G701D mutatios occurs because the mutant protein is
totally dependent on the presence of glycophorifG®A) for its movement to the cell
surface. GPA is a glycosylated protein that is eissed with band 3 and has a single span
across the erythrocyte membrane [38]. Expressidfemopusocytes demonstrated that GPA
completely rescues the cell surface movement of3f@1D mutant band 3 to normal levels.
This contrasts with normal band 3, which movesh ¢ell surface even in the absence of
GPA, although GPA further enhances this movemeadl I[Rood cells contain GPA but GPA
is absent from the kidney, hence individuals hongomg for the G701D mutation have
normal levels of band 3 in their red cells. It i®posed that, in homozygotes, the mutant
G701D protein does not reach the basolateral memboh thea-intercalated cell, but is
turned over within the cell. In SAO/G701D compoumeterozygotes, the SAO protein is
presumed to reach the cell surface, but since iitdstive in anion transport, it acts as if it

were a band 3 null allele [38].

2.4.2 Autosomal recessive distal RTA with deafn@lstal RTA type 1b)

Recessive forms of distal RTA are related to maretiin the proton pump in-
intercalated cells. The gene involvedTP6V1B) is located on chromosome 2913, and
encodes the B1l-subunit of fATPase expressed apically arintercalated cells and also in
the cochlea and endolymphatic sac [4, 23].

In the human cochlea, the'{ATPase appears to be required to maintain normal
endolymph pH [6] given that the very high potassiooncentration (approximately 150
mmol/l) in this closed compartment is not normadgcompanied by alkalinity of the
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endolymph [23]ATP6V1Blexpression has also been observed in the maleaggaitt (with
acidification requirement for sperm maturation)][29

Clinical findings, other than deafness, are idettio those present in patients with
sporadic or autosomal recessive distal RTA and abh@aring. There is great variation in the
presentation of deafness, from birth to late clatuth it is progressive and does not respond
alkali therapy [15]. The defects in B1 cause irrsitde hair cell damage in human cochlea
because of ambient electrolyte and pH abnormali@ek

Screening for mutations in this gene revealeddiitelifferent mutations in kindred.
The majority of these mutations are likely to dmrthe structure, or abrogate the production,
of the normal B1 subunit protein [29].

The human vacuolar HATPase

The vacuolar-type proton ATPase (V- or H+-ATPasenimultisubunit pump that is
essential for normal acidification of intracellulasicular structures. In each individual cell,
H*-ATPases may function in a variety of distinct lessential cellular processes. However,
the mechanisms by which cells regulate the inthaleel trafficking, final destination and
activity of these proton pumps are unclear [41].

The H-ATPases are composed of two structural domainsnfinene-bound ¥y and
cytoplasmic or peripheral ¥ each formed of multiple subunits (a—e and A-ldpestively),
which are responsible for ATP hydrolysis and protaansport, respectively [6, 23]. The
mammalian F-ATPase is presumed to be similar to that of y€astwhich most of the

structural studies have been performed) [23].

2.4.3 Autosomal recessive distal RTA with preserliedring (distal RTA type 1¢)

Individuals without hearing defects carry mutati@schromossome 7 q33-gq34. The
defective gene iATP6VOA4 which encodes a kidney-specific a4 isoform subohiH’-
ATPase. The involvement of the a4 subunit in diRf&A shows that it must be essential for
proper proton pump function in the kidney [29], latrole is not totally clear.

Site-directed mutagenesis studies of the yeassudunit ortholog Vphlp (the ‘@’

subunit in proton pumps localized to the yeast véguhave yielded some potential functions
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[42]. Some mutations showed that this subunit ipartant for the assembly of the proton
pump, whereas other mutations had greater effec&Td’ase activity and proton transport.
These studies suggest that the ‘a’ subunit is itapoifor both assembly and function of the
pump. [29, 42].

2.5 Inherited forms of proximal renal tubular acidosis

Proximal RTA is caused by a reduction in bicarbenaabsorption at the proximal
tubules, resulting in low renal bicarbonate thrégdhd@he most common proximal RTA in
children is secondary to Fanconi Syndrome [2, B3Jrely, RTA might also be consequence
of an inherited or sporadic primary renal disorder.

The acquired proximal RTA follows exposure to drugr some toxins and the
etiopathogenesis is still unknown [2]. Among drutpat cause Fanconi Syndrome are
gentamicin, cisplatin, ifosfamide, and sodium vafge [6]. In addition, some hematologic
and autoimmune conditions, such as myeloma and&jagyndrome respectively, might also
course with proximal RTA.

The proximal RTA resulting from Fanconi Syndrorsdriequently part of a systemic
syndrome. Among systemic disorders that result TARthe inheritance pattern is usually
autosomal recessive. Some of these disorders ateasis, tyrosinaemia, galactosaemia,
Fanconi-Bickel syndrome and others (table 2.2).[44jese syndromes are a heterogeneous

group of disorders, which genes are mapped in mhrgmosome regions.

TABLE 2.2 - Chromosome mapping of the Inherited Fanconi symés

Inherited Fanconi Syndromes  Gene Mapping

Autosomal recessive SLC4A4 Chromosome 4qg21

Dent’s syndrome CLCN5 Chromosome Xp11.22

Cystinosis SLC3Al Chromosome 2p21
SLC7A9 Chromosome 19p13.1

Tyrosinaemia type 1 FAH gene Chromosome 15g23-g25

Galactosemia GALTgene Chromosome 9p13

Wilson’s disease ATP7Bgene  Chromosome 13q14.3-g21.1
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The RTA non-related to Fanconi Syndrome is a diserder and might be sporadic,
autosomal dominant or autosomal recessive. Thesaunral recessive disorder is associated
with ocular abnormalities, frequently coursing witlental retardation. Other clinical features
are short stature, dental enamel defects, pantiseatnd basal ganglia calcification [45].
Loss-of-function mutations in the gene that codifiee NBC-1, the&SLC4A4gene, were first
identified in two Japanese subjects with proxim@lARassociated with cataracts, glaucoma
and band keratopathy [46]. NBC-1 is formed by 1,08%ino acids; it contains ten
transmembrane domains and two cytoplasmic terraim, it is present in kidney, brain, eye,
pancreas, heart, prostate, epididymis, stomach, iatas$tine. In the kidney, NBC-1 is
expressed mainly at the basolateral membrane optteimal tubule. At least two genes
encode the NBC proteins. Mutations were identifiedhe human NBC-1 gene&S(C4A%
mapped at chromosome 4p21 [47, 48].

Another interesting candidate gene for proximalARi§ the TASK gene TASK2-
potassium channel is a member of the tandem-parethopotassium channel family and is
located in pancreas, placenta, lung, small intestomlon and kidney. TASK2 seems to be
important to bicarbonate absorption in renal pratinubules. Knockout mice fofFASK2
genecourse with metabolic acidosis associated with bovarbonate levels [49]. However, no
mutation in these genes was yet identified in imhligls with proximal RTA.

Other inherited form of proximal RTA is the onsu#ing from mutations in the gene
CAZ2 that encodes CAIl. The carbonic anhydrases (@A) member of a family of zinc
metalloenzymes that catalyzes the hydration of,.CThe human CA2 maps to the
chromosome region 8g22. In the kidney, the majaft A activity is attributable to CA 11,
which is localized in proximal tubular cells andoirintercalated cells of the cortical and outer
medullary collecting tubules [50]. Due to their &ization, this RTA course with some
proximal and distal components. In terms of clih@spects, this RTA present osteopetrosis,
cerebral calcification and different levels of manetardation.

The autosomal dominant proximal RTA was originallgscribed in a large Costa
Rican family [51, 52], consisting of nine individeapresenting growth retardation and
osteomalacia. No gene was found to be associatédting clinical presentation. Recently,
another family with isolated proximal RTA inherited an autosomal dominant disease was
described [53]. The father and all four childreml BR&Ir'A with blood bicarbonate levels of 11-
14 mEqg/L and urine pH of 5.3-5.4 and all preseritigh bicarbonate fractional excretion. In
terms of clinical aspects, they course only withrsistature without other organ dysfunction.
This family was investigated at the following gen€# I, CA IV, CA XIV, NCB1, N&d*
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exchanger (NHE-3), NHE;&heregulatory proteins oNHE3, NHRF1 and NHRFand the
CI-HCO3; exchanger, SLC26A@dowever, no mutation was found in any of the cdath
genes studied. The study of these families migintifgl other mechanisms involved in renal
bicarbonate balance and a genome wide investigafi@anpool of these families might result

in interesting findings.

2.6 Inherited forms of renal tubular acidosis type3

Type 3 RTA is a mixed type that exhibits both inmpdiproximal HC@ reabsorption
and distal acidification. The condition is due toiaherited deficiency of CAIl caused by a
recessive mutation in th€A2 gene on chromosome 8922, which encodes this widely
expressed enzyme [4, 6]. The expression of CAdFfscted in bone, kidney (in both proximal
and distal nephron segments, explaining the mixatbais) and brain.

The mechanisms that underlie the clinical picturdyipe 3 RTA, apart from much
slower conversion of carbonic acid to and from thoaate, apparently also involve direct
interaction between CA Il and the kidney NBC1 [&7]CI/ HCO; exchangerSLC26A6(a
plasma membrane TIHCO;™ exchanger with a suggested role in pancreatic HCO
secretion) [4, 28]. Mutation of the identified CAbinding site reduce@®LC26A6activity,
demonstrating the importance of this interacti@g] [

Patients with this deficiency exhibit osteopetrasisl cerebral calcification, as well as
a mixed RTA with proximal and distal components][2%is association of osteopetrosis and
RTA is known as Guibaud-Vainsel syndrome or malirain disease. Osteopetrosis is a
condition of increased bone density, but also audetebone fragility, leading to increased
fracture risk, plus intracerebral calcificationtdllectual impairment, growth failure, and
facial dysmorphism. Excess bone growth leads tadgctive deafness and can also cause
blindness through compression of the optic nerye [6

There is a considerable degree of heterogeneitit,ibdhe predominance of proximal
or distal acidosis and in the osteopetrotic phgy®{]. In different kindred, mild or severe
mental retardation has also been described.

Different mutations inCA2 gene have been described; for example, the common

‘Arabic’ mutation, consisting of loss of the splidenor site at the 5’ end of intron 2 [6, 29].
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2.7 Inherited forms of hypercalemic renal tubular aidosis

Type 4 RTA is a heterogeneous group of disordesec@ated with hyperkalemia due
to aldosterone deficiency or impairment in aldastermolecular signaling.

Type 4 RTA might result from a PHALl. Some clinicaspects associated are
hyponatremia, hyperkalemia, and elevated plasmastdcbne and plasma renin activity. The
inheritance might be autosomal dominant or autosoreeessive [54]. The autosomal
dominant is a frequent and mild kidney disorderhaitt any other organ involvement [55].
This disorder seems to be associated to loss-@tibm mutations in the mineralocorticoid
receptor gene, the MRL gene. MRL-knockout mice develop symptoms of
pseudohypoaldosteronism. In humans clinical presemnt varies from non-symptomatic to
important neonatal sodium loss. The recessive amee is associated to sodium transport
defects in all aldosterone target tissues, not &mdpey, but also colon, lungs, salivary and
sweat glands. The recessive disorder is more seaedesalt wasting is normally more
pronounced. However, both types of inheritance migtsult in the same degree of
natriuresis, hyperkalaemia and metabolic acidosis.

Other inherited cause of type 4 RTA includes hkpkremia associated with
hypertension and low or normal levels of plasmaostierone [57, 58]. This syndrome is
called pseudohypoaldosteronism type 2 (PHA2), ordGws syndrome, which results in a
renal aldosterone resistance inherited as an antdsdominant pattern [6]. Mutations in the
gene of two isoforms of WNK serine-threonine kirgS&/NK4 and WNK1 genes, were
identified in patients with PHA2 [59]. WNKs are Ber kinase proteins lacking a lysine
residue at the active site, being the WNK typerggulatory protein fronWNK 4. WNK4 is
found in the distal nephron and controls the sodiama chloride reuptake and inhibits

potassium efflux [6].

2.8 Concluding remarks

Renal tubular acidosis (RTA) is characterized bytaielic acidosis due to renal
impaired acid excretion. In this review, we summedi our current understanding of the
hereditary diseases caused by mutations in genaxdieiy transporter or channel proteins
operating along the renal tubule. Further molecskadies of inherited tubular transport
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disorders may shed more light on the molecularg@tisiology of these diseases and may
significantly improve our understanding of the mmmlsms underlying renal salt homeostasis,
urinary mineral excretion, and blood pressure ratpm in health and disease. The
identification of the molecular defects in inhedittubulopathies may provide a basis for
future design of targeted therapeutic interventiamgd, possibly, strategies for gene therapy of

these complex disorders.
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3 OBJETIVOS

3.1 Objetivo Geral

Descrever o quadro clinico, a abordagem diagnostitatamento e a evolucao
dos pacientes com ATR distal, acompanhados na daida Nefrologia Pediatrica do
Hospital das Clinicas da UFMG no periodo de novendler1984 a setembro de 2008.

3.2 Objetivos Especificos

a) descrever a apresentacdo clinica, etiologia,rdagem diagndstica, achados

laboratoriais evolugao e tratamento dos casos de @3tal;

b) comparar a evolucao clinica e laboratorial dosgrdes com ATR distal por meio da

analise dos dados obtidos ao diagnostico e no alltiomtrole ambulatorial realizado

dentro do periodo de estudo;

C) avaliar os parametros clinicos e laboratoriais fQuam preditores independentes para

0 ganho de peso e de estatura nos pacientes contiATER
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4 PACIENTES E METODOS

4.1 Pacientes

O grupo foi composto por criangas e adolescenadsdamente portadores de ATR
distal, que foram atendidos e acompanhados pelr skt Nefrologia Pediatrica do
Hospital das Clinicas da UFMG no periodo de novendier1984 até setembro de 2008.

4.1.1 Critérios de inclusdo

Foram incluidos as criangas e os adolescentes @gndstico confirmado de ATR
distal, baseado em critérios clinicos e laborawr[d], que foram acompanhados pela
Unidade de Nefrologia Pediatrica de novembro del Ed8etembro de 2008.

4.1.2 Critérios de excluséo
Foram excluidos do estudo os pacientes cujo segtomefo foi suficiente para
confirmar o diagnodstico de ATR distal, os pacientge ndo seguiram o protocolo de

abordagem de ATR da referida unidade e os casos qupntuarios médicos apresentam

dados insuficientes para analise.

4.1.3 Aspectos éticos

Esta linha de pesquisa ja foi aprovada pelo Codet&tica em Pesquisa da UFMG
(COEP), conforme o parecer niumero 144/02, em a(fEX&XO A).
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Ressalta-se ainda que somente 0s pesquisadordsi@énsy®mo projeto tiveram acesso
aos dados, ficando assim garantida a confidena@gidlas informagdes obtidas.

Os resultados da pesquisa se destinam Unica eseschente ao interesse cientifico,
sendo mantido o anonimato do paciente participdatpesquisa. Os resultados obtidos néao

foram utilizados para outros fins sendo os estatdmrelacionados aos objetivos do projeto.

4.2 Métodos

4.2.1 Desenho do Estudo

Trata-se de um estudo de coorte retrospectivo, osdados foram coletados a partir
da revisdo dos prontuarios médicos. Ressalta-ska ajne todos os pacientes incluidos no
estudo foram submetidos ao mesmo protocolo deaméali e seguimento na Unidade de
Nefrologia Pediatrica do Hospital das Clinicas da&. O inicio do periodo do estudo foi
definido pela data do primeiro diagnéstico confidmade ATR distal entre os pacientes
selecionados.

4.2.2 Protocolo geral

Inicialmente, foi realizado o levantamento dos pwarios de todos os pacientes com
acidose tubular renal, acompanhados pela Unidad\ettelogia Pediatrica do HC-UFMG, a
partir de uma listagem obtida por programa de caadmun da referida unidade. A seguir,
foram selecionados os pacientes que preenchiagriariliagnéstico para ATR distal (vide
item 4.2.3).

Foram coletados os dados de cada paciente, pordeeievisdo pormenorizada das
papeletas e preenchimento de fichas individuaiaptagteis a banco de dados (ANEXO B).
Foi elaborado um banco de dados no programa SRS&oveS. As informacdes colhidas de

cada paciente foram, entdo, lancadas neste barea paalizacdo das analises estatisticas.
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4.2.3 Critérios para diagnéstico e classificacao

Foram classificadas como portadoras de ATR distglielas criancas que
apresentaram caracteristicas clinicas sugestivadodaca, como déficit de crescimento,
anorexia, vomitos e polidria associados a um pHanid maior que 5,5, em presenca de um
quadro de acidose metabdlica hiperclorémica (pH3¥ dom intervalo aniénico normal [1-
3]. A presenca de nefrocalcinose ou nefrolitiagsebtam foi considerada como alteracao
sugestiva.

Foram classificadas como ATR proximal ou tipo 2caisncas com pH urinario
inicialmente 4cido e que passaram a apresent&dtirad ap0s reposicao oral de bicarbonato
[2-6]. A associacao entre a clinica de déficit descimento e desenvolvimento e a presenca

de raquitismo resistente a vitamina D foi considaraastante sugestiva [6-8].

Como ndo ha nenhum método diagnostico especifice pasindrome de Fanconi,
foram considerados portadores desta sindrome pesieam quadros de acidose metabdlica
hiperclorémica conanion gapnormal, hipofosfatemia, raquitismo, aminoacid@riglicosuria
em presenca de séricos de glicose dentro dos dintite normalidade. Também foram
consideradas a elevacdo da fracdo de excrecaostiofce a elevacdo da atividade da
fosfatase alcalina, assim como pH urinario inapagf@mente elevado ap6és iniciado o

tratamento com alcalis [1, 9, 10].

Outros exames complementares também foram reatizzata avaliacao e diagnostico
da doenca de base subjacente a ATR: ultra-sonagtasi rins e vias urinarias para pesquisa e
acompanhamento de nefrocalcinose; radiografias lsgnge punho e 0ssos longos para
pesquisa e acompanhamento de raquitismo; examende fle olho com lampada de fenda;
screeningmetabdlico em sangue e urina; dosagem de lactatoémia para triagem de erro
inato de metabolismo; as dosagens de cistina éuiratitaria e de oxalato urinario, além de
avaliagdo de mutacbes genéticas, foram realizalagasos especificos, de acordo com

critérios clinicos para sua indicacao.

A partir da classificagdo nos subtipos de ATR, forselecionados para o presente

estudo aqueles que preenchiam os critérios paiagadstico de ATR1.
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4.2.4 Avaliagao clinica

Todas as criancas e adolescentes selecionados patado realizaram exame clinico
completo, com énfase na avaliacdo de déficit decorento e desenvolvimento, sendo
determinada idade ao diagndstico assim como pestatra neste momento e nas consultas
subsequentes. As consultas tiveram periodicidatie @a 6 meses, podendo este periodo
variar de acordo com as necessidades individuaisudie paciente. Os dados antropomeétricos
foram verificados pela equipe de enfermagem do &tdrio de Nefrologia Pediatrica
através do estadidmetro para afericdo da altura leathngas calibradas, para o peso. Estes
dados foram colocados nos graficos ou curvas d=epis de peso e estatura propostos pelo
Ministério da Saude. Foram considerados como pamtadie déficit grave de crescimento, 0s
pacientes que apresentaram percentil da curvaigaede/menor que 3 e déficit moderado
para percentis entre 3 e 10. Valores acima do p&lrd® e inferiores ao percentil 90 foram
considerados normais.

A analise dos percentis estatura/idade foi utiizpdra avaliacéo final de retomada da
curva de crescimento ap0s o tratamento, assim eoreavaliacdo dos percentis peso/idade.
Foi utilizado o escore z para avaliar e classif@adéficits pondero-estaturais ao diagndstico
e no ultimo controle dentro do periodo do estudo.

Também foram pesquisados outros sinais e sintoroaso cvdmitos, anorexia,
constipacao, fraqueza muscular, polidria, polidipgpisédios de desidratacdo e febre de

origem indeterminada.

4.2.5 Avaliacao laboratorial e exames complemengare

Os exames laboratoriais foram solicitados de acoao o protocolo de seguimento
da referida unidade (ao diagndéstico, trimestralmerds primeiros anos de seguimento e a
cada seis meses a seqguir), respeitando-se tambeecessidades clinicas individuais. Dentre
0S exames mais importantes ressaltam-se: gasomet@sa, uréia, creatinina e acido Urico
séricos, sodio, potassio, cloreto, calcio, fostatmagnésio séricos, fosfatase alcalina, urina
rotina com pH de urina recém emitida e dosagemleteoktos (sddio, potassio, cloreto,

calcio, fosfato e magnésio urinarios) e creatirena urina de 24h. Todas as determinacfes
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laboratoriais foram realizadas por metodologia eocional, no setor de bioquimica do
laboratério central do HC-UFMG. A partir dessesutados, foram calculadosatearance
de creatinina, as fracbes de excrecao dos elespbtintervalo anibnicafion gap sérico e
urinario.

Outros exames complementares também foram reatizzata seguimento bem como
para diagnéstico de possivel doenca de base sniBageATR1. Dentro dessa categoria
incluiram-se como ultra-sonografia dos rins e vi@sarias para pesquisa e acompanhamento
de nefrocalcinose e nefrolitiase realizada a caat@o2; radiografias simples de punho e ossos
longos para pesquisa e acompanhamento de raquitiskaome de fundo de olho com
lampada de fendacreeningmetabdlico em sangue e urina; dosagem de lactatdeia para
triagem de erro inato de metabolismo; as dosagensstina intraleucocitaria e de oxalato
urinario, além de avaliacdo de mutacfes genéticasforam realizadas em casos especificos,

de acordo com critérios clinicos para sua indicacao

4.2.6 Evolucao e tratamento

A evolucdo clinica e laboratorial dos pacientes dealiada, sobretudo a partir da
andlise dos dados obtidos ao diagnostico e no alléiomtrole incluido no periodo de estudo.
O tratamento realizado, incluindo as formulas delesuentacdo de eletrdlitos com a
quantidade de cada componente expressa em relacies® do paciente, também foi
avaliado ao diagnéstico e no ultimo controle assimo a resposta terapéutica a cada medida
de suplementagcdo de acordo com critérios cliniceterfada do crescimento, melhora da

sintomatologia) e laboratoriais (melhora dos distigs metabdlicos).

Para o tratamento da ATR distal foi utilizado pomio pré-estabelecido que consistiu
na administracdo de doses adequadas de alcalisa($obma de bicarbonato ou citrato),
suplementacao de eletrdlitos e controle da hipeiloé. A quantidade de base necessaria por
dia variou de 5 a 8 mEg/kg/dia nos pacientes naaisns e de 2 a 4 mEg/kg/dia em criancas
maiores e adolescentes. O citrato de potassio tanfiieutilizado em doses iniciais de 2 a 4
mEq/Kg/dia. Procurou-se manter o pH urinario eBtiee 7,5 para evitar a precipitacdo do
calcio excretado em excesso. A monitoracdo docaalgnario, através da determinacéo da

concentracdo de calcio na urina de 24 horas e/oeldgdo célcio/creatinina em amostra de
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urina foi também utilizada para a avaliacdo doatregnto [11, 12]. Hidroclorotiazida (1 a
2mg/kg/dia) foi iniciada nos casos onde a hipenmgak (>4mg/kg/dia) persistia apesar do
adequado controle do distarbio acido-basico [12§lo&e de alcalis foi considerada adequada
quando corrigiu a maioria das anormalidades uasainclusive a hipercalciuria. Tanto para
escolha da medicacédo quanto para o ajuste das fitedegado em consideragdo a resposta
terapéutica e a monitoracéo individual de cadaepéei

4.2.7 Anélise estatistica

Para a realizacdo da analise estatistica utilizazeggrogramas SPSS versao 15.0 e
Epi-Info versdo 6.0. Os resultados foram apresestamo mediana ou média e desvio
padrdo (DP) para as variaveis continuas ou porgensapara as variaveis categoricas. Cada
parametro foi avaliado quanto a normalidade deriblistdo pelo teste de Kolmogornov—

Smirnov.

Foram utilizadas técnicas de analise descritivgpboeatoria dos dados com tabelas de
freqUéncias e medidas de estatistica descritivde€des do qui-quadrado e t exato de Fisher
foram usados para verificar a existéncia ou naasdeciacao entre as variaveis categoricas ao
diagnéstico e ao fim do periodo do estudo. O tepareado foi utilizado para analisar uma
possivel alteracdo da distribuicdo normal das veisacontinuas ao diagnostico e a ultima
consulta do periodo em estudo. Odds ratio (OR}exvialo de confianca de 95% (IC 95%)
foram utilizados para a comparacdo entre os grumsisco. O nivel de significancia

utilizado em todos os testes foi de 5840,05).

O método de regresséo logistica foi utilizado pawadelar a relacdo entre uma
variavel resposta binaria ou dependente (apenasvdtores possiveis; ganho ou nao de pelo
menos 1 DP no escore Z de peso (WAZ) e de est@tihkd) no ultimo controle dentro do
periodo do estudo ) e uma ou mais variaveis explasmou independentes. O delta HAZ e o
delta WAZ foram calculados com base na seguintadta:

HAZ ou WAZ (final) - HAZ ou WAZ (ao diagnostico)

Inicialmente, foi realizada a regressao logistidmptes para cada variavel

independente. A seguir, foram selecionadas asvesi@ue apresentaram um valor de p no
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teste de hipétese menor que 0,25. A partir desteanto, foi utilizada a técnica deepwise

backwardpara a selecdo das variaveis significativas. @anadelo final, apenas aguelas com

nivel de significancia de 0,05 permaneceram. Ceteshdo paramétrico de Mann-Whitney

foi utilizado para comparacéao das medianas do #&tae do delta WAZ.

b)

)
¢)
h)

)

K)

As variaveis testadas como fatores preditivos iaddpntes estao listadas a seguir:

Sexo: feminino, masculino;

Idade ao diagnostico: idade 1 (variavel continuagade em meses; idade 2 (variavel
categorica de acordo com a mediana das idades sasnemenor ou igual a 15 meses
ou maior que 15 meses; idade 3 (variavel categdecacordo com o terceiro quartil das
idades em meses) - menor ou igual a 42 meses @i quae 42 meses;

Peso ao diagnostico e a ultima consulta do pedodsstudo: em quilogramas (kg);
Estatura ao diagnostico e a ultima consulta dimgerdo estudo: em centimetros (cm);
Percentis de peso e estatura ao diagndstico araldbnsulta do periodo estudado: B <
ep>3;

Escores z do peso e estatura ao diagnoésticotera @wonsulta do periodo estudado;
Etiologia: primaria, secundaria (qual doenca deetsaibjacente) ou forma transitoria,
Sinais e sintomas (ao diagnoéstico e ao ultimorottdo periodo estudado): divididos
inicialmente em presentes e ausentes. Quando pEssdoram listados os sinais e
sintomas relacionados a apresentacéo clinica;

Exames laboratoriais (ao diagndstico e ao ultimotrote do periodo estudado):
gasometria venosa, uréia e creatinina séricosps@oiassio, cloreto, célcio, fosfato e
magnésio séricos, urina rotina com pH de urina me@&mitida, eletrdlitos (sodio,
potassio, cloreto, célcio, fosfato e magnésio uidsd e creatinina em urina de 24h;
Parametros de funcdo glomerular e tubular (ao dstggro e ao ultimo controle do
periodo estudado): foram calculadosl@arancede creatinina, as fragcdes de excrecao dos
eletrdlitos, o intervalo aniénicaiion gap sérico e urinario;

US dos rins e vias urinarias para avaliar a presdegefrocalcinose (ao diagnostico e ao
altimo controle do periodo estudado);

RX de punho e ossos longos para avaliar a prasdngaquitismo (ao diagndéstico e ao

altimo controle do periodo estudado);

m) Tratamento (ao diagnostico e ao ultimo controlgedodo estudado): élcalis e formulas

de suplementacao de eletrélitos expressos em oetagfeso do paciente;
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n) Tempo de seguimento clinico: em anos (variaveltiooa) e em faixas (variavel

categorica) - menos de cinco anos ou mais de @nos, inclusive.
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CLINICAL COURSE OF 33 CHILDREN WITH DISTAL RENAL TU BULAR
ACIDOSIS
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Eduardo Araujo Oliveira, Ana Cristina Simodes e &ilv
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ABSTRACT

Distal renal tubular acidosis (RTA) refers to aenegjeneous group of diseases that
result from distal tubular dysfunction and can leadgrowth retardation, nephrocalcinosis,
bone disease and, rarely, chronic kidney diseddas study aimed to describe the clinical
course of distal RTA series and to analyze songabevth by identifying possibly predictive
factors of growth improvement. Patients were fobolup from 1984 to 2008 according to
our standard protocol. Paired t test was useddoparison between pre and post-treatment
results. A logistic regression model was appliedlemntify variables that were independently
associated with the gain of at least one standaxgation (SD) in Z-score for height and
weight. A total of 33 distal RTA patients (15 ng)levere analyzed. Primary disease was the
commonest form (60.6%). Based on weight/age andrsfage curves, 58.3% of the patients
completely recovered growth after treatment. Bioadie levels at admission were an
independent predictor of stature gain at last @sd the male sex negatively affected the final
weight gain. Metabolic acidosis, electrolyte dibfances, hypercalciuria and
nephrocalcinosis also improved during follow-up @®%). Our data showed the great impact

of treatment on metabolic control and further iatkkd predictive factors of growth catch-up.

Key words: renal acidification, growth failure, nephrocalcsi metabolic acidosis
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5.1 Introduction

Renal tubular acidosis (RTA), the main cause ofulaib dysfunction in pediatric
practice, represents a clinical syndrome in whitthee an inherited (primary) or acquired
(secondary) defect in tubular transport mechanisaus lead to failure to maintain the
metabolic homeostasis [1-4]. RTA can be basicalyddd into four categories: distal (type
1), proximal (type 2) with or without Fanconi’s sinome, combined distal and proximal

defects (type 3), and hyperkalemic (type 4).

In the past decade, remarkable progress has beda maour understanding of the
molecular pathogenesis of hereditary tubulopatltded the physiology of renal tubular
transport processes [4-8]. Distal RTA is the comesbilype of primary RTA in childhood [1-
3], which is characterized by impaired urinary #wdtion leading to hyperchloremic
acidosis with inappropriately alkaline urine [1,. 9]Affected children might course with
nephrocalcinosis, nephrolitiasis, failure to thrigeowth retardation, bone disease and, more
rarely, chronic renal disease [9, 10]. If detectzdlly in life, therapeutic correction of the
acidosis by continuous alkali administration mayduoce growth catch-up, arrest of

nephrocalcinosis and preservation of renal fundijn

There have been a number of studies of distal RIFA, [6, 7, 9-14] but few of them
evaluated the outcome of treatment [9-14]. In toldli as expected the majority of the series
comprised a few number of pediatric patients [10-Mbreover, none of these studies have
systematically investigated baseline features @s®uc with growth parameters after
treatment. In this regard, the aim of this retexsjye cohort study was to describe the
clinical course of 33 pediatric patients with disRTA followed by 1984 to 2008 and to
analyze the somatic growth of the patients in otdadentify possibly predictive factors of

growth improvement.
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5.2 Patients and Methods

In this retrospective cohort study, data from 38gmas with distal RTA consecutively
admitted to our Pediatric Nephrology Unit from 19842008 were analyzed. Data were
compiled from November 1984 to September 2008.

5.2.1 Inclusion criteria

Patients witha confirmed diagnosis of distal RTA based on chhiand laboratorial
findings were included in our analysid4-3, 15-17]. These findings consisted at ledst o
history of polyuria or polydipsia and/or failure tlorive accompanied by normal anion gap,
hyperchloremic metabolic acidosis with abnormalighhurine pH (>5.5 in the presence of

blood pH<7.30) and normal or near normal glomerfilaation rate [1-3].

5.2.2 Exclusion criteria

Patients whose follow up were not enough to contimen diagnosis of distal RTA and
those whose medical records had insufficient dataahalysis were automatically excluded

from the study.

5.2.3 Study protocol

Medical records of 33 patients diagnosed with Hi®&A were reviewed from a
database of all patients with RTA admitted to owmitWluring study period. All distal RTA
patients followed a systematic protocol, includibipod gas analysis and concomitant spot
urine pH to confirm the acidification defect, com@ metabolic evaluation (serum and 24-
hour urine electrolytes and nitrogen waste levelgasarements), images (renal
ultrasonography, X-rays) and specific exams to ndefsecondary cases of distal RTA

(screening inborn metabolic diseases, autoimmuamakological and endocrine disorders).
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The visits were scheduled periodically at intenaflsbout two to six months, depending on
the clinical and metabolic condition of each pdtieA complete examination was performed
on each occasion including clinical and laboratemaluation. The data analyzed were

obtained at diagnosis and at the time of the ls#t v

The following variables were studied: gender, age&liagnosis, clinical presentation
(polyuria, polydipsia, failure to thrive, metabohcidosis, nephrocalcinosis and signs rickets
were evaluated as present or absent), etiologyisthldRTA, follow-up duration, height,
weight, laboratorial data (blood gas analysis aedire levels of creatinine, urea, uric acid
and electrolytes, urinary pH and 24-hour urine damdor electrolytes and creatinine
measurements). Anthropometric data were collerteall visits. Weight was measured to
the nearest 100 g using a baby scale for infardsaapeam scale for older children. Length
was checked using a measuring board of standargndies children younger than two years
and height was measured using a wall-mounted doal¢hose aged two years or older.
Glomerular filtration rate was estimated by the @&tz formula [16]. Bone X-ray and
ultrasound scan evaluated the presence of ricketsnaphrocalcinosis, respectively. Rickets
was defined radiologically as widened and irregudaiphyseal-metaphyseal junctions or
evidence of bone softening in the long bones amthmoealcinosis as diffuse calcification of
the renal pyramids [18]. Image studies were p&ally repeated to pursue the evolution of
these complications in all positive cases.

Treatment was based on standard guidelines, whieherglly included alkali
replacement therapy, electrolyte supplementati@hcamtrol of hypercalciuria. Patients were
treated with sodium-potassium citrate or bicarben&asically, the amount of base given
daily per kg of body weight to young infants wa$o58 mmol/kg per day (bicarbonate or
citrate), 3 to 4 mmol/kg per day and 1 to 2 mmolfey day, to children and adolescents,
respectively. Potassium citrate alone could alsodsz in a mean amount of 4 mmol/kg per
day [2, 3, 14]. Supplements of potassium were gigenording to blood biochemistry
findings. Patients with persistent hypercalciurd (ng/kg/day) despite correction of acidosis
were started on hydrochlorthiazide (1 to 2 mg/kg)d®ledication was chosen and doses was
adjusted individually to achieve plasma bicarbonatehe range of 20-24 mEqg/L and to

successfully revert most of the urinary abnornmesditincluding hypercalciuria.
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5.2.4 Statistical analysis

Data were analyzed with SPSS (release 15, SPSSGhaago, lllinois) and were
presented as mean and standard deviation (SD)oftincious variables and as proportions
for categorical variables. Growth parameters wexpressed as Z-score. Weight-for-age
(WAZ) and height-for-age (HAZ) Z-scores were used dssess weight and stature,
respectively. These parameters were calculateld thvé public domain software EPI-INFO
(version 6.0). The normality of the distributiorasvevaluated by the Kolmogornov—Smirnov
test for each parameter. The delta HAZ or delta W&s calculated by the following
equation: HAZ or WAZ at last visit — HAZ or WAZ dtaseline. The Mann-Whitney or
Kruskal-Wallis nonparametric test was used to campaedians of delta HAZ or delta WAZ.
Paired t-test was used to analyze possible chamgesormally distributed continuous
variables from entry to follow-up.

To further analyze the association between baséic®rs and growth improvement,
the response variable was set as an increaseledsitone SD in WAZ or HAZ at last visit.
The following variables were assessed as indepéngeedictors: gender; etiology
(primary/secondary and transitory disease); nephcowsis (present/absent); and
bicarbonate levels (continuous variable). Age atgdosis was assesses as a continuous
variable and also as a categorical variable usia dut-off points € 15 months and > 15
months, based on the median valk&2 months and > 42 months, based on the thirditgiar
value). The analysis was conducted in two stepsthé first step, univariate analysis was
performed by the chi-square test with Yates coimador comparison of proportions between
growth parameters and clinical features and MannitM# U-test to compare growth
parameters with continuous variables at admissidhen, a logistic regression model was
applied to identify variables that were indepenbjeassociated with the gain of at least one
standard deviation (SD) in HAZ and WAZ. Only thos®iables that were found to present
different proportions in univariate analysis (p<®).2vere included in the regression model.
Next, using a backward elimination strategy, theseiables that retained a significant

independent association (p<0.05) were includederfinal models.
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5.2.5 Ethical aspects

The Ethics Committee of the Federal University ah&% Gerais approved the study.

Informed consent was obtained from all includedetts and their parents.

5.3 Results

5.3.1 Clinical and laboratorial characteristics dtaseline

a) Clinical characteristics We analyzed data from 33 patients classified asldi&TA

among 48 patients with RTA (68.8%). The clinicharacteristics at baseline were displayed
in Table 5.1. These 33 patients comprised 15 mates 18 females with mean age at
diagnosis of 2.67+£3.1 years (one month to 10 yeaPsjmary disease was the commonest
form of distal RTA (n=20, 60.6%) and in three patgeit was associated to deaf. The
transitory form of distal RTA was detected in satipnts (18.2%) and distal RTA due to an
underlying disease corresponded to seven pati2ht2%). The etiologies of secondary distal
RTA were uropathies (n=3, 9.1%), primary hyperoxaltype 2 (n=2, 6%) and autoimmune
diseases (n=2, 6%). The main related symptoms greneth retardation (63.6%), polyuria
(24.2%) and polydipsia (24.2%). The physical exaon revealed growth impairment in 24
patients (72.7%), since all of them presented weigider & percentile and 79.2%lso
exhibited height under this score. Females preddateer baseline values of WAZ (p=0.025)
and HAZ (p=0.016) than males. The image evalualmwed nephrocalcinosis in 13 patients
(39.4%) and rickets in 11 (33.3%).



TABLE 5.1 - Clinical characteristics of distal RTA patients at baseline.

Features Female Male Total
18 15 33
Age (yearg* 2.95 (3.3) 2.33(2.8) 2.67 (3.1)
Etiology (n)
Primary 13 7 20
Secondary
Transitory 3 3 6
Family history )
Present 9 3 12
Absent 9 12 21
Presentationn)
Growth retardation 12 9 21
Polyuria / Polydipsy 5 3 8
Acidosis 3 2 5
Nephrolitiasis 2 0 2
Persisting fever 2 0 2
Hematuria 2 0 2
Recurrent infections 0 1 1
Dehydration 0 1 1
Image evaluation findings)
Nephrocalcinosis 13
Rickets 9 2 11
Follow-up durationyearg* 12.4 (6.7) 8.9 (4.8) 10.8 (6.1)

(*) Data are given as mean, with the standard deeragiven in parenthesis

72
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b) Laboratorial characteristics- Main laboratorial findings at diagnosis included

metabolic acidosis with low bicarbonate levels 814.3.9 mmol/L) and high urinary pH
(7.20 £ 0.83) in all patients, hypopotassemia (< 3.5 mh)olin eight (24.2%),
hypophosphatemia (< 3 mg/dL) in seven (21.2%) aypmktcalciuria (>4 mg/kg/day) in 17
(51.5%). Estimated glomerular filtration rate (1®2.49.9) were within the normal limits in
all patients. Females presented lower initial loaate (p=0.001), base excess (p=0.005),
serum calcium (p=0.016) and potassium levels (@9).@han males. No more differences

were detected in the comparison between genders.

5.3.2 Clinical and laboratorial characteristics dast visit

a) Clinical findings- The mean duration of follow-up was 10.8 years (.26 years).

Twenty-eight patients (84.8%) were followed for mdhan five years. Only one patient
abandoned the treatment after 14 years of follow-8pme symptoms at presentation such as
dehydration, persistent fever and recurrent inbectiwere not reported at last visit. Polyuria
and polydipsia improved in six patients but remdinechanged in two. Among 13 patients
with nephrocalcinosis at baseline, eight of theeadly improved, in one the alteration was no
more detected and it remained stable in four. Nufrhem worsened the nephrocalcinosis.
Among 11 patients with rickets at diagnosis, sid tzeir X-rays completely normalized and,
in five, the improvement was evident. Only twoigats developed chronic kidney disease
due to the progression of their underlying disgasenplex uropathies in both cases). These
two cases did not exhibit hypercalciuria or nephfcaosis.

The treatment consisted of sodium bicarbonate allorie8 children, potassium citrate
and sodium bicarbonate in five patients, sodiunaggitim citrate plus sodium bicarbonate in
four and potassium citrate alone in six. Hidrocbtiazide was associated in nine patients
who had hypercalciuria and also nephrocalcinosifie mean effective dose of sodium
bicarbonate was 2.2 1.2 mmol/kg per day. During follow-up, bicarbomdteatment was
withdrawn only in the patients with transitory foroh distal RTA; all others still required a
mean dose of 0.8 0.6 mmol/kg/day at last visit. Among the patienith hypercalciuria,
only three remained with urinary calcium excretatnhigh levels (>4 mg/kg/day) and still

continued on hidrochrolothiazide treatment.
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b) Laboratorial findings- Metabolic acidosis and electrolyte disturbanaiss improved
in all patients (Table 5.2). Serum bicarbonatenged from 14.8 £ 3.9 mmol/L to 24.3 £ 3.4

mmol/L after treatment (p<0.01, Figure 5.1) butréheras no significant difference between
sexes (p=0.50). Hypophosphatemia was initially okesk in 21.2%, but completely
normalized after replacement treatment in all pésgie Hypercalciuria completely resolved in
14 among 17 cases (82.4%), clearly improved in(6rf#%) and remained unchanged in two
(11.8%) patients. As shown in Figure 5.2, a sigaift reduction in 24-hour urinary calcium
excretion was also observed (4.9 + 2.9 mg/kg/dadatission vs. 2.7 = 1.8 mg/kg/day at last
visit, p<0.01).

TABLE 5.2 - Comparison between laboratorial findings at baeadind at last visit in distal RTA patients.

At baseline At last visit
Female Male Total Female Male P
Total
value
Bicarbonate 12.8 17.0 14.7 23.9 24.7 24.3 0.0001
(mmol/L) (3.6) (2.9) (3.9) (2.9) (3.9) (3.4)
Serum pH 7.29 7.33 7.31 7.35 7.34 7.34 0.047
(0.07) (0.04) (0.06) (0.04) (0.05) (0.04)
Base excess -11.7 -6.7 94 -0.9 -0.7 -0.8 0.0001
(4.8) (3.9) (5.1) (2.9) (3.8) (3.3)
pCQO, 22.0 25.3 23.5 25.7 38.5 315 0.072
(11.2) (11.2) (11.2) (24.2) (17.2) (22.0)
Sodium 139.5 139.6 139.6 139.1 138.8 139.0 0.191
(mmol/L) (4.1) (4.3) 4.1) (2.9) (2.7) 4.1)
Potassium 3.6 4.4 4.0 3.7 4.1 4.0 0.614

(mmol/L) (1.0) 0.5)  (0.9) (05) (05  (0.9)
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Chloride 109.7 105.3 107.7 102.7 103.9 103.2  0.002
(mmol/L) (7.5) (5.3) (6.9) (4.9) (4.6) 4.7)
Calcium 8.2 9.2 8.6 9.1 9.5 9.3 0.120
(mg/dL) (3.0) (2.6) (2.8) (2.3) (0.5) 2.7)
Phosphate 3.9 4.7 4.2 3.8 4.1 3.9 0.272
(mg/dL) (2.1) (1.2) (1.8) (1.6) (1.4) (1.5)
Magnesium 0.9 1.6 1.2 15 1.7 1.6 0.053
(mg/dL) (1.1) (0.8) (2.0) (0.8) (0.5) (0.7)
Creatinine 0.5 0.6 0.5 0.9 0.8 0.8 0.047
(mg/dL) (0.3) (0.4) (0.3) (1.2) (0.5) (0.9)
Urea 23.7 29.6 26.4 25.9 30.5 27.9 0.610
(mg/dL) (16.7) (16.6) (16.8) (22.3) (23.1) (22.4)
Urinary pH 7.3 7.0 7.2 7.3 7.0 7.2 0.874

(1.0)  (1.0) (0.8)  (0.9) (0.8) (0.8)

Glomerular 103.2 1012 1023 1149  117.4 1160 0.206
Filtration rate *  (52.7)  (48.1) (49.9) (33.6) (46.1) (39.1)

(mL/min)

24-hour urinary 5.6 4.0 4.9 2.5 3.0 2.7 0.0001
calcium (3.2) (2.1) (2.9) (1.7) (2.0) (1.8)
(mg/kg/day)

Data are given as mean, with the standard deviagoen in parenthesis. (*) Glomerular filtration tea was

estimated by Schwartz formula.
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30

Serum bicarbonate (mmol/L)

At last visit

FIGURE 5.1 - Comparison between bicarbonate levels at baselimka last visit in distal RTA patients. * p <
0.05 (paired Student T test)

24-h urinary calcium (mg/ kg per day)

At baseline At last visit

FIGURE 5.2 - Comparison between 24-hour urinary calcium excretimg/Kg/day) at baseline and at last visit
in distal RTA patients. * p < 0.05 (paired Stud@rtest)

5.3.3 Growth parameters analysis

The difference between WAZ and HAZ at last visitldhe same parameters at baseline
revealed a significant improvement of somatic glowirhe mean WAZ was -2.39 (range -
5.14 to -0.13, SD 1.34) at baseline and reach&8 {tange -3.67 to 1.58, SD 1.27) at the end
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of follow-up period (p<0.01, Figure 3A). The sawmecurred for stature whose mean HAZ
was -2.47 (range -5.87 to 1.53, SD 1.75) at baselmd achieved -1.57 (range -6.32 to 1.04,
SD 1.87) at last visit (p<0.01, Figure 3B). Basadwveight/age and stature/age curves, 58.3%
of distal RTA patients completely recovered grovehd 37.5% clearly improved after

treatment but still presented short stature.

A 4_ B 4-
3 2- —_ 2-
N
<
g £
o 0 m— o 0
5 3]
3 !_ 9
N %* N
2= % -2
4 . . -4
At baseline At last visit At baseline At last visit

FIGURE 5.3 — Growth parameters of distal RTA patients at bagelind at last visit. Panel A — Comparison
between weight-for-age Z (WAZ) score at last @sd at baseline. Panel B - Comparison betweenhtday-

age Z (HAZ) score at last visit and at baselinp<0.05 (paired Student T test)

In univariate analysis, only bicarbonate levels atmission were significantly
associated to HAZ gain. According to our criteggnder (p=0.059) and nephrocalcinosis
(p=0.197) were also included in the regression rhofiter adjustment, only bicarbonate
level at admission was an independent predictétAf improvement (OR=1.3, Cl 95% 1.1-
1.6, p<0.01). The final model showed that eachc¢tdn of 1 mmol/L on bicarbonate levels
at admission corresponds to a decrease of apprtedntl.2% on the HAZ gain. For WAZ
gain, the univariate analysis showed that gende®.(J91) and bicarbonate levels (p=0.043)
were significantly associated to WAZ gain. Among ftbther variables, etiology (p=0.239)
and age 3 (p=0.234) were included in the regressiodel. After adjustment, only the male
gender was negatively associated with WAZ gairhm final model (OR=13.7, CI95% 2.5-
74.3, p<0.002).
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5.4 Discussion

In this retrospective cohort study we report theichl outcome of a group of pediatric
patients with distal RTA with a prolonged mediafida-up of about 10.8 years at a tertiary
centre. The main finding regarding our cohort igttthe clinical course of distal RTA was
relatively benign and the majority of children peeted clinical and growth improvement
during follow-up.

In our series, primary distal RTA was the commorfesin and the mean age at
diagnosis was 2.67+3.1 years, which can be coresiden early diagnosis as compared with a
mean age at diagnosis of 6 years in the seriestegpby Bajpai et al. [9]. In distal RTA, the
clinical features at presentation usually includewgh impairment, polyuria, hypercalciuria,
nephrocalcinosis, lithiasis and” Kiepletion [1-4, 9, 13]. Accordingly, the mostduent
clinical finding in our series was growth impairmem 24 (72%) patients and hypercalciuria
in 17 (51%) cases at presentation. Rickets wasligidetected in 33.3% of our patients and
nephrocalcinosis in 39.4%. In previous series B, hephrocalcinosis was more frequently
observed (60-78.5%) than in our study. This is pbdp due to the fact that our patients had
an earlier diagnosis. In addition, hypercalciuriaswvell controlled in our patients and none
developed chronic renal failure due to the progoes®f calcium deposition on kidney
parenchyma.

At diagnosis, physical examination revealed weightler & percentile in 72.7%
patients and 79.2% of theatso exhibited height under this score. After tmeait, completely
growth catch up occurred in 58.3% of distal RTAigras and 37.5% partially recovered
weight and height. Bajpai et al. [9] and Nash et[&2] also found growth impairment at
diagnosis and in the former with adequate resptmtreatment. The evolution of our patients
supports the general idea that if distal RTA isedid early in life, adequate correction of
acidosis by continuous alkali administration magutein a normal growth, arrest or even

prevention of nephrocalcinosis and preservatioreoél function [1-4, 19].

More importantly, our study suggests that someasshould be considered at the first
assessment of distal RTA patients. Bicarbonatddeateadmission seem to be an independent
predictor of height improvement. The regressiomlfimodel showed that each reduction of 1
mmol/L on bicarbonate levels at admission corredpdn a decrease of approximately 31.2%
on height gain. It is known that the alkaline s@ppéntation corrects as much as possible the

biochemical abnormalities of RTA and also improwg®wth in children at all ages.
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Furthermore, the normalization of blood pH has aitpe effect on bone linear growth by
increasing calcium apposition rate and mineralz@dace in distal RTA patients [20]. In our
point of view, the children early detected with Emevels of bicarbonate at admission should
be followed closely and carefully to minimize thigeets of acidosis on the final height. In
this way, bicarbonate levels at admission mighalmearker of a worse prognosis in terms of
height.

To our best knowledge, we did not find previousdsts which had reported gender
differences in clinical and laboratorial data aftdl RTA patients. In our series, male sex has
a negative effect on final WAZ gain (OR=13.7) déspghe fact that, at baseline, females
presented a worse WAZ average and, at last visisignificant correlation of final weight
with gender was observed (p=0.46). Indeed, theivawiate model showed that girls with
distal RTA have greater chance to gain weight thays. On the other hand, although HAZ
gain was also greater in females, no statisticergince was found in the comparison
between genders (p=0.089). These gender differenag®wth catch up allow us to suppose
that female sex is associated with a better pragnios distal RTA patients. One could
speculate that the variable sex was confounded witler covariates. However, the
multivariate model excluded this possibility. Indgtbn, girls exhibited worse metabolic
acidosis than boys at admission with lower levélbicarbonate. A possible explanation for
this intriguing observation could be related to ttmenplexity of tubular disorders genetics
[21-23].

We are aware of the limitations associated withrétespective design and the limited
number of patients of our study. Nevertheless,esaspects may increase the strength of our
findings, such as the long-term follow-up, the iméition of strictly defined inclusion and
exclusion criteria and a well-established protdoothe approach of our distal RTA patients.

In conclusion our series clearly showed that printastal RTA is a chronic disease and
therapy should be maintained throughout life. N#hedess, prognosis is good if diagnosed
early in life and appropriate amounts of alkali glements should be continuously
administered. Our series clearly showed adequegéntient restores growth and prevents the
progression to nephrocalcinosis at all ages. Howéivierapy is delayed to late childhood or
adulthood progression to end-stage renal diseagenotabe avoided. Finally, in our study,
we found bicarbonate levels at diagnosis as a gotative height prognosis marker and girls,

even with lower bicarbonate levels, will have adeprognosis for distal RTA.
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6 COMENTARIOS FINAIS

A grande importancia do estudo da ATR distal enees¢ no impacto causado sobre
o crescimento péndero-estatural das criancas amaset ndo tratadas adequadamente [1].
Outro fator relevante é a dificuldade diagnostioa,do retardar o inicio do tratamento, pode
piorar significativamente o prognostico. Isso éidea existéncia de um extenso numero de
patologias que podem cursar com sinais e sintom@aelhantes ao da ATR distal [2]. De
maneira geral, os pacientes procuram assisténaaaéom queixas inespecificas tais como
hipodesenvolvimento fisico, baixa estatura, pdigpolidipsia e hidrolabilidade. Quadros de
déficit de crescimento séo frequentes, mimetizanmda desnutricdo protéico-calorica, muitas
vezes associados a raquitismo, considerado car¢Bcid]. Dessa forma, estas criangcas séo
encaminhadas para servicos de nutricdo onde anieata instituido raramente surte efeito.
Sao também comuns quadros de desidratacdo assodatiarréia e vomitos, assim como
febre de origem indeterminada, o que proporciotexnacdoes freqlientes e conseqiente piora
da qualidade de vida dos pacientes [5, 6].

Em nosso estudo, a apresentacao clinica mais pregdbi o déficit de crescimento
(72%) seguido por polidria e polidipsia (24,2%)sé&s dados também séo encontrados em
estudos clinicos semelhantes [3, 4, 6-8]. Hipenzaéc foi detectada em 17 casos ao
diagnostico (51%), nefrocalcinose em 13 (39,4%qriitismo em 11 (33,3%). Com relagéo a
etiologia, a ATR distal primaria foi a forma maisntum entre nossos pacientes (60,6%), o
que também ja foi observado em estudos prévidd]9,

No entanto, o presente estudo diferencia-se desiamgs [8-11] por avaliar de forma
sisteméatica os fatores preditores independentegatibho de peso e de estatura em uma
casuistica de ATR distal com tempo de seguiment@do Os resultados deste estudo
mostraram que o nivel inicial do bicarbonato samgmifoi um fator preditivo do ganho de
estatura, ou seja, a cada reducdo de 1mmol/L deectacdes de bicarbonato reduz-se em
31,2% a chance de o paciente recuperar um desgli@d@pam seu escore Z de altura. Outro
achado relevante encontra-se no fato de o sexoulras@xercer efeito negativo sobre o
ganho de peso (OR=13,7). E interessante obseresamgpsar das pacientes do sexo feminino
terem apresentado valores médios inferiores pascore Z peso-idade ao diagnostico, os
meninos tiveram recuperacao inferior do peso. Déssaa, nossos dados sugerem que 0O
sexo feminino esta associado a um melhor progmistitrelacdo ao ganho de peso. Deve-se
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ressaltar ainda que tal achado né&o foi previamesté¢ado na literatura e acreditamos que
possa estar associado a complexidade genéticaludepatias.

ApoOs a instituicdo do tratamento, observamos urgaifgiativa mehora clinica e
laboratorial nos nossos pacientes. Destaca-seb@B80 dos casos de ATR recuperaram
completamente o crescimento tanto em peso quanestatura e 37,5% obtiveram um ganho
signficativo de estatura e peso. Podemos atribsiie sucesso ao diagnéstico precoce,
tratamento adequado e acompanhamento regularresggdessas criangas.

Como limitacdo, ressalta-se o numero reduzido deepies. Fato este inerente a
raridade da doenca estudada. Nosso estudo incBuicri8ncas e adolescentes. Apesar de
numericamente reduzida, pode-se considerar umati@mniEpresentativa se comparada a
outras casuisticas [5, 6, 8-11]. Por outro laddormo periodo de seguimento de nossos
pacientes (média de 10,8 anos) associado a igéiitude um protocolo rigoroso de
acompanhamento fortalece nossos achados.

Em resumo, foi mostrado que a deteccdo precoceatantento adequado e o
acompanhamento regular revestem-se de especialrtamp@, jA que podem modificar
completamente o curso desta doenca, ndo sO emdgekg crescimento, mas também
provavelmente no que se refere ao dano renal, snvitzes irreversivel [9]. E necessario que
novos estudos sejam realizados com o intuito ddiromar ou definir de forma mais
apropriada os fatores prognosticos e preditivosviducédo da ATR distal.

Finalmente, o presente estudo abre perspectivasrpalizacdo de novas pesquisas
tanto em relacdo aos aspectos clinicos quanto atecuhares, contribuindo, desse modo,

para a melhor compreenséo das tubulopatias.
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UF/V\G Universidade Federal de Minas Gerais
Comité de ética em pesquisa da UFMG - COEP

Parecer n° 144/02

Interessadas: Profe. Dra. Ana Cristina Simoes e Silva e
Critiane Jeannefte Crosara Horta
Depto de Pediatria - FM/UFMG

Voto:

O Comité de Etica em Pesquisa da UFMG — COEP aprovou no
dia 04 de setembro de 2002 o projeto de pesquisa intitulado « Estudo
das disfungcées tubulares em criancas e adolescentes
acompanhados pela unidade de nefrologia pediatrica do HC
UFMG » e o Termo de Consentimento Livre e Esclarecido do referido
projeto. O relatoério final ou parcial devera ser encaminhado ao COEP
um ano apos o inicio do projeto.
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Prof. Dr. Dirceu Bartolomeu Greco
Presidente do COEP/UFMG

v predo Balena, 110 1 andar Cep 30.130-100 — Belo Horizonte-MG
[eletone (0313 248-9364 - AN (031) 248 <9380 c-mail - cocp a reitoria wtng. by
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Ficha individual para elaborac&o do banco de dados
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Current Genomics, 2009, 10, 000-000

FINAL | .

Molecular Pathophysiology of Renal Tubular Acidosis

P.C.B. Pereira, D.M. Miranda, E.A. Oliveira® and A.C. Simdes e Silva

Pediatric Nephrology Unit, Department of Pediatrics, School of Medicine — Federal University of Minas Gerais

(UFMG), Belo Horizonte, MG, Brazil

Abstract: Renal tubular acidosis (RTA) is characterized by metabolic acidosis due to renal impaired acid excretion. Hy-
perchloremic acidosis with normal anion gap and normal or minimally affected glomerular filtration rate defines this dis-
order. RTA can also present with hypokalemia, medullary nephrocalcinosis and nephrolitiasis, as well as growth retarda-
tion and rickets in children, or short stature and osteomalacia in adults. In the past decade, remarkable progress has been
made in our understanding of the molecular pathogenesis of RTA and the fundamental molecular physiology of renal tu-
bular transport processes. This review summarizes hereditary diseases caused by mutations in genes encoding transporter
or channel proteins operating along the renal tubule. Review of the molecular basis of hereditary tubulopathies reveals
various loss-of-function or gain-of-function mutations in genes encoding cotransporter, exchanger, or channel proteins,
which are located in the luminal, basolateral, or endosomal membranes of the tubular cell or in paracellular tight junc-
tions. These gene mutations result in a variety of functional defects in transporter/channel proteins, including decreased
activity, impaired gating, defective trafficking, impaired endocytosis and degradation, or defective assembly of channel
subunits. Further molecular studies of inherited tubular transport disorders may shed more light on the molecular patho-
physiology of these diseases and may significantly improve our understanding of the mechanisms underlying renal salt
homeostasis, urinary mineral excretion, and blood pressure regulation in health and disease. The identification of the mo-
lecular defects in inherited tubulopathies may provide a basis for future design of targeted therapeutic interventions and,

possibly, strategies for gene therapy of these complex disorders.

Key Words: Renal tubular acidosis, acid-base homeostasis, molecular physiology, tubular transport, gene mutations.

INTRODUCTION

The term Renal Tubular Acidosis (RTA) defines many
disorders characterized by metabolic acidosis, secondary to
defects in renal tubular reabsorption of bicarbonate (HCOj; )
and/or in urinary excretion of hydrogen (H"), while glomeru-
lar function is little or not affected [1-6]. All forms of RTA
present hyperchloremic metabolic acidosis, with normal an-
ion gap and are chronic diseases with significant impact on
the quality of life of affected patients when left untreated,
possibly leading to growth failure, osteoporosis, rickets,
nephrolithiasis and even renal insufficiency [1-6].

Defects in proximal bicarbonate reclamation or distal
acid secretion give rise to the respective clinical syndromes
of proximal or distal RTA [1-6]. These disorders can be pri-
mary, originating from genetic defects on tubular transport
mechanisms [7], or secondary to systemic diseases and to
adverse drug reactions [8-12]. The familial conditions ex-
hibit distinct inheritance patterns. Distal RTA can be trans-
mitted as either an autosomal dominant or an autosomal re-
cessive trait, whereas isolated proximal RTA usually occurs
as an autosomal recessive disease [6,7,13]. In the past few
years, the molecular genetic strategies of positional cloning
and candidate gene analysis have been combined to identify
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the genes responsible for these inherited conditions [6,13].
This review will summarize the mechanisms of acid-base
regulation by the kidney and the current understanding of the
genetic causes of primary inherited RTA. It will, in addition,
evaluate the ability of known functional and biochemical
properties of these mutant proteins to explain the patho-
physiology of associated renal acidification defects.

BRIEF OVERVIEW OF RENAL ACID-BASE HO-
MEOSTASIS

The kidney plays two major roles in acid-base homeosta-
sis. First, the filtered bicarbonate load (approximately 4000
mmol/day) must be reabsorbed, mainly in the proximal tu-
bule and beyond in the loop of Henle and distal nephron.
This reclamation process in the proximal tubule minimally
requires the following: hydrogen (H") secretion of an equiva-
lent amount via the luminal Na'/H" exchanger (NHE-3) and
the vacuolar H'-ATPase; luminal carbonic anhydrase type
IV (CAIV) and cytosolic carbonic anhydrase type 11 (CAII);
and basolateral bicarbonate exit through the electrogenic
Na'-dependent bicarbonate cotransporter (NBC-1) [2,14-17].
Second, the kidney must regenerate new bicarbonate (ap-
proximately 50 + 100 mmol/ day) in the process of acid-
secretion, mainly in the collecting ducts, to match the
amount of newly produced acid load by systemic metabolism
[18,19]. In addition to sufficient buffer in the lumen, this
process requires activities of several transport proteins of the
acid secreting a-intercalated cells, including the luminal

©2009 Bentham Science Publishers Ltd.
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vacuolar H'-ATPase, CA 1I, and the basolateral chloride-
bicarbonate exchanger, AE1 [18,20,21].

Proximal Tubular Bicarbonate Reabsorption

HCOj is freely filtered at the glomerulus and approxi-
mately 80 to 90% of this is reabsorbed in the proximal tubule
[6]. In the tubular lumen, HCO;™ combines with H' in a reac-
tion catalyzed by CA IV, which is bound to the luminal
membrane of proximal tubular cells [2,14,15]. This reaction
produces carbonic acid, which is promptly converted to CO,
and H,O. The resulting CO, rapidly diffuses into the tubular
cells and is combined with water to produce intracellular H"
and HCOs'. This intracellular reaction is catalyzed by CA II.
HCOs™ is then cotransported with Na™ into blood (with a
probable stoichiometry of 3 HCO; to 1 Na") [6] via the
NBC-1, located on the basolateral cell membrane. The intra-
cellular H' produced by CA II is secreted into the tubular
lumen predominantly via the NHE-3, situated on the luminal
membrane [6,15,22]. This transport process is called facili-
tated diffusion and depends on the sodium concentration
gradient generated by the action of a basolateral membrane
Na'-K'-ATPase. It should be mentioned that there is mini-
mal net acid excretion in the proximal tubule, since most of
the H' secretion is coupled with HCO;" reabsorption [6,13].
The small amount of remaining H" will be buffered by phos-
phate as titratable acid. HCOj;™ reabsorption is influenced by
luminal HCOj;™ concentration and pH, luminal flow rate,
peritubular pCO,, and angiotensin II [2,6,17].

Proximal tubular cells are capable of generating “extra”
bicarbonate through the deamination of glutamine to gluta-
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mate, then forming o-ketoglutarate and eventually glucose.
This metabolic process produces HCO;™ and NH,': the for-
mer reclaimed via the basolateral membrane and the latter
secreted into the tubular lumen. This pathway can be upregu-
lated in states of chronic acidosis [3,6,15].

The main mechanisms of proximal tubular bicarbonate
reabsorption are displayed in Fig. (1).

Distal Tubular Hydrogen Secretion

One of the important roles of the collecting duct segment
of the nephron is acid secretion, combined with reclamation
of the approximately 10% of filtered HCO; that is not reab-
sorbed by more proximal nephron segments [18]. The aver-
age omnivorous human diet in the *"Western' world is rich in
protein, and generates 1+1.5 mmol hydrogen/kg body weight
each day [23]. Urinary acid excretion is therefore essential,
and urine pH can drop as low as 4.5. The o-intercalated cell
is the main responsible for hydrogen secretion into the urine.
In humans at least, hydrogen pumps, called H'-ATPases,
mainly carry out hydrogen secretion [18,19,23]. H'-ATPases
are present at high density on the luminal membrane of o-
intercalated cells [18]. Studies in nonhuman mammals show
that these H'-ATPases are also present within specialized
intracellular tubulovesicles close to the membrane, allowing
additional pumps to be recruited to the membrane quickly in
to response to stimuli, such as systemic acidosis, for example
[23]. These cells secrete H' into the lumen of the distal tu-
bule and collecting duct not only via H+-ATPase but possi-
bly also by an exchanger, H'/K"-ATPase [7,10]. In addition,
the normal function of the luminal H'-ATPase in o-

Proximal Tubular Cell
Lumen Blood
1,0 o, — (O, +H,0
- 3Na*
H 2K«
203 1,CO0,
HCO; + H
ha - H HCO,
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Na*
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Fig. (1). Schematic model of bicarbonate (HCO5") proximal reabsorption. The intracellular carbonic acid (H,COj) dissociates into H" and
HCOj in a reaction catalysed by a cytoplasmic carbonic anhydrase (CAII)_ At the luminal membrane, H' secretion is due to an especific Na"
— H' exchanger (NHE-3), while, at the basolateral membrane, the 1 Na' - 3 HCO;™ cotransporter (NBC-1) is responsible for HCO5™ transport
to the peritubular capilar. The secreted H' reacts with filtered HCOj;  to form luminal H,CO;, which is dissociated into H,O and CO, by the
action of membrane-bound carbonic anhydrase (CAIV). The generated CO, diffuses back into the cell to complete the HCO3™ reabsorption

cycle.
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intercalated cells is coupled, in a poorly understood manner,
to the electroneutral transport of HCO3 back across the baso-
lateral surface into the interstitial fluid, and hence to blood.
The transporter responsible for this activity in renal o-
intercalated cells is the CI/HCO;™ exchanger AE1 [7,20,21].
The AE1 exchanger is homologous with the red cell anion
exchanger known as ‘band 3° (eAE1) [6,24]. After the red
cell, the kidney is the next richest source of this protein
(kAET) [24]. Proton secretion varies with systemic pH and it
is also aldosterone-dependent and voltage-dependent [24].

Once secreted, net urinary elimination of H™ depends on
its buffering and excretion as titratable acid (mainly phos-
phate - HPO42’ +H & H,PO,"), and excretion as NH,* [24].
Notably, the production of NH;  from glutamine by the
proximal tubule, and its subsequent excretion in the urine,
also generates ‘new’ bicarbonate, which is added to plasma
[24]. Availability of phosphate as a buffer depends on its
filtration, whereas NH;~ depends on normal function of the
proximal tubule, as well as a complex process of secretion,
reabsorption, and secretion again along the nephron [24].
The final secretory step for NH,  excretion is ‘diffusion
trapping’ in the collecting duct. Anything that interferes with
H' secretion in the collecting duct will reduce diffusion trap-
ping and cause a decrease in excretion of both H" and NH,"
[6,24]. As previously mentioned, chronic metabolic acidosis
stimulates renal NH," synthesis and excretion [3,6,15].

Fig. (2) shows renal acidification process in o-intercalated
cells of the distal nephron.
CLASSIFICATION AND CLINICAL FEATURES OF
RENAL TUBULAR ACIDOSIS

Clinically, RTA is characterized by a normal anion gap,
hyperchloremic metabolic acidosis, and associated failure to
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thrive secondary to growth failure as well as anorexia [13].
Polyuria and constipation can also be seen, although neither
may be apparent in the neonatal period [13]. Hyperchloremic
metabolic acidosis in pediatric practice is most often associ-
ated with diarrheal disease. Both diarrhea and RTA result in
hypokalemia. For this reason, in a young infant with diarrhea
and underlying RTA, the true diagnosis may be obscured.
Thus, inordinately slow resolution of hyperchloremic meta-
bolic acidosis following diarrheal disease should suggest the
possibility of an underlying primary RTA [13].

Beyond the difficulties inherent in delineating RTA,
RTA can be subcategorized into different disorders with dis-
tinctly diverse prognoses [13]. The diagnostic cataloguing of
RTA is based on the underlying pathophysiology. The cur-
rent model of how the nephron reabsorbs HCO;™ and secretes
H' has led to a clinical and functional classification of
proximal (tubule) versus distal (tubule and collecting duct)
forms of RTA [24]. Thus, the main types of RTA are proxi-
mal (or type 2) RTA and distal (or type 1) RTA. Type 3
RTA is a mixed type RTA that exhibits both impaired
proximal HCO;™ reabsorption and impaired distal acidifica-
tion, and more disturbingly osteopetrosis, cerebral calcifica-
tion and mental retardation [4]. Hyperkalemic (or type 4)
RTA is a heterogeneous group of disorders that is character-
ized by low urine NH,', which is probably caused by the
hyperkalemia or by aldosterone deficiency or defective sig-
naling [4].

In distal RTA, distal nephron net acid secretion is im-
paired. This leads to a high urine pH, even in the presence of
systemic acidosis [2,4]. However, there is often no metabolic
acidosis and the blood bicarbonate concentration is normal,
so-called ‘incomplete’ distal RTA, and a defect in renal acid
excretion must be demonstrated by a failure to lower urine
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Fig. (2). Schematic model of the a-intercalated cell and the H' secretion in cortical collecting tubule. The a-intercalated cell is responsible
for H secretion by a vacuolar H'-ATPase (main pump) and also by a H-K'-ATPase. The luminal ammonia (NH;) buffers H' to form
nondiffusible ammonium (NH,") and divalent basic phosphate (HPO,) is converted to the monovalent acid form (H,PO,) in H' presence.
Intracellularly formed HCO; leaves the cell via Cl'- HCO;™ exchange, facilitated by an anion exchanger (AE1). Cytoplasmic carbonic anhy-

drase II (CA II) is necessary to secret H".
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pH below 5.5 following an NH4Cl load or a modified fu-
rosemide test [2,6,24]. Acquired distal RTA is often secon-
dary to autoimmune diseases, such as Sjogren’s syndrome
[6,24]. Inherited distal RTA can be essentially of three types:
autosomal dominant distal RTA (the commonest form) and
autosomal recessive distal RTA with and without sen-
sorineural deafness [24]. In the complete forms of both
dominant and recessive distal RTA bone disease is common
(rickets or osteomalacia), as well as nephrocalcinosis (often)
complicated by renal stone disease. The occurrence of renal
stones is attributed to the combination of hypercalciuria, low
urinary citrate excretion (due to systemic and intracellular
acidosis) and high urine pH, all favouring calcium phosphate
stone formation. Hypokalaemia, another characteristic fea-
ture, is less troublesome than in the acquired autoimmune
form of distal RTA, but it can become symptomatic, espe-
cially if a thiazide diuretic is prescribed to reduce hypercal-
ciuria [24]. In recessive distal RTA, some patients suffer
from sensorineural deafness, which can be late in onset [24].

Conceptually, the proximal tubule is charged with the
task of reclaiming filtered HCO;5;™ (~ 85% of the total) [13].
Failure of this process leads to reduction in systemic base,
resulting in metabolic acidosis — proximal RTA [13]. Proxi-
mal RTA typically manifests as part of a generalized defect
of proximal tubule function, namely the renal Fanconi’s syn-
drome (with glycosuria, low molecular weight proteinuria,
urinary phosphate wasting, hypophosphataemia and hypouri-
caemia) [24]. Isolated proximal RTA occurs rarely and usu-
ally presents as growth retardation in childhood. Like distal
RTA, it can be divided into three types: autosomal recessive
proximal RTA with ocular abnormalities, autosomal reces-
sive proximal RTA with osteopetrosis and cerebral calcifica-
tion, and autosomal dominant proximal RTA [24]. Autoso-
mal recessive proximal RTA with ocular abnormalities is the
commonest form of isolated and inherited proximal RTA,
but even this is rare. Ocular abnormalities include band kera-
topathy, glaucoma and cataracts [24]. Short stature is usual;
dental enamel defects, mental retardation, hypothyroidism,
abnormal pancreatic function and basal ganglia calcification
are also features [24,25]. In inherited CA II deficiency, iso-
lated proximal RTA presents with osteopetrosis (due to im-
paired osteoclast function), cerebral calcification and vari-
able mental retardation [26]. Although this form of inherited
RTA is clinically more proximal in type, it can also present
with a mixed proximal and distal phenotype, which reflects
the presence of CA II in cells all along the renal tubule.

Type 3 RTA can be caused by recessive mutation in the
CA2 gene on chromosome 8922, which encodes CAII [4] or
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could involve direct interaction between CA II and the
NBCI1 [27] or CI'/ HCOj3;™ exchanger, SLC26A46 [4,28].

The causes of type 4 RTA include various types of adre-
nal failure or pseudohypoaldosteronism type 1 (PHA1) due
to defects in the mineralocorticoid receptor or the epithelial
Na' channel, all characterized by salt loss and hypotension
[4]. A similar picture may be seen in obstructive uropathy or
drug induced interstitial nephritis [4]. Furthermore, a number
of drugs may impair signalling in the renin—angiotensin-
aldosterone system and cause hyperkalemia and metabolic
acidosis (e.g. potassium sparing diuretics, trimethoprim, cy-
clo-oxygenase inhibitors, angiotensin converting enzyme
inhibitors) [4]. Lately, much interest has been given to a
group of rare autosomal dominant diseases characterized by
hyperkalaemia and acidosis and age-related hypertension [4].
In spite of hypervolaemia, aldosterone is not low and the
disorders have been collectively termed pseudohypoaldos-
teronism type 2 (PHA2) [4].

INHERITED FORMS OF DISTAL RENAL TUBULAR
ACIDOSIS

Inherited forms of distal RTA have three variants: auto-
somal dominant and autosomal recessive with or without
deafness. Dominant disease typically presents more mildly in
adolescence or adulthood, and recessive variant occurs in
infancy/early childhood, where growth retardation is com-
mon [6]. In Table 1 we can see the chromosome mapping of
distal RTA.

Autosomal Dominant Distal RTA (Distal RTA Type 1a)

Distal RTA occurs with the greatest frequency as an iso-
lated defect, often transmitted as an autosomal dominant trait
[13]. In few reported families, the presence of the disorder in
several generations suggests an autosomal dominant trans-
mission. Although clinical findings are not different from
those observed in autosomal recessive or sporadic cases, in
these patients the disease may be diagnosed later (in adoles-
cence or adulthood) [6] or manifest with milder symptoma-
tology.

Autosomal dominant distal RTA has been found to be
associated in several kindred with mutations in the SLC4A1
gene encoding the CI'/HCO5 exchanger, AE1 [15].

The Electroneutral Anion Exchanger (AE1)

The CI/HCOs™ anion exchanger, AEl, is a glycoprotein
encoded by a gene (SLC4AI) present on chromosome 17
q21-22. SCL4A1 gene is a member of the SLC4 family com-

Table 1. Chromosome Mapping of the Inherited Distal Renal Tubular Acidosis
Inherited Distal RTA Gene Mapping Protein Encoded
Autosomal dominant SLC4A41 Chromosome 17q21-q22 AE 1 exchanger
Auto%omal recessive ATP6VIBI1 Chromosome 2q13 B1-subunit of H'-ATPase
(with deafness)
Autosomal recessive ATP6V0A4 Chromosome 7 q33-q34 a4 isoform subunit of H'-ATPase

(with preserved hearing)
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prising 10 genes of which 8 encode bicarbonate ion trans-
porters [6,24,29]. AE1 is an integral membrane glycoprotein
containing a long cytoplasmic N-terminus (~ 400 amino ac-
ids), 12—13 transmembrane domains (responsible for anion
transport and dimerization), and a short cytoplasmic C-ter-
minus (~ 35 amino acids) [30,31]. It is predominantly ex-
pressed in the erythrocytes (eAE1) and in the kidney (kAEL).

kAE1 is a truncated isoform of eAE1 with lacking of 65
amino acids at the N-terminus owing to the use of differen-
tial transcription and translation start sites [32]. This extra
NH2-terminal sequence confers additional roles for eAEl,
including facilitation of red cell metabolism and mainte-
nance of erythrocyte structural stability via interaction with a
glycolytic enzyme complex and cytoskeletal elements, re-
spectively [6]. KAE1] mediates an electroneutral exchange of
chloride for bicarbonate at the basolateral membrane of acid
secreting o-intercalated cells of the distal nephron and col-
lecting duct [32,33]. This ion exchanger promotes the reab-
sorption of bicarbonate into the blood. Therefore, eAE1 de-
fect results in morphological changes of red blood cells
(RBC) while kAEI abnormality leads to distal RTA [32].

The physiological role of kAE1 in the regulation of distal
nephron acid secretion is well established. In the acidifica-
tion process of the distal nephron, basolateral kAE1 mediates
Na+-independent, electroneutral CI/HCOj;™ exchange, allow-
ing HCO;5™ to exit the a-intercalated cells in concert with
apical H' secretion via the vacuolar H'-ATPase.

AE1 Gene (SLC4A1) Mutations

Because of the expression of AEl in two different cells
(RBC and o-intercalated distal tubular cells) with distinct
functions, AE1 mutations show pleiotrophic effects resulting
in two distinct and seemingly unrelated phenotypes: heredi-
tary spherocytosis (or other forms of erythrocyte abnormali-
ties) and distal RTA [31]. The largest group of mutations in
human AEI is associated with autosomal-dominant red cell
dysmorphologies (hereditary spherocytosis — HS; and South-
east Asian ovalocytosis - SAO), where renal acid-base han-
dling is normal [6]. AE1 mutations also result in distal RTA,
because the defect in AE1 affects anion CI/HCO5™ exchanger
at the basolateral membrane of the a-intercalated cells in the
distal nephron [31].

SAO, a well-known erythrocyte disorder, is caused by a
deletion of 27 bp in codons 400-408 in exon 11 (Ex11D27)
of AEIl leading to a lack of 9 amino acids in the protein,
which is inactive for anion transport.

How can be explained either the absence of red cell ab-
normalities in patients with distal RTA or the rarity of de-
fects in distal urinary acidification in patients with hemato-
logical disorders, when, in both circumstances, mutations in
the same SLC4A1 gene are present? [15]. One exception is
the homozygous AEl mutant V488M (Band 3 Coimbra;
GTG — ATG), which presents with severe anemia and renal
acidification defect [34,35].

The majority of AEl mutations apparently cause only
erythroid abnormalities without renal phenotype. Most cause
autosomal dominant forms of HS and are not encountered in
homozygous form, suggesting embryonic lethality [7].
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Dominant HS-associated AEl mutations are generally
not associated with distal RTA. Conversely, distal RTA-
associated AE] mutations are also not commonly accompa-
nied with HS. Whereas HS missense mutations are distrib-
uted throughout AE1 cytoplasmic and transmembrane do-
mains, distal RTA mutations are restricted to AE1’s trans-
membrane domain. Although, the almost complete segrega-
tion between mutations associated with HS and with distal
RTA is not fully understood [7].

Autosomal dominant distal RTA was first associated with
exon 14 nucleotide substitutions encoding missense muta-
tions in residue 589 (R589), in which the wild-type Arg is
converted to His, Ser, or Cys [30,36]. A single base change
alters the identical AEl residue, R589, in eight of the ten
reported kindred with dominant distal RTA, supporting the
importance of this residue in the normal acidification proc-
ess. R589 lies at the intracellular border of the sixth trans-
membrane domain of the protein, adjacent to K590. These
basic residues are conserved in all the known vertebrate an-
ion exchanger isoforms and are thought to form part of the
site of intracellular anion binding. Arginine at this position is
conserved in all vertebrate AE proteins, indicating its func-
tional importance [37].

Three different mutations at this position (R589C,
R589H, and R589S) were found in autosomal dominant dis-
tal RTA and two de novo R589H mutations have also been
reported [30,32,36]. A high prevalence of AE1 R589 muta-
tions and the presence of at least two de novo mutations at
this position suggest that codon 589 (CGC) is a “mutational
hotspot” of AEl. The mechanism of recurrent mutations
probably involves methylation and deamination altering cy-
tosine (C) to thymine (T) in the CpG dinucleotides [37].

Another missense mutation alters serine to phenylalanine
at position 613 [36] within the adjacent transmembrane loop,
evidencing the importance of this region of the protein. A
further complex mutation results in a C-terminally truncated
AE] protein lacking the last 11 amino acids [29].

AE]I in Autosomal Recessive Distal RTA

Recent gene studies have shown that some of the AEI
mutations are responsible for autosomal recessive distal
RTA in several countries in Southeast Asia; these patients
may be homozygous for the mutation or be compound het-
erozygotes of two different AEl mutations, one of which is
usually the SAO mutation [38,39]. The evaluation of the
AE1 G701D mutation has provided the first explanation for
how any distal RTA-associated AE1 mutation might cause
the disease [40].

Recessive distal RTA appears to result from the absence
or a very marked deficiency of chloride-bicarbonate ex-
change activity in the basolateral membrane of the distal o-
intercalated cell. In the case of the G701D mutation this oc-
curs because the mutant protein is totally dependent on the
presence of glycophorin A (GPA) for its movement to the
cell surface. GPA is a glycosylated protein that is associated
with band 3 and has a single span across the erythrocyte
membrane [38]. Expression in Xemopus oocytes demon-
strated that GPA completely rescues the cell surface move-
ment of the G701D mutant band 3 to normal levels. This
contrasts with normal band 3, which moves to the cell sur-
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face even in the absence of GPA, although GPA further en-
hances this movement. Red blood cells contain GPA but
GPA is absent from the kidney, hence individuals homozy-
gous for the G701D mutation have normal levels of band 3
in their red cells. It is proposed that, in homozygotes, the
mutant G701D protein does not reach the basolateral mem-
brane of the a-intercalated cell, but is turned over within the
cell. In SAO/G701D compound heterozygotes, the SAO pro-
tein is presumed to reach the cell surface, but since it is inac-
tive in anion transport, it acts as if it were a band 3 null allele
[38].

Autosomal Recessive Distal RTA with Deafness (Distal
RTA Type 1b)

Recessive forms of distal RTA are related to mutations in
the proton pump in o-intercalated cells. The gene involved
(ATP6V1BI) is located on chromosome 2ql3, and encodes
the B1-subunit of H-ATPase expressed apically on a-inter-
calated cells and also in the cochlea and endolymphatic sac
[4,23].

In the human cochlea, the H'-ATPase appears to be re-
quired to maintain normal endolymph pH [6] given that the
very high potassium concentration (approximately 150
mmol/l) in this closed compartment is not normally accom-
panied by alkalinity of the endolymph [23]. ATP6VIBI ex-
pression has also been observed in the male genital tract
(with acidification requirement for sperm maturation) [29].

Clinical findings, other than deafness, are identical to
those present in patients with sporadic or autosomal reces-
sive distal RTA and normal hearing. There is great variation
in the presentation of deafness, from birth to late childhood,
it is progressive and does not respond alkali therapy [15].
The defects in Bl cause irreversible hair cell damage in hu-
man cochlea because of ambient electrolyte and pH abnor-
malities [29].

Screening for mutations in this gene revealed fifteen dif-
ferent mutations in kindred. The majority of these mutations
are likely to disrupt the structure, or abrogate the production,
of the normal B1 subunit protein [29].

The Human Vacuolar H'-ATPase

The vacuolar-type proton ATPase (V- or H+-ATPase) is
a multisubunit pump that is essential for normal acidification
of intracellular vesicular structures. In each individual cell,
H'-ATPases may function in a variety of distinct but essen-
tial cellular processes. However, the mechanisms by which
cells regulate the intracellular trafficking, final destination
and activity of these proton pumps are unclear [41].

The H'-ATPases are composed of two structural domains
(membrane-bound V, and cytoplasmic or peripheral V) each
formed of multiple subunits (a—e and A—H, respectively),
which are responsible for ATP hydrolysis and proton trans-
port, respectively [6,23]. The mammalian H-ATPase is pre-
sumed to be similar to that of yeast (in which most of the
structural studies have been performed) [23].

Autosomal Recessive Distal RTA with Preserved Hearing
(Distal RTA Type 1¢)

Individuals without hearing defects carry mutations at
chromossome 7 q33-q34. The defective gene is ATP6V0A4,
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which encodes a kidney-specific a4 isoform subunit of H'-
ATPase. The involvement of the a4 subunit in distal RTA
shows that it must be essential for proper proton pump func-
tion in the kidney [29], but its role is not totally clear.

Site-directed mutagenesis studies of the yeast ‘a’ subunit
ortholog Vphlp (the ‘a’ subunit in proton pumps localized to
the yeast vacuole) have yielded some potential functions
[42]. Some mutations showed that this subunit is important
for the assembly of the proton pump, whereas other muta-
tions had greater effects on ATPase activity and proton
transport. These studies suggest that the ‘a’ subunit is impor-
tant for both assembly and function of the pump. [29,42].

INHERITED FORMS OF PROXIMAL RENAL TUBU-
LAR ACIDOSIS

Proximal RTA is caused by a reduction in bicarbonate
reabsorption at the proximal tubules, resulting in low renal
bicarbonate threshold. The most common proximal RTA in
children is secondary to Fanconi Syndrome [2,43]. Rarely,
RTA might also be consequence of an inherited or sporadic
primary renal disorder.

The acquired proximal RTA follows exposure to drugs or
some toxins and the etiopathogenesis is still unknown [2].
Among drugs that cause Fanconi Syndrome are gentamicin,
cisplatin, ifosfamide, and sodium valproate [6]. In addition,
some hematologic and autoimmune conditions, such as mye-
loma and Sjogren syndrome respectively, might also course
with proximal RTA.

The proximal RTA resulting from Fanconi Syndrome is
frequently part of a systemic syndrome. Among systemic
disorders that result in RTA, the inheritance pattern is usu-
ally autosomal recessive. Some of these disorders are cysti-
nosis, tyrosinaemia, galactosaemia, Fanconi-Bickel syn-
drome and others (Table 2) [44]. These syndromes are a het-
erogeneous group of disorders, which genes are mapped in
many chromosome regions.

The RTA non-related to Fanconi Syndrome is a rare dis-
order and might be sporadic, autosomal dominant or auto-
somal recessive. The autosomal recessive disorder is associ-
ated with ocular abnormalities, frequently coursing with
mental retardation. Other clinical features are short stature,
dental enamel defects, pancreatitis, and basal ganglia calcifi-
cation [45]. Loss-of-function mutations in the gene that codi-
fies the NBC-1, the SLC444 gene, were first identified in
two Japanese subjects with proximal RTA associated with
cataracts, glaucoma and band keratopathy [46]. NBC-1 is
formed by 1,035 amino acids; it contains ten transmembrane
domains and two cytoplasmic termini, and it is present in
kidney, brain, eye, pancreas, heart, prostate, epididymis,
stomach, and intestine. In the kidney, NBC-1 is expressed
mainly at the basolateral membrane of the proximal tubule.
At least two genes encode the NBC proteins. Mutations were
identified in the human NBC-1 gene (SLC444) mapped at
chromosome 4p21 [47,48].

Another interesting candidate gene for proximal RTA is
the TASK gene. TASK2-potassium channel is a member of
the tandem-pore domain potassium channel family and is
located in pancreas, placenta, lung, small intestine, colon and
kidney. TASK2 seems to be important to bicarbonate ab-
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Table2. Chromosome Mapping of the Inherited Fanconi Syndromes
Inherited Fanconi Syndromes Mapping
Autosomal recessive SLC4A44 Chromosome 4q21
Dent’s syndrome CLCNS5 Chromosome Xp11.22
Cystinosis SLC341 Chromosome 2p21
SLC749 Chromosome 19p13.1
Tyrosinaemia type 1 FAH gene Chromosome 15q23-q25
Galactosemia GALT gene Chromosome 9p13
Wilson's disease ATP7B gene Chromosome 13q14.3-q21.1

sorption in renal proximal tubules. Knockout mice for
TASK?2 gene course with metabolic acidosis associated with
low bicarbonate levels [49]. However, no mutation in these
genes was yet identified in individuals with proximal RTA.

Other inherited form of proximal RTA is the one result-
ing from mutations in the gene CA2 that encodes CAII. The
carbonic anhydrases (CA) are member of a family of zinc
metalloenzymes that catalyzes the hydration of CO,. The
human CA2 maps to the chromosome region 8q22. In the
kidney, the majority of CA activity is attributable to CA II,
which is localized in proximal tubular cells and in o-
intercalated cells of the cortical and outer medullary collect-
ing tubules [50]. Due to their localization, this RTA course
with some proximal and distal components. In terms of clini-
cal aspects, this RTA present osteopetrosis, cerebral calcifi-
cation and different levels of mental retardation.

The autosomal dominant proximal RTA was originally
described in a large Costa Rican family [51,52], consisting
of nine individuals presenting growth retardation and osteo-
malacia. No gene was found to be associated with this clini-
cal presentation. Recently, another family with isolated
proximal RTA inherited as an autosomal dominant disease
was described [53]. The father and all four children had RTA
with blood bicarbonate levels of 11-14 mEq/L and urine pH
of 5.3-5.4 and all presented high bicarbonate fractional ex-
cretion. In terms of clinical aspects, they course only with
short stature without other organ dysfunction. This family
was investigated at the following genes: CA I, CA 1V, CA
XIV, NCBI, Na'/H" exchanger (NHE-3), NHE-8, the regula-
tory proteins of NHE3, NHRFI and NHRF2 and the CI-
HCO'; exchanger, SLC26A6. However, no mutation was
found in any of the candidate genes studied. The study of
these families might clarify other mechanisms involved in
renal bicarbonate balance and a genome wide investigation
of a pool of these families might result in interesting find-
ings.

INHERITED FORMS OF RENAL TUBULAR ACIDO-
SIS TYPE 3

Type 3 RTA is a mixed type that exhibits both impaired
proximal HCOj;™ reabsorption and distal acidification. The
condition is due to an inherited deficiency of CAII caused by
a recessive mutation in the C42 gene on chromosome 8q22,
which encodes this widely expressed enzyme [4,6]. The ex-

pression of CAII is affected in bone, kidney (in both proxi-
mal and distal nephron segments, explaining the mixed aci-
dosis) and brain.

The mechanisms that underlie the clinical picture in type
3 RTA, apart from much slower conversion of carbonic acid
to and from bicarbonate, apparently also involve direct inter-
action between CA II and the kidney NBC1 [27] or CI'/
HCO;5;  exchanger, SLC2646 (a plasma membrane CI7/
HCO;™ exchanger with a suggested role in pancreatic HCO;~
secretion) [4,28]. Mutation of the identified CAII binding
site reduced SLC26A46 activity, demonstrating the impor-
tance of this interaction. [28].

Patients with this deficiency exhibit osteopetrosis and
cerebral calcification, as well as a mixed RTA with proximal
and distal components [29]. This association of osteopetrosis
and RTA is known as Guibaud-Vainsel syndrome or marble
brain disease. Osteopetrosis is a condition of increased bone
density, but also augmented bone fragility, leading to in-
creased fracture risk, plus intracerebral calcification, intellec-
tual impairment, growth failure, and facial dysmorphism.
Excess bone growth leads to conductive deafness and can
also cause blindness through compression of the optic nerve

[6].

There is a considerable degree of heterogeneity, both in
the predominance of proximal or distal acidosis and in the
osteopetrotic phenotype [6]. In different kindred, mild or
severe mental retardation has also been described.

Different mutations in CA2 gene have been described; for
example, the common ‘Arabic’ mutation, consisting of loss
of the splice donor site at the 5° end of intron 2 [6,29].

INHERITED FORMS OF HYPERKALEMIC RENAL
TUBULAR ACIDOSIS

Type 4 RTA is a heterogeneous group of disorders asso-
ciated with hyperkalemia due to aldosterone deficiency or
impairment in aldosterone molecular signaling.

Type 4 RTA might result from a PHA1. Some clinical
aspects associated are hyponatremia, hyperkalemia, and ele-
vated plasma aldosterone and plasma renin activity. The in-
heritance might be autosomal dominant or autosomal reces-
sive [54]. The autosomal dominant is a frequent and mild
kidney disorder without any other organ involvement [55].
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This disorder seems to be associated to loss-of-function mu-
tations in the mineralocorticoid receptor gene, the MRL gene.
MRL-knockout mice develop symptoms of pseudohypoal-
dosteronism. In humans clinical presentation varies from
non-symptomatic to important neonatal sodium loss. The
recessive inheritance is associated to sodium transport de-
fects in all aldosterone target tissues, not only kidney, but
also colon, lungs, salivary and sweat glands. The recessive
disorder is more severe and salt wasting is normally more
pronounced. However, both types of inheritance might result
in the same degree of natriuresis, hyperkalaemia and meta-
bolic acidosis.

Other inherited cause of type 4 RTA includes hyper-
kalaemia associated with hypertension and low or normal
levels of plasma aldosterone [57,58]. This syndrome is called
pseudohypoaldosteronism type 2 (PHA2), or Gordon’s syn-
drome, which results in a renal aldosterone resistance inher-
ited as an autosomal dominant pattern [6]. Mutations in the
gene of two isoforms of WNK serine-threonine kinases,
WNK4 and WNKI genes, were identified in patients with
PHA2 [59]. WNKSs are serine kinase proteins lacking a ly-
sine residue at the active site, being the WNK type 1 a regu-
latory protein from WNK 4. WNK4 is found in the distal
nephron and controls the sodium and chloride reuptake and
inhibits potassium efflux [6].

CONCLUDING REMARKS

Renal tubular acidosis (RTA) is characterized by meta-
bolic acidosis due to renal impaired acid excretion. In this
review, we summarized our current understanding of the
hereditary diseases caused by mutations in genes encoding
transporter or channel proteins operating along the renal tu-
bule. Further molecular studies of inherited tubular transport
disorders may shed more light on the molecular pathophysi-
ology of these diseases and may significantly improve our
understanding of the mechanisms underlying renal salt ho-
meostasis, urinary mineral excretion, and blood pressure
regulation in health and disease. The identification of the
molecular defects in inherited tubulopathies may provide a
basis for future design of targeted therapeutic interventions
and, possibly, strategies for gene therapy of these complex
disorders.

ABBREVIATIONS
RTA = Renal Tubulat Acidosis
NHE-3 = Na'/H' exchanger

CAIV = Carbonic anhydrase type IV

CAIl = Carbonic anhydrase type II

NBC-1 = Na'-dependent bicarbonate cotransporter
AEl = Basolateral chloride-bicarbonate exchanger
eAE1 = Red cell anion exchanger

kAEl = Kidney anion exchanger

CA2 = Carbonic anhydrase gene

PHA1 = Pseudohypoaldosteronism type 1

PHA2 = Pseudohypoaldosteronism type 2

Pereira et al.

RBC = Red blood cells

HS = Hereditary spherocytosis
SAO = Southeast Asian ovalocytosis
GPA = Glycophorin A
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Abstract

Distal renal tubular acidosis (RTA) refers to a heterogeneous group of diseases
that result from distal tubular dysfunction and can lead to growth retardation,
nephrocalcinosis, bone disease and, rarely, chronic kidney disease. This study aimed to
describe the clinical course of distal RTA series and to analyze somatic growth by
identifying possibly predictive factors of growth improvement. Patients were followed-
up from 1984 to 2008 according to our standard protocol. Paired t test was used for
comparison between pre and post-treatment results. A logistic regression model was
applied to identify variables that were independently associated with the gain of at least
one standard deviation (SD) in Z-score for height and weight. A total of 33 distal RTA
patients (15 males) were analyzed. Primary disease was the commonest form (60.6%).
Based on weight/age and stature/age curves, 58.3% of the patients completely recovered
growth after treatment. Bicarbonate levels at admission were an independent predictor
of stature gain at last visit and the male sex negatively affected the final weight gain.
Metabolic acidosis, electrolyte disturbances, hypercalciuria and nephrocalcinosis also
improved during follow-up (p<0.05). Our data showed the great impact of treatment on
metabolic control and further indicated predictive factors of growth catch-up.

Key words: renal acidification, growth failure, nephrocalcinosis, metabolic acidosis
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Introduction

Renal tubular acidosis (RTA), the main cause of tubular dysfunction in pediatric
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practice, represents a clinical syndrome in which either an inherited (primary) or
11 acquired (secondary) defect in tubular transport mechanisms can lead to failure to
13 maintain the metabolic homeostasis [1-4]. RTA can be basically divided into four
16 categories: distal (type 1), proximal (type 2) with or without Fanconi’s syndrome,
18 combined distal and proximal defects (type 3), and hyperkalemic (type 4).

20 In the past decade, remarkable progress has been made in our understanding of the
23 molecular pathogenesis of hereditary tubulopathies and the physiology of renal tubular
25 transport processes [4-8]. Distal RTA is the commonest type of primary RTA in
childhood [1-3], which is characterized by impaired urinary acidification leading to
30 hyperchloremic acidosis with inappropriately alkaline urine [1, 9]. Affected children
32 might course with nephrocalcinosis, nephrolitiasis, failure to thrive, growth retardation,
bone disease and, more rarely, chronic renal disease [9, 10]. If detected early in life,
37 therapeutic correction of the acidosis by continuous alkali administration may induce
39 growth catch-up, arrest of nephrocalcinosis and preservation of renal function [2].

42 There have been a number of studies of distal RTA [1-3, 6, 7, 9-14] but few of
44 them evaluated the outcome of treatment [9-14]. In addition, as expected the majority
of the series comprised a few number of pediatric patients [10-12]. Moreover, none of
49 these studies have systematically investigated baseline features associated with growth
51 parameters after treatment. In this regard, the aim of this retrospective cohort study was
to describe the clinical course of 33 pediatric patients with distal RTA followed by 1984
56 to 2008 and to analyze the somatic growth of the patients in order to identify possibly

58 predictive factors of growth improvement.
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Patients and Methods

In this retrospective cohort study, data from 33 patients with distal RTA
consecutively admitted to our Pediatric Nephrology Unit from 1984 to 2008 were
analyzed. Data were compiled from November 1984 to September 2008.

Inclusion criteria

Patients with a confirmed diagnosis of distal RTA based on clinical and
laboratorial findings were included in our analysis [1-3, 15-17]. These findings
consisted at least of history of polyuria or polydipsia and/or failure to thrive
accompanied by normal anion gap, hyperchloremic metabolic acidosis with abnormally
high urine pH (>5.5 in the presence of blood pH<7.30) and normal or near normal
glomerular filtration rate [1-3].

Exclusion criteria

Patients whose follow up were not enough to confirm the diagnosis of distal RTA
and those whose medical records had insufficient data for analysis were automatically
excluded from the study.

Study protocol

Medical records of 33 patients diagnosed with distal RTA were reviewed from a
database of all patients with RTA admitted to our Unit during study period. All distal
RTA patients followed a systematic protocol, including: blood gas analysis and
concomitant spot urine pH to confirm the acidification defect, complete metabolic
evaluation (serum and 24-hour urine electrolytes and nitrogen waste levels
measurements), images (renal ultrasonography, X-rays) and specific exams to define
secondary cases of distal RTA (screening inborn metabolic diseases, autoimmune,
hematological and endocrine disorders). The visits were scheduled periodically at

intervals of about two to six months, depending on the clinical and metabolic condition
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1

2

2 of each patient. A complete examination was performed on each occasion including
2 clinical and laboratory evaluation. The data analyzed were obtained at diagnosis and at
é the time of the last visit.

12 The following variables were studied: gender, age at diagnosis, clinical
ig presentation (polyuria, polydipsia, failure to thrive, metabolic acidosis, nephrocalcinosis
%g and signs rickets were evaluated as present or absent), etiology of distal RTA, follow-up
1573 duration, height, weight, laboratorial data (blood gas analysis and serum levels of
;g creatinine, urea, uric acid and electrolytes, urinary pH and 24-hour urine samples for
21

Sg electrolytes and creatinine measurements). Anthropometric data were collected in all
gg visits. Weight was measured to the nearest 100 g using a baby scale for infants and a
gz beam scale for older children. Length was checked using a measuring board of standard
gg design for children younger than two years and height was measured using a wall-
3; mounted scale for those aged two years or older. Glomerular filtration rate was
gz estimated by the Schwartz formula [16]. Bone X-ray and ultrasound scan evaluated the
g? presence of rickets and nephrocalcinosis, respectively. Rickets was defined
gg radiologically as widened and irregular epiphyseal-metaphyseal junctions or evidence of
40

j; bone softening in the long bones and nephrocalcinosis as diffuse calcification of the
ji renal pyramids [18]. Image studies were periodically repeated to pursue the evolution
45

46 of these complications in all positive cases.

47

jg Treatment was based on standard guidelines, which generally included alkali
gg replacement therapy, electrolyte supplementation and control of hypercalciuria. Patients
g% were treated with sodium-potassium citrate or bicarbonate. Basically, the amount of
gg base given daily per kg of body weight to young infants was 5 to 8 mmol/kg per day
g; (bicarbonate or citrate), 3 to 4 mmol/kg per day and 1 to 2 mmol/kg per day, to children
28 and adolescents, respectively. Potassium citrate alone could also be used in a mean
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amount of 4 mmol/kg per day [2, 3, 14]. Supplements of potassium were given
according to blood biochemistry findings. Patients with persistent hypercalciuria (>4
mg/kg/day) despite correction of acidosis were started on hydrochlorthiazide (1 to 2
mg/kg/day). Medication was chosen and doses was adjusted individually to achieve
plasma bicarbonate in the range of 20-24 mEq/L and to successfully revert most of the
urinary abnormalities, including hypercalciuria.

Statistical analysis

Data were analyzed with SPSS (release 15, SPSS Inc., Chicago, Illinois) and were
presented as mean and standard deviation (SD) for continuous variables and as
proportions for categorical variables. Growth parameters were expressed as Z-score.
Weight-for-age (WAZ) and height-for-age (HAZ) Z-scores were used to assess weight
and stature, respectively. These parameters were calculated with the public domain
software EPI-INFO (version 6.0). The normality of the distribution was evaluated by
the Kolmogornov—Smirnov test for each parameter. The delta HAZ or delta WAZ was
calculated by the following equation: HAZ or WAZ at last visit — HAZ or WAZ at
baseline. The Mann-Whitney or Kruskal-Wallis nonparametric test was used to compare
medians of delta HAZ or delta WAZ. Paired t-test was used to analyze possible changes
in normally distributed continuous variables from entry to follow-up.

To further analyze the association between baseline factors and growth
improvement, the response variable was set as an increase of at least one SD in WAZ or
HAZ at last visit. The following variables were assessed as independent predictors:
gender; etiology (primary/secondary and transitory disease); nephrocalcinosis
(present/absent); and bicarbonate levels (continuous variable). Age at diagnosis was
assesses as a continuous variable and also as a categorical variable using two cut-off

points (< 15 months and > 15 months, based on the median value; < 42 months and > 42
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months, based on the third quartile value). The analysis was conducted in two steps. In
the first step, univariate analysis was performed by the chi-square test with Yates

correction for comparison of proportions between growth parameters and clinical
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features and Mann Whitney U-test to compare growth parameters with continuous
13 variables at admission. Then, a logistic regression model was applied to identify
15 variables that were independently associated with the gain of at least one standard
deviation (SD) in HAZ and WAZ. Only those variables that were found to present
20 different proportions in univariate analysis (p<0.25) were included in the regression
22 model. Next, using a backward elimination strategy, those variables that retained a
o5 significant independent association (p<0.05) were included in the final models.

27 Ethical aspects

The Ethics Committee of the Federal University of Minas Gerais approved the

32 study. Informed consent was obtained from all included subjects and their parents.

37 Results

39 Clinical and laboratorial characteristics at baseline

42 Clinical characteristics - We analyzed data from 33 patients classified as distal
44 RTA among 48 patients with RTA (68.8%). The clinical characteristics at baseline
were displayed in Table 1. These 33 patients comprised 15 males and 18 females with
49 mean age at diagnosis of 2.6743.1 years (one month to 10 years). Primary disease was
51 the commonest form of distal RTA (n=20, 60.6%) and in three patients it was associated
to deaf. The transitory form of distal RTA was detected in six patients (18.2%) and
56 distal RTA due to an underlying disease corresponded to seven patients (21.2%). The
58 etiologies of secondary distal RTA were uropathies (n=3, 9.1%), primary hyperoxaluria

type 2 (n=2, 6%) and autoimmune diseases (n=2, 6%). The main related symptoms
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were growth retardation (63.4%), polyuria (24.2%) and polydipsia (24.2%). The
physical examination revealed growth impairment in 24 patients (72.7%), since all of
them presented weight under 31 percentile and 79.2% also exhibited height under this
score. Females presented lower baseline values of WAZ (p=0.025) and HAZ (p=0.016)
than males. The image evaluation showed nephrocalcinosis in 13 patients (39.4%) and

rickets in 11 (33.3%).

Table 1

Laboratorial characteristics - Main laboratorial findings at diagnosis included
metabolic acidosis with low bicarbonate levels (14.8 £ 3.9 mmol/L) and high urinary
pH (7.2 £ 0.83) in all patients, hypopotassemia (< 3.5 mmol/L) in eight (24.2%),
hypophosphatemia (< 3 mg/dL) in seven (21.2%) and hypercalciuria (>4 mg/kg/day) in
17 (51.5%). Estimated glomerular filtration rate (102.3 £ 49.9) were within the normal
limits in all patients. Females presented lower initial bicarbonate (p=0.001), base excess
(p=0.005), serum calcium (p=0.016) and potassium levels (p=0.009) than males. No
more differences were detected in the comparison between genders.

Clinical and laboratorial characteristics at last visit

Clinical findings - The mean duration of follow-up was 10.8 years (1.4 to 26
years). Twenty-eight patients (84.8%) were followed for more than five years. Only
one patient abandoned the treatment after 14 years of follow-up. Some symptoms at
presentation such as dehydration, persistent fever and recurrent infections were not
reported at last visit. Polyuria and polydipsia improved in six patients but remained
unchanged in two. Among 13 patients with nephrocalcinosis at baseline, eight of them
clearly improved, in one the alteration was no more detected and it remained stable in
four. None of them worsened the nephrocalcinosis. Among 11 patients with rickets at

diagnosis, six had their X-rays completely normalized and, in five, the improvement
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was evident. Only two patients developed chronic kidney disease due to the
progression of their underlying disease (complex uropathies in both cases). These two

cases did not exhibit hypercalciuria or nephrocalcinosis.

©CoO~NOUITA,WDNPE

The treatment consisted of sodium bicarbonate alone in 18 children, potassium
13 citrate and sodium bicarbonate in five patients, sodium-potassium citrate plus sodium
15 bicarbonate in four and potassium citrate alone in six. Hidrochrolotiazide was associated
in nine patients who had hypercalciuria and also nephrocalcinosis. The mean effective
20 dose of sodium bicarbonate was 2.2 + 1.2 mmol/kg per day. During follow-up,
bicarbonate treatment was withdrawn only in the patients with transitory form of distal
25 RTA; all others still required a mean dose of 0.8 + 0.6 mmol/kg/day at last visit.
Among the patients with hypercalciuria, only three remained with urinary calcium
30 excretion at high levels (>4 mg/kg/day) and still continued on hidrochrolothiazide
32 treatment.

Laboratorial findings - Metabolic acidosis and electrolyte disturbances also
37 improved in all patients (Table 2). Serum bicarbonate changed from 14.8 &+ 3.9 mmol/L
39 to 24.3 £+ 3.4 mmol/L after treatment (p<0.01, Figure 1) but there was no significant
difference between sexes (p=0.50). Hypophosphatemia was initially observed in 21.2%,
44 but completely normalized after replacement treatment in all patients. Hypercalciuria
46 completely resolved in 14 among 17 cases (82.4%), clearly improved in one (5.9%) and
49 remained unchanged in two (11.8%) patients. As shown in Figure 2, a significant
51 reduction in 24-hour urinary calcium excretion was also observed (4.9 + 2.9 mg/kg/day

at admission vs. 2.7 £ 1.8 mg/kg/day at last visit, p<0.01).

56 Table 2

58 Figure 1

60 Figure 2
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Growth parameters analysis

The difference between WAZ and HAZ at last visit and the same parameters at
baseline revealed a significant improvement of somatic growth. The mean WAZ was -
2.39 (range -5.14 to -0.13, SD 1.34) at baseline and reached -1.08 (range -3.67 to 1.58,
SD 1.27) at the end of follow-up period (p<0.01, Figure 3A). The same occurred for
stature whose mean HAZ was -2.47 (range -5.87 to 1.53, SD 1.75) at baseline and
achieved -1.57 (range -6.32 to 1.04, SD 1.87) at last visit (p<0.01, Figure 3B). Based
on weight/age and stature/age curves, 58.3% of distal RTA patients completely
recovered growth and 37.5% clearly improved after treatment but still presented short

stature.

Figure 3

In univariate analysis, only bicarbonate levels at admission were significantly
associated to HAZ gain. According to our criteria, gender (p=0.059) and
nephrocalcinosis (p=0.197) were also included in the regression model. After
adjustment, only bicarbonate level at admission were an independent predictor of HAZ
improvement (OR=1.3, CI 95% 1.1-1.6, p<0.01). The final model showed that each
reduction of 1 mmol/L on bicarbonate levels at admission corresponds to a decrease of
approximately 31.2% on the HAZ gain. For WAZ gain, the univariate analysis showed
that gender (p=0.001) and bicarbonate levels (p=0.043) were significantly associated to
WAZ gain. Among the other variables, etiology (p=0.239) and age 3 (p=0.234) were
included in the regression model. After adjustment, only the male gender was
negatively associated with WAZ gain in the final model (OR=13.7, CI95% 2.5-74.3,

p<0.002).

Page 10 of 20

Pediatric Nephrology Editorial Office, phone ++49-6221-56 4503, email: Pediatric.nephrology@med.uni-heidelberg.de



Page 11 of 20 Pediatric Nephrology

Discussion

In this retrospective cohort study we report the clinical outcome of a group of
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pediatric patients with distal RTA with a prolonged median follow-up of about 10.8
11 years at a tertiary centre. The main finding regarding our cohort is that the clinical
13 course of distal RTA was relatively benign and the majority of children presented
16 clinical and growth improvement during follow-up.

18 In our series, primary distal RTA was the commonest form and the mean age at
20 diagnosis was 2.67£3.1 years, which can be considered an early diagnosis as compared
23 with a mean age at diagnosis of 6 years in the series reported by Bajpai et al. [9]. In
25 distal RTA, the clinical features at presentation usually include growth impairment,
polyuria, hypercalciuria, nephrocalcinosis, lithiasis and K' depletion [1-4, 9, 13].
30 Accordingly, the most frequent clinical finding in our series was growth impairment in
32 24 (72%) patients and hypercalciuria in 17 (51%) cases at presentation. Rickets was
initially detected in 33.3% of our patients and nephrocalcinosis in 39.4%. In previous
37 series [9, 14], nephrocalcinosis was more frequently observed (60-78.5%) than in our
39 study. This is probably due to the fact that our patients had an earlier diagnosis. In
42 addition, hypercalciuria was well controlled in our patients and none developed chronic
44 renal failure due to the progression of calcium deposition on kidney parenchyma.

At diagnosis, physical examination revealed weight under 3™ percentile in 72.7%
49 patients and 79.2% of them also exhibited height under this score. After treatment,
51 completely growth catch up occurred in 58.3% of distal RTA patients and 37.5%
partially recovered weight and height. Bajpai et al. [9] and Nash et al. [12] also found
56 growth impairment at diagnosis and in the former with adequate response to treatment.
58 The evolution of our patients supports the general idea that if distal RTA is detected

early in life, adequate correction of acidosis by continuous alkali administration may
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result in a normal growth, arrest or even prevention of nephrocalcinosis and
preservation of renal function [1-4, 19].

More importantly, our study suggests that some aspects should be considered at
the first assessment of distal RTA patients. Bicarbonate levels at admission seem to be
an independent predictor of height improvement. The regression final model showed
that each reduction of 1 mmol/L on bicarbonate levels at admission corresponds to a
decrease of approximately 31.2% on height gain. It is known that the alkaline
supplementation corrects as much as possible the biochemical abnormalities of RTA
and also improves growth in children at all ages. Furthermore, the normalization of
blood pH has a positive effect on bone linear growth by increasing calcium apposition
rate and mineralized surface in distal RTA patients [20]. In our point of view, the
children early detected with lower levels of bicarbonate at admission should be followed
closely and carefully to minimize the effects of acidosis on the final height. In this way,
bicarbonate levels at admission might be a marker of a worse prognosis in terms of
height.

To our best knowledge, we did not find previous studies which had reported
gender differences in clinical and laboratorial data of distal RTA patients. In our series,
male sex has a negative effect on final WAZ gain (OR=13.7) despite the fact that, at
baseline, females presented a worse WAZ average and, at last visit, no significant
correlation of final weight with gender was observed (p=0.46). Indeed, the multivariate
model showed that girls with distal RTA have greater chance to gain weight than boys.
On the other hand, although HAZ gain was also greater in females, no statistical
difference was found in the comparison between genders (p=0.089). These gender
differences in growth catch up allow us to suppose that female sex is associated with a

better prognosis for distal RTA patients. One could speculate that the variable sex was
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confounded with other covariates. However, the multivariate model excluded this
possibility. In addition, girls exhibited worse metabolic acidosis than boys at admission

with lower levels of bicarbonate. A possible explanation for this intriguing observation

©CoO~NOUITA,WDNPE

could be related to the complexity of tubular disorders genetics [21-23].

13 We are aware of the limitations associated with the retrospective design and the
15 limited number of patients of our study. Nevertheless, some aspects may increase the
strength of our findings, such as the long-term follow-up, the utilization of strictly
20 defined inclusion and exclusion criteria and a well-established protocol for the approach
22 of our distal RTA patients.

o5 In conclusion our series clearly showed that primary distal RTA is a chronic
27 disease and therapy should be maintained throughout life. Nevertheless, prognosis is
good if diagnosed early in life and appropriate amounts of alkali supplements should be
32 continuously administered. Our series clearly showed adequate treatment restores
34 growth and prevents the progression to nephrocalcinosis at all ages. However, if therapy
is delayed to late childhood or adulthood progression to end-stage renal disease may not
39 be avoided. Finally, in our study, we found bicarbonate levels at diagnosis as a good
41 putative height prognosis marker and girls, even with lower bicarbonate levels, will

44 have a better prognosis for distal RTA.
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Figure legends

Figure 1 - Comparison between bicarbonate levels at baseline and at last visit in distal

RTA patients. * p <0.05 (paired Student T test)

Figure 2 - Comparison between 24-hour urinary calcium excretion (mg/Kg/day) at

baseline and at last visit in distal RTA patients. * p < 0.05 (paired Student T test)

Figure 3 — Growth parameters of distal RTA patients at baseline and at last visit. Panel
A — Comparison between weight-for-age Z (WAZ) score at last visit and at baseline.
Panel B - Comparison between height-for-age Z (HAZ) score at last visit and at

baseline. *p<0.05 (paired Student T test)
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Figures

Figurel
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1

2

3 Tabl

p ables

5

6

7

g Tablel. Clinical characteristics of distal RTA patients at baseline.

10

11 Features Female Male Total
12

13

14 18 15 33
15

1? Age (yvears)* 295(33) 23328  2673.1
18 Etiology (1)

;g Primary 13 7 20
21 Secoqdary 2 5 7
22 Transitory 3 3 6
32 Family history (n)

25 Present 9 3 12
26 Absent 9 12 21
27

28 Presentation ()

29 Growth retardation 12 8 21
30 Polyuria / Polydipsy 5 3 8
sl Acidosis 3 2 5
> Nephrolitiasis 2 0 2
34 Persisting fever 2 0 2
35 Hematuria 2 0 2
36 Recurrent infections 0 1 1
37 Dehydration 0 1 1
38

39

40 Image evaluation findings (1)

j; Nephrocalcinosis 7 6 13
43 Rickets 9 2 11
44

P Follow-up duration (years)* 124 (67) 8.9 (4.8) 10.8 (6.1)
a7 (*) Data are given as mean, with the standard deviation given in parenthesis
48

49

50

51

52

53

54

55

56

57

58

59

60
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Table 2 - Comparison between laboratorial findings at baseline and at last visit in distal

RTA patients.
At baseline At last visit
Female Male Total Female Male Total P
value
Bicarbonate 12.8 17.0 14.7 23.9 24.7 24.3 0.0001
(mmol/L) (3.6) 2.9) (3.9 2.9) (3.9 3.4)
Serum pH 7.29 7.33 7.31 7.35 7.34 7.34 0.047
(0.07) (0.04) (0.06) (0.04) (0.05) (0.04)
Base excess -11.7 -6.7 94 099 -0.7 -0.8 0.0001
(4.8) 3.9 G.D (3.8) 3.3)
pCO, 22.0 25.3 23.5 25.7 38.5 31.5 0.072
(11.2) (11.2) (11.2) (24.2) (17.2) (22.0)
Sodium 139.5 139.6 139.6 139.1 138.8 139.0 0.191
(mmol/L) 4.1 4.3) 4.1 2.9) 2.7 4.1
Potassium 3.6 440.5) 4.0 3.7 4.1(0.5) 4.0 0.614
(mmol/L) (1.0) (0.9) (0.5) 0.9)
Chloride 109.7 105.3 107.7 102.7 103.9 103.2 0.002
(mmol/L) (7.5) 5.3) (6.9) 4.9) (4.6) 4.7
Calcium 8.2 9.2(2.6) 8.6 9.1 9.5(0.5) 9.3 0.120
(mg/dL) (3.0 (2.8) 2.3) 1.7)
Phosphate 3.9 47(1.2) 42 3.8 4.1(1.4) 39 0.272
(mg/dL) 2.1 (1.8) (1.6) (1.5)
Magnesium 0.9 1.6 (0.8) 1.2 1.5 1.7(0.5) 1.6 0.053
(mg/dL) (1.1) (1.0) (0.8) 0.7)
Creatinine 0.5 0.6(0.4) 0.5 0.9 0.8(0.5) 0.8 0.047
(mg/dL) (0.3) (0.3) (1.1) 0.9)
Urea 23.7 29.6 26.4 25.9 30.5 27.9 0.610
(mg/dL) (16.7) (16.6) (16.8) (22.3) (23.1) (22.4)
Urinary pH 7.3 7.0(1.0) 72 7.3 7.00.8) 7.2 0.874
(1.0) 0.8) 0.9 (0.8)
Glomerular 103.2 101.2 102.3 114.9 117.4 116.0 0.206
Filtration rate * (52.7) (48.1) (49.9) (33.6) (46.1) (39.1)
(mL/min)
24-hour urinary 5.6 40@2.1) 49 2.5 3020 27 0.0001
calcium (3.2) 2.9 (1.7) (1.8)
(mg/kg/day)

Data are given as mean, with the standard deviation given in parenthesis. (*) Glomerular filtration rate

was estimated by Schwartz formula.
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