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performing kidney transplantation for patients with com-
plement-associated HUS. These data, together with the
higher rates of disease recurrence, suggest that living kid-
ney transplantation is not recommended for patients with
mutations of CFH, CFI, complement factor B (CFB) and
C3. In particular, living-related kidney transplantation is
contraindicated, as a living-related donor may be a carrier
of mutations and may be at risk of developing de novo
aHUS after kidney donation.

As CFH, CFI, CFB and C3 are synthesized in the
liver or liver-kidney, combined transplantation has been
proposed as a logical curative intervention for severe
complement-associated HUS in patients harboring muta-
tions of those complement proteins. There have been
over 10 combined liver-kidney transplants [o, p, 7-12],
and a few successful cases have been reported [10-12].
However, as data on patient outcome are limited, it is
not possible to draw reliable conclusions on this type of
transplantation.

Mutations of complement protein components of the
alternative complement pathway, including CFH, CFI and
MCP, have been reported in many cases of aHUS [f]. The
proposed pathological mechanism for the development of
HUS is uninhibited continuous activation of the alternative
pathway, resulting in the formation of membrane attack
comples (MAC, C5-9). Eculizumab, a recombinant
monoclonal humanized IgG antibody that targets C5,
blocks the cleavage of C5a—C5b, ultimately preventing
generation of the proinflammatory peptide C5b, and the
cytotoxic MAC. Therefore, eculizmab blocks the comple-
ment terminal pathway. Two prospective single-arm stud-
ies involving adult patients, and one retrospective study
involving pediatric patients, have been performed to
investigate the efficacy of eculizumab for aHUS [q]. In the
autumn of 2011, the use of eculizumab for treatment of
aHUS was approved in the USA and Europe based on the
results of these studies [q]. Many reports have described
the efficacy of eculizumab for patients with plasma ther-
apy-resistant aHUS [13-15], and its long-term preventive
effect against aHUS recurrence after kidney transplantation
[16-20]. These reports suggest that eculizumab may be
highly beneficial for patients with aHUS and also for pre-
vention of aHUS recurrence after kidney transplantation.
However, blockade of the complement terminal pathway
by eculizumab increases the risk of infection by encapsu-
lated bacteria, including Neisseria meningitidis, Hae-
mophilus influenza type B, and Streptococcus pneumoniae.
In particular, Neisseria meningitidis infection is life-
threatening. Patients must be vaccinated against it at least
2 weeks before being treated with eculizumab. If this is not
possible, adequate antibiotics, including ciproxan, should
be administered prophylactically [r]. Moreover, in children,
it should be ascertained if they have been vaccinated
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Table 14 Dosing recommendation of eclizumab for the patients with
aHUS

Patient age and Induction Maintenance

body weight

18 years and
older

900 mg weekly for
the first 4 weeks

1200 mg at week 5; then
1200 mg every 2 weeks

Less than 18 years

40 kg and 900 mg weekly x 4 1200 mg at week 5; then
over doses 1200 mg every 2 weeks

30 kg to less 600 mg weekly x 2 900 mg at week 3; then
than 40 kg doses 900 mg every 2 weeks

20 kg to less 600 mg weekly x 2 600 mg at week 3; then
than 30 kg doses 600 mg every 2 weeks

10 kg to less 600 mg weekly x 1
than 20 kg dose

5 kg to less 300 mg weekly x 1
than 10 kg dose

300 mg at week 2; then
300 mg every 2 weeks

300 mg at week 2; then
300 mg every 3 weeks

against Streptococcus pneumoniae and Haemophilus
influenza type B. If not, such vaccination ought to be
considered [s]. In Japan, the use of eculizumab for treat-
ment of thrombotic microangiopathy due to aHUS was
approved in September 2013. Accurate diagnosis of aHUS
is important before initiating treatment with eculizumab, as
stated in the packaging insert for the agent: “Examine
carefully the appropriateness of eculizumab administration
and start the medication based on sufficient understanding
of its efficacy and safety” and “Appropriate diagnosis
based on diagnostic criteria established by the Joint Com-
mittee of the Japanese Society of Nephrology and the
Japanese Society of Pediatrics is necessary for use of
eculizumab” [s]. With regard to these guidelines,
Tables 14 and 15 show the recommended dosages and
regimens stated in the packaging insert [s].

Treatment with eculizumab is highly effective for
patients who depend on or resist to plasma exchange, as
well as for those whose risks of plasma exchange outweigh
the benefits (e.g. allergic reaction to plasma products,
technical difficulties in achieving vascular access). For
these patients, treatment with eculizumab may become a
first line strategy in Japan, just as it has been reported in the
USA and Europe [t]. So far, however, only three cases have
been examined in a clinical trial and only a handful of
cases have been treated with eculizumab through private
importation in Japan. Since the efficacy and safety of
treatment with eculizumab for Japanese aHUS patients is
still unclear, we have decided on a recommendation grade
of C1 for treatment with eculizumab. The treatment pro-
tocol for aHUS and preventive therapy protocol for disease
recurrence after kidney transplantation may change once
treatment experience with eculizumab has been
accumulated.
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Table 15 Supplemental dose of eculizumab after plasma exchange/
plasma infusion

Most recent  Supplemental Timing of

eculizumab  eculizamab dose  supplemental
dose eculizumab dose
Plasma 300 mg 300 mg per Within 60 min after
exchange plasma each plasma
exchange exchange
session
600 mg and 600 mg per
over plasma
exchange
session
Fresh 300 mg and 300 mg per fresh 60 min prior to
frozen over fozen plasma fresh frozen
Plasma infusion session plasma infusion
infusion session

Eculizumab may be partially lost from plasma due to plasma
exchange, and fresh frozen plasma includes complement factor 5
(C5). Therefore, eculizumab supplementations within 60 min after
each plasma exchange session or at 60 min before fresh frozen
plasma infusion should be considered (dosage shown in Table 15). As
the supplemental dose of eculizumab is estimated on the basis of
simulation results, it is necessary to observe patients carefully post
eculizumab supplementation

In 2013, mutations in the gene coding for DGKE were
reported as a cause of aHUS [f]. It is not obvious whether
complement activation has a role in patients with DGKE
mutations, because DKGE encodes an intracellular
enzyme. Moreover, two patients with DGKE mutations
have been reported to show recurrent aHUS while receiv-
ing anticomplement therapy including eculizumab and
plasma infusion. To date, two allografts have survived for
2 years. In three cases of cadaveric kidney transplantation,
the patients survived for 4 years. One allograft failed after
6 years due to chronic rejection. It is notable that there
were no cases of aHUS recurrence. Additionally, DKGE
mutations have been reported to cause membrane prolif-
erative glomerulonephritis with thrombotic microangiopa-
thy [t]. Further analysis is necessary to clarify the
pathogenesis and clinical course of aHUS in patients with
DGKE mutations.
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Abstract Atypical hemolytic uremic syndrome (aHUS)
is rare and comprises the triad of microangiopathic
hemolytic anemia, thrombocytopenia, and acute kidney
injury. Recently, abnormalities in the mechanisms under-
lying complement regulation have been focused upon as
causes of aHUS. The prognosis for patients who present
with aHUS is very poor, with the first aHUS attack being
associated with a mortality rate of ~25 %, and with
~50 % of cases resulting in end-stage renal disease
requiring dialysis. If treatment is delayed, there is a high
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risk of this syndrome progressing to renal failure. There-
fore, we have developed diagnostic criteria for aHUS to
enable its early diagnosis and to facilitate the timely ini-
tiation of appropriate treatment. We hope these diagnostic
criteria will be disseminated to as many clinicians as pos-
sible and that they will be used widely.
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Introduction

Hemolytic uremic syndrome (HUS) is characterized by the
triad of microangiopathic hemolytic anemia, thrombocyto-
penia, and acute kidney injury (AKI) [1]. Approximately
90 % of pediatric patients develop this syndrome after
infection with Shigella dysenteriae, which produces true
Shiga toxins, or Escherichia coli, some strains of which
produce Shiga-like toxins. Shiga toxin was originally called
verotoxin because Vero cells derived from the kidney epi-
thelial cells of the African green monkey are hypersensitive
to this toxin [2]. Subsequently, other toxins were called
Shiga-like toxin because of their similarities to Shiga toxin
in terms of their antigenicity and structure. Shiga-like toxin-
1 differs from Shiga toxin by only 1 amino acid, whereas
Shiga-like toxin-2 shares 56 % sequence homology with
Shiga-like toxin-1. Although Shiga-like toxin-producing
E. coli-HUS (STEC-HUS) strains most often trigger HUS,
certain Shiga toxin-secreting strains of S. dysenteriae can
also cause HUS. They are currently known as the Shiga
toxin family, and the terms are often used interchangeably.
HUS occurring from infection with STEC-HUS was for-
merly called diarrhea -+ HUS (D + HUS) or typical HUS.

In contrast, HUS that is not related to Shiga toxins and
accounts for ~10 % of all HUS cases, is called atypical
HUS (aHUS). Although STEC-HUS is relatively common
in children, aHUS occurs in individuals of all ages and is
often familial. The prognosis is very poor, with the first
aHUS attack being associated with a mortality rate of
~25 %, and with ~50 % of cases resulting in end-stage
renal disease requiring dialysis [3].

In recent years, abnormalities in the mechanisms
underlying complement regulation have been focused on as
causes of aHUS. Various genetic abnormalities in com-
plement regulatory factors, including complement factor H,
have been noted in 50-60 % of patients. The analysis of
the pathology underlying this condition is currently pro-
gressing rapidly [4].

The differential diagnosis of aHUS from STEC-HUS or
thrombotic thrombocytopenic purpura (TTP), another form
of thrombotic microangiopathy (TMA) caused by a defi-
ciency of ADAMTS13 (a disintegrin and metalloproteinase
with a thrombospondin type 1 motif, member 13), is not
necessarily easy at the early stages of disease onset.
However, if treatment is delayed, there is a high risk of this
syndrome progressing to renal failure. Therefore, the Joint
Committee of the Japanese Society of Nephrology and the
Japan Pediatric Society (JSN/JPS) has developed
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diagnostic criteria for aHUS to enable its early diagnosis
and to facilitate the timely initiation of appropriate treat-
ment [5, 6]. We hope that the diagnostic criteria presented
in this report will become familiar to as many clinicians as
possible and that they will be used widely.

Definition of aHUS

aHUS is a type of TMA that differs from STEC-HUS and
TTP, with the latter being caused by markedly reduced
ADAMTS13 activity. aHUS is a syndrome characterized by
the triad of microangiopathic hemolytic anemia, thrombo-
cytopenia, and AKI, which is similar to STEC-HUS.

Guidelines for the diagnosis of aHUS
Definitive diagnosis

A definitive diagnosis of aHUS is made when the triad of
microangiopathic hemolytic anemia, thrombocytopenia,
and AKI is present. The disease should not be associated
with Shiga toxins, and TTP should also be excluded.

The Joint Committee of the JSN/IPS defined micro-
angiopathic hemolytic anemia based on a hemoglobin (Hb)
level of <10 g/dL.. The presence of microangiopathic
hemolytic anemia should be confirmed based on increased
serum lactate dehydrogenase levels, a marked decrease in
serum haptoglobin levels, and the presence of red blood
cell fragments in a peripheral blood smear.

Thrombocytopenia is defined as a platelet (PLT) count
of <150,000/uL.

The definition of AKI has been updated, with the most
recent definition given by the international guidelines
group, the Kidney Disease: Improving Global Outcomes
that integrates both the Risk, Injury, Failure, Loss, End-
stage kidney disease and the Acute Kidney Injury Network
classifications to facilitate identification. Thus, we recom-
mend diagnosis based on the most recent guidelines, along
with the following definitions. For pediatric cases, the
serum creatinine should be increased to a level that is
1.5fold higher than the serum creatinine reference values
based on age and gender issued by the Japanese Society for
Pediatric Nephrology [7]. For adult cases, the diagnostic
criteria for AKI should be used.

Guidelines for the diagnosis of aHUS
Definitive diagnosis

A definitive diagnosis of aHUS is made when the triad of
microangiopathic hemolytic anemia, thrombocytopenia,
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Table 1 Definitions of microangiopathic hemolytic anemia, thrombocytopenia, and AKI that have been established by the joint committee of

the JSN/JIPS

Microangiopathic hemolytic anemia  Thrombocytopenia

Acute kidney injury

Defined as a PLT
count <150,000/uL.

Defined as an Hb level <10 g/dL
Presence confirmed based on:
Increased serum LDH levels

Marked decreases in
serum haptoglobin levels

The presence of red blood
cell fragments in a
peripheral blood smear

The most recent AKI definition is provided by the international guideline

group, the KDIGO, integrating the RIFLE and AKIN classifications to
facilitate identification. Thus, diagnosis should be based on the most
recent guidelines, and the following definitions should be used.

Pediatric cases: Serum creatinine should be increased to a level that is

1.5fold higher than the serum creatinine reference values based on age
and gender issued by the Japanese Society for Pediatric Nephrology [7].

Adult cases: Diagnostic criteria for AKI should be used

Hb hemoglobin, LDH lactate dehydrogenase, PLT platelet, AKI acute kidney injury, KDIGO kidney disease: improving global outcomes, RIFLE
risk, injury, failure, loss, end-stage kidney disease, AKIN acute kidney injury network

and AKI is present. The disease should have no association
with Shiga toxins, and TTP should also be excluded.
Table 1 presents the definitions of microangiopathic
hemolytic anemia, thrombocytopenia, and AKI that are
established by the Joint Committee of the JSN/JPS.

Probable diagnosis

A probable diagnosis of aHUS is made when 2 of the
following 3 conditions are found: microangiopathic
hemolytic anemia, thrombocytopenia, and AKI. The dis-
ease should have no association with Shiga toxins and TTP
should be excluded.

Applicability of these diagnostic criteria

When we applied these diagnostic criteria to the Nara
Medical University (NMU) TMA cohort, 15 out of 37
individuals who had all the data required for the assessment
were diagnosed as having definitive aHUS. Since the data
were recorded at one time point only, we speculate that the
sensitivity of the diagnostic criteria would increase if we
could assess data from multiple time points. The cut-off
value for anemia, defined as an Hb level of <10 g/dL, and
the cut-off value for thrombocytopenia, defined as a PLT
count of <150,000/uL, are equivalent to those employed
by the International Registry of Recurrent and Familial
HUS/TTP [8]. We had considered using a cut-off value of a
PLT count <100,000/puL for thrombocytopenia to reflect
that used in the diagnostic criteria for STEC-HUS by the
Japanese Society for Pediatric Nephrology (2000), but we
only found 1 patient with a PLT count between 100,000
and 150,000/pL in the NMU cohort. Therefore, it is likely
that this difference will not have a large impact on the
sensitivity or specificity of our diagnostic criteria. Our
diagnostic criteria include the category of “Probable”
aHUS because we believe that this tentative diagnosis will

@ Springer

help in the early diagnosis of aHUS and avoid delays in
developing appropriate therapeutic approaches for patients
with aHUS.

Evaluation of inappropriate complement activation

Abnormalities in complement regulation are among the
main causes of aHUS. The diagnosis of aHUS that is
caused by inappropriate complement activation has
become more critical because eculizumab, a humanized
anti-C5 monoclonal antibody, has been shown to be an
effective therapeutic modality [9] that has been approved
for the treatment of aHUS patients in Europe and the
United States. Recently, Fan and colleagues evaluated
genotype—phenotype relationships in 10 Japanese patients
with aHUS and identified potentially causative mutations
in complement factor H, C3, membrane cofactor protein,
and thrombomodulin in 8 of the patients [10]. However, the
definitive diagnosis of inappropriate complement activa-
tion in aHUS patients is difficult because some patients
show normal serum levels of complement components [11]
and there are a number of complement regulatory proteins,
making it difficult to decide which complement regulatory
protein is responsible for a particular patient developing
aHUS.

Excluding Shiga toxin-producing E. coli infection

STEC-HUS is characterized by diarrhea accompanied by
bloody stools. However, diarrthea may also be present in
some aHUS cases. Diarrhea in aHUS can be a manifesta-
tion of ischemic colitis. In addition, enteritis that is not
caused by STEC can trigger aHUS. Therefore, a diagnosis
of STEC-HUS cannot be made based on symptoms alone,
and the earlier nomenclature that used “D + HUS” to
correspond with STEC-HUS and “D-HUS” to correspond
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with aHUS is not used at present [11]. The involvement of
Shiga toxins should be confirmed by stool culture, the
direct detection of Shiga toxins, or the detection of anti-
lipopolysaccharide-IgM antibodies.

Excluding TTP

Conventionally, TTP has been diagnosed based on the
classic pentad (microangiopathic hemolytic anemia,
thrombocytopenia, labile psychoneurotic disorder, fever,
and renal failure). However, the discovery of ADAM-
TS13 led to the finding that 60-90 % of patients with
TTP have a marked reduction in the activity of AD-
AMTSI3, to a level of <5 %, regardless of race.
Therefore, when diagnosing aHUS, patients who have
markedly reduced levels of ADAMTS13 activity (<5 %)
should be diagnosed as having TTP, thereby ruling out a
diagnosis of aHUS. However, some patients may show
the classic TTP pentad and have normal or slightly
reduced levels of ADAMTS activity. Therefore, if a
patient has levels of ADAMTSI13 activity =5 %, a dif-
ferential diagnosis of aHUS or TTP may be necessary to
account for other clinical symptoms.

Excluding TMA caused by other distinct factors

Diseases that evidently cause a clinical state of TMA,
including disseminated intravascular coagulation, sclero-
dermatous kidney, and malignant hypertension, should be
excluded when diagnosing aHUS.

When a probable case of aHUS is suspected

When a probable case of aHUS is suspected, samples that
are necessary to determine the appropriate diagnosis should
be collected, and the therapeutic strategy should be estab-
lished after consultation with an institution that has
extensive experience of managing aHUS cases.

Cases where aHUS should be strongly suspected

If there are features that are characteristic of HUS, aHUS
should be strongly suspected if the following criteria are
fulfilled, regardless of the presence of diarrhea: the patient
is younger than 6 months of age; time of onset is unclear
(latent onset); the patient has a history of HUS (recurrent
case); the patient has a history of anemia of unknown
cause; recurrent HUS after kidney transplantation; the
patient has a family history of HUS (excluding cases of

food poisoning); and, the patient has no diarrhea or bloody
stools.

Classification of aHUS causes, excluding TTP caused
by the ADAMTS13 defect

Table 2 classifies the causes of aHUS and presents methods
to determine the causes.

Discussion

Nineteen years after Gasser et al. [I] reported HUS, an
interesting report was published in the Lancer [10]. This
report indicated that although C3-predominant activity is
initiated in the blood vessels in TMA patients, this is not
observed in typical cases of HUS, suggesting that com-
plement activation is involved in aHUS onset [12]. Sub-
sequently, numerous researchers have elucidated further
information on the pathology of aHUS. At present, the
reported causes of aHUS include, complement regulation
abnormalities, cobalamin metabolism disorder, infection
with Streptococcus pneumoniae and other microorganisms,
drugs, pregnancy, and antoimmune diseases.

The complement system plays an important role as part
of the immune systems of living organisms. It is activated
via 3 pathways, the classical, alternative, and lectin path-
ways. As a result of the activation of the host’s alternative
and classical pathways, C5b-9, a membrane attack com-
plex, is generated and destroys cells by forming trans-
membrane pores. The alternative pathway is involved in
the onset of aHUS. Unlike the classical and lectin path-
ways, activation of the alternative pathway does not require
initiators; it is continuously activated by the spontaneous
hydrolysis of C3.

When complement proteins are inappropriately acti-
vated, there is a risk of inducing cell dysfunction within the
host itself. Thus, hamoral factors in the circulating plasma
and several plasma membrane-bound factors are involved
in the regulation of complement activation and act at var-
ious stages, such as the inactivation of C3b or C4b, and the
inhibition of the generation of membrane attack com-
plexes. The regulators involved in the alternative pathway
include complement factors H and I, which are humoral
factors, and membrane cofactor protein and thrombomod-
ulin, which are membrane-bound factors. If these factors
are abnormal, the subsequent failure of regulation will
hyperactivate the complement proteins, leading to the onset
of aHUS. Some cases of aHUS develop after trigger events,
for example, infections of the respiratory tract and the
gastrointestinal tract, and it is likely that activation of the
complement cascade by these trigger events and the

@ Springer

— 564 —



Clin Exp Nephrol (2014) 18:4-9

Table 2 Classification and

. Cause of aHUS
determination of the causes of

Method to determine the cause

aHUS, excluding TTP caused

by the ADAMTS13 defect
y the elee (i) Congenital

Genetic mutations of complement proteins, factor H,
factor I, membrane cofactor protein, C3, factor B,

and thrombomodulin
(ii) Acquired

Production of autoantibodies, including anti-factor

H antibody

(2) Cobalamin metabolism disorder

(3) Infection

(i) Pneumococcus

(ii) Human immunodeficiency virus

(iii) Pertussis

(iv) Influenza

(v) Varicella

(4) Drug-induced

(i) Anticancer drugs

(ii) Immunomodulatory drugs
(iii) Antiplatelet drugs

(5) Pregnancy-related

Complement regulation abnormality

Hemolysis test, quantification of complement
proteins and complement regulatory proteins, and
gene analysis. Even if the amounts of
complement proteins and complement regulatory
proteins are within the normal ranges, it does not
serve as a basis for excluding complement-related
aHUS

Detection of anti-factor H antibody by ELISA,
western blot, etc.

Age at onset should be considered (<6 months old),
and hypomethioninemia or
hyperhomocysteinemia is detected on plasma
amino acid analysis

Definitive diagnosis by identification of pathogenic
microorganisms and serological examination

Identification of the drug

(i) Hemolysis, elevated liver enzymes, low platelet

counts (HELLP) syndrome
(ii) Eclampsia

(6) Autoimmune disease, collagen disease

(i) Systemic lupus erythematosus

aHUS atypical hemolytic
uremic syndrome, ELISA
enzyme-linked immunosorbent
assay

related
(8) Others

Definitive diagnosis by autoantibody test,
antiphospholipid antibody test, and serological
examination

(7) Bone-marrow transplant, organ transplant-

subsequent amplification of complement activation by the
alternative pathway cannot be regulated in patients with
deficiencies in complement regulation. Gain-of-function
mutations in C3 and complement factor B, which are
complement-activating factors, also cause hyperactivation
of complement proteins and, ultimately, aHUS.

It has been reported that ~50 % of aHUS patients have
genetic abnormalities in complement regulatory factors,
including complement factor H. The frequency of the
presence of certain mutations among aHUS cases,
responsiveness to plasma therapy, prognosis of kidney
function, and the recurrence rate after kidney transplanta-
tion, vary depending on the type of genetic abnormalities
present [13]. Although plasmapheresis within 24 h of
confirmation of the diagnosis has been recommended as the
initial treatment for aHUS [14], its effects are not always
satisfactory. The mortality or incidence of end-stage renal
disease is considered to be between 70 and 80 %, and the
recurrence rate after kidney transplantation may be as high
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as 80-90 %, particularly in patients with abnormal com-
plement factor H, which is the most frequent abnormality
[15].

In 2011, eculizumab (Soliris®, Alexion Pharmaceuti-
cals), a terminal complement inhibitor, was approved as a
new drug for the treatment of aHUS in Europe and the US.
Eculizumab is a humanized recombinant immunoglobulin
G2/4 monoclonal antibody directed against the comple-
ment component C5, which was developed as a treatment
for paroxysmal nocturnal hemoglobinuria. By binding to
complement component CS5, the drug inhibits the genera-
tion of C5a and C5b-9, and thus subsequently inhibits the
complement system.

There are a number of reports stating that only HUS that
is associated with complement regulation abnormalities is
defined as aHUS. On the basis of the current diagnostic
criteria, we have defined aHUS to include all types of HUS
that are not related to Shiga toxins or other distinct causes.
In cases where aHUS is associated with complement
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dysregulation, the introduction of eculizumab may mark-
edly change therapeutic strategies. It should be noted,
however, that recommendations of specific therapeutic
modalities are beyond the scope of the current diagnostic
criteria. However, in cases where complement dysregula-
tion is confirmed as the cause, treatment with eculizumab is
established. Thus, it may be desirable to assign HUS
associated with complement dysregulation a separate dis-
ease name rather than it being classified as “aHUS”, as in
the case of definitive “complement-mediated TMA™,

As described in previous reports, aHUS is a disease that
may frequently cause renal failure and be fatal if it is not
appropriately diagnosed and treated at the early stages of
disease onset. In Japan, aHUS may be misdiagnosed as
HUS caused by Shiga toxins because clinicians are not
sufficiently aware of aHUS, and consequently, treatment
may be delayed. Thus, our diagnostic criteria include the
category of “Probable” aHUS to ensure that the clinicians
consider aHUS during diagnosis. Many issues should be
addressed in the future, including the development of
diagnostic strategies to diagnose cases of suspected aHUS,
the establishment of insurance coverage for ADAMTS13
activity measurement testing that is necessary to differen-
tiate aHUS from TTP, and the development of treatment
guidelines. We hope that our diagnostic criteria will be
used widely and will contribute to the diagnosis and
treatment of aHUS patients.
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Abstract

Background Dietary protein intake (PI) induces glomer-
ular hyperfiltration and reduced dietary PI can be effective
in preserving kidney function. However, there is limited
information regarding the relationship between dietary PI
and glomerular histological changes in chronic kidney
disease. We investigated the relationship between changes
in dietary PI and both the changes in creatinine clearance
and glomerular histomorphometry in adult patients with
IgA nephropathy (IgAN).

Methods A total of 24 consecutive adult patients with
biopsy-confirmed IgAN were enrolled and glomerular
histomorphometric variables and clinical variables were
investigated. The main clinical variables were differences
in creatinine clearance (Ccr) (dCcr) and in PI (dPI) which
were calculated by subtracting PI and Ccr values in patients
on a controlled diet during hospitalization for kidney
biopsy from the respective values in patients on daily diets
as outpatients. These values of PI were estimated from
urinary urea excretion measured by 24-h urine collection.
The main renal histomorphometric variable was glomerular
tuft area (GTA) (um?).

Results dCcr positively correlated with dPI (r = 0.726,
P <0.001). GTA correlated positively with dPI
(r = 0.556, P = 0.013). Multiple regression analysis
showed that dPI was independently associated with both
dCcr and GTA. Additionally, GTA positively correlated
with dietary PI as outpatients (r = 0.457, P = 0.043).
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Conclusion Changes in dietary PI were associated with
the changes in glomerular filtration rate. Furthermore,
histomorphometric findings suggested that a greater dietary
PI can affect the glomerular size at the time of the initial
diagnostic biopsy for IgAN.

Keywords Dietary protein intake - Chronic kidney
disease - Glomerular hypertrophy - Glomerular
hyperfiltration - Glomerular filtration rate

Introduction

Chronic kidney disease (CKD) is recognized as a world-
wide public health problem [1]. IgA nephropathy (IgAN) is
the most common form of glomerulonephritis and is one of
the major causes of CKD in Japan, leading to end-stage
renal disease in about 40 % of patients 20 years after onset
[2, 3].

Immunological mechanisms, such as an aberrant
IgA immune response to a variety of different antigens,
contribute to the development of IgAN. In addition,
non-immunological mechanisms, such as glomerular
hypertension (considered to be a common factor in the
progression of glomerular diseases), may also play a role in
IgAN progression.

Dietary protein intake (PI) can modulate renal function
[4-6], but its role in kidney disease provokes ongoing
debate, in particular, the concern that excessive dietary PI
promotes or aggravates chronic kidney disease (CKD)
[6-8]. The habitual excessive consumption of dietary
protein was demonstrated to negatively affect kidney
function by inducing a sustained increase in glomerular
pressure [0, 7]. High glomerular pressure induces glomer-
ular hyperfiltration that mediates injury to the glomeruli,
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which subsequently progress to interstitial fibrosis and
consequently loss of renal function [7, 9]. Dietary protein
restriction limits the adaptive increase in the single-neph-
ron glomerular filtration rate and glomerular capillary
hydraulic pressure that is observed in response to a
reduction in functional nephron number, as demonstrated
in various models of experimental renal disease [10-12]. In
micropuncture studies in the rat, the increased glomerular
filtration rate in response to amino acid infusion was
associated with a reduction in afferent arteriolar resistance
and a subsequent increase in single-nephron plasma flow
[8].

Dietary PI can also induce phosphorus load and acid
load, and the reduction of dietary PI together with these
loads preserves kidney function, prevents the development
of uremic symptoms, and delays the need for dialysis
therapy, particularly in the later stages of CKD [I13-15]. A
meta-analysis of randomized controlled clinical trials on
the effects of low-protein diets yielded favorable results in
inhibiting the progression of renal function decline in
patients with non-diabetic CKD [16].

The results of quantitative morphometric analysis in
IgAN patients indicate an increase in the overall glomer-
ular area compared with the respective glomerular area in
normal patients [17]. Previous studies of the quantitative
analysis of renal histology demonstrated that a lower glo-
merular density and larger glomeruli are prognostic indi-
cators for IgAN [18-21].

However, there is limited information regarding the
relationship between dietary PI and glomerular histomor-
phometry in CKD [22]. The objectives of this study were
(1) to confirm whether the glomerular filtration rate varies
with changes in protein intake, and (2) to quantitatively
assess the glomerular tuft area (GTA) in patients with
IgAN and investigate the relationship between glomerular
histomorphometry and dietary PI. The present study is an
observational study based on the changes between food
intake of patients during hospitalization and as outpatients
undergoing routine medical care.

Materials and methods
Subjects

A total of 24 consecutive patients (14 men and 10 women)
who had undergone renal biopsy and were confirmed to
have IgAN between March 2005 and February 2008 in our
department were enrolled. All patients provided written
informed consent to use their clinical data, and this study
was approved by the Institutional Review Board of Tokyo
Medical University (No. 1987). Patients whose total
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number of obtained glomeruli was less than 4 and who had
previously been given diagnoses of IgAN by renal biopsy
or who had complications of diabetes mellitus, liver cir-
rhosis, or purpura nephritis were excluded from the ana-
lysis. No patients had received corticosteroid therapy or
dictary instruction from a dietitian before receiving a
diagnosis of IgAN.

Diets

All patients had unrestricted diets during the period of
outpatient department attendance before receiving a diag-
nosis of IgAN. The hospital stay was 4-5 days for diag-
nostic kidney biopsy. During their hospital stay, the daily
diet which was provided to patients as part of their care
before diagnosis included 120 mEq of sodium, 65 g of
protein, and 1800 kcal of energy, and their dietary intake
was at least 80 % and substantially 80-90 % of the diet
based on reviewed medical records.

Dietary protein and sodium intake

Dietary PI was determined according to the formula of
Maroni et al. on the basis of 24-h urine collection [23].
Dietary sodium intake (SI) was determined on the basis of
24-h urinary sodium excretion.

Clinical data

Creatinine clearance (Cer) was determined by the standard
clearance technique on the basis of 24-h urine collection,
and 24-h urinary protein (UP) excretion was measured. The
mean arterial pressure (MAP) was defined as diastolic
blood pressure plus pulse pressure/3. Routine biochemical
measurements, which included measurements of the levels
of serum low-density lipoprotein cholesterol, high-density
lipoprotein cholesterol, and hemoglobin Alc, were per-
formed in the morning after overnight fasting on the day
following admission for renal biopsy. The estimated glo-
merular filtration rate (mL/min/1.73 m?) was calculated
from the following formula for Japanese patients:
194 x Cr 1% x age“o‘287 (0.739x for women) [24].

Data analysis

Two values each of PI, SI, Ccr, MAP, and Serum creatinine
(Scr) (measured at the outpatient department in the most
recent days before treatment for IgA nephropathy which
was diagnosed by kidney biopsy) were averaged, and these
average values were applied as the outpatient depart-
ment value. The mean elapsed time between the hospital-
ization measurements and the most recent outpatient
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measurements was 2.0 months [interquartile range (IQR),
1.0-4.0]. The hospitalization period for renal biopsy was
4-5 days and renal biopsy was performed on the interme-
diate day of the hospital stay. The values of PI, SI, Ccr,
MAP, and Scr (obtained once on the third or fourth day of
admission for kidney biopsy with conceivable reduced
effect of diet on an outpatient basis) were applied as the
values during hospitalization. Differences in protein intake
(dPI), sodium intake (dSI), creatinine clearance (dCcr),
mean arterial pressure (dMAP), and serum -creatinine
(dScr) values between those obtained at the outpatient
department and those obtained during hospitalization were
investigated. Then, dPI, dSI, dCcr, dMAP, and dScr values
were calculated by subtracting the PI, SI, Cer, MAP, and
Scr values of patients obtained during hospitalization from
the respective values of the same patients when measured
at the outpatient department.

Quantitative morphology of kidney tissue sections

The diagnosis of IgAN was made by a pathologist. All
patients had both kidneys. Kidney tissue specimens were
obtained by standard percutaneous kidney biopsy.

Biopsies were divided into three portions including the
glomeruli, which were identified for light, immunofiuo-
rescence, and electron microscopies. The tissue was
embedded in paraffin, cut into 1-um-thick sections for light
microscopy, and stained with hematoxylin—eosin, periodic
acid—Schiff (PAS), periodic-acid methenamine silver, and
Masson trichrome (MT).

Quantitative morphometry of the renal histological
specimens was performed using an automated image ana-
lyzing system (Image-Pro Plus ver. 6.1, Media Cybernetics
Inc., Silver Spring, MD, USA) which provided digital image
capture and computer-assisted image analysis. Measure-
ments were performed on the routinely processed kidney
tissue slide samples for pathological diagnosis. The glome-
ruli were stained with PAS for morphometric analysis. For
each biopsy specimen, the top quartile of the large glomeruli
was selected based on the morphometry of each GTA, and
the mean tuft area of the glomeruli and the capillary area
were measured by a nephrologist (T.W.). The nephrologist
performing the morphometric assessments was blinded to
the clinical data. To measure a cross-section of the maximal
planar area to reflect the area inside a circular line on the
surface of a sphere, the glomerulus was intersected with a
plane passing through as nearly as possible to the center of
the glomerulus. We selected a larger area of glomeruli in a
tissue section slide in which the plane passed through as
nearly as possible to the center of the glomerulus as a sphere.

The tuft area of the glomerulus was defined as the inner
area indicated by the outer capillary loops of the tuft. The

capillary area was defined as the area expressed as a blank

space of the inner glomerulus on an obtained image. The

averaged values of each morphometric variable on the

selected glomeruli were calculated, and the following

morphometric indices were investigated:

1. glomerular tuft area (GTA) (umz) = mean tuft area of
the glomeruli;

2. capillary area ratio (CapR) (%) = mean percentage of
capillary area/tuft area of the glomeruli x 100.

Statistical analysis

The data were expressed as mean (standard deviation, SD)
for parametric data, or median (interquartile range, IQR)
for non-parametric data. A P value of less than 0.05 was
considered to indicate a statistically significant difference.
The Student unpaired ¢ test for parametric data or the
Mann-Whitney U test for non-parametric data was used to
compare the differences between variables. The Student
paired ¢ test for parametric data or the Wilcoxon signed
rank test was used to compare values both at the outpatient
department and during hospitalization. Simple correlations
between two values were analyzed by Pearson correlation
(for parametric data) or Spearman correlation (for non-
parametric data). Multiple regression analysis was con-
ducted to evaluate the independent determinant factors for
dCcr and GTA. Data analysis was performed using PASW
Statistics 18 (IBM, Chicago, IL, USA).

Table 1 Clinical characteristics of the patients at renal biopsy
(N =24)

Age (years) 27 (22-36)
Men:women 14:10

Duration of presence of urine protein (years) 3.5 (0.6-6.0)
Body mass index (kg/m?) 21.1 (2.2)

Mean arterial pressure (mmHg) 81.9 (8.4)
HDL-C (mg/dL) 66 (19)

LDL-C (mg/dL) 107 (32)
HbAlc (%) 4.8 (0.3)

UP? (g/day) 0.43 (0.16-0.58)
eGFR (mL/min/1.73 m?) 95.2 (29.1)

The ratio of men: women is expressed as a number; other values are
expressed as mean (SD standard deviation) or median (IQR inter-
quartile range)

eGFR was calculated from the following formula for Japanese
patients: 194 x Cr 0% age_o'287 (0.739x for women) 24

HDL-C high-density lipoprotein cholesterol, LDL-C low-density
lipoprotein cholesterol, HbAIc hemoglobin Alc, UP urinary protein
excretion, eGFR estimated glomerular filtration rate

*N=22
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Table 2 Clinical values at the outpatient department, during hospitalization, and the differences between them (V = 24)

Outpatient During hospitalization P value Difference (d)
PI* (g/kg/day) 1.13 (0.26) 0.84 (0.65-1.18) 0.064 0.15 (0.34)
SI* (mEq/day) 192 (44) 111 3D <0,001 84 (51)
Cer® (ml./min) 121.0 (35.5) 93.2 (83.0-120.1) 0.049 12.8 (25.0)
MAP (mmHg) 86.0 (12.1) 81.9 (8.4) 0.044 4.1 (9.5)
Ser® (mg/dL) 0.72 (0.19 0.77 (0.25) 0.320 ~0.01 (+0.06 —0.03)

Values are expressed as mean (SD) or median (IQR). Differences (d) in the values of dPI, dSI, dCecr, dMAP, and dScr were determined by
subtracting the values obtained during hospitalization from those obtained at the outpatient department

PI protein intake, ST sodium intake, Ccr creatinine clearance, Scr serum creatinine, MAP mean arterial pressure

* N = 20 at the outpatient department, N = 22 during hospitalization, d values were valid for N = 19

" N = 20 at the outpatient department, N = 24 during hospitalization, d values were valid for N = 20

Results
Baseline characteristics

The baseline values of the patients at the point of renal
biopsy are listed in Table 1. The average body mass index
was 21.1 kg/m” which was less than 22 kg/m”* defined as
the standard (Japan Society for the Study of Obesity 1999).
A total of 3 patients received angiotensin-converting
enzyme inhibitors or angiotensin receptor blockers. Of
these, 1 patient received both a calcium channel blocker
and a beta blocker.

Clinical data

Adequate 24-h urine collection samples were provided by
22 out of 24 patients during hospitalization for kidney
biopsy, and from 20 out of 24 patients at the outpatient
department. Thus, the comparisons of clinical variables on
the basis of 24-h urine collection samples during hospi-
talization and at the outpatient department were valid for
19 patients. MAP values both at the outpatient department
and during hospitalization were obtained from all the 24
patients. The clinical variables are listed in Table 2.

Quantitative histomorphometric measurements

The total number of glomeruli examined in each biopsy
specimen ranged from 4 to 35 with an average of
18.1 & 7.9, and quantitative morphometry was performed
for all of the glomeruli with a GTA. The top quartile of the
large glomeruli, the average number of which was
4.2 £ 1.9, was selected based on the morphometry of each
GTA and used for histological variable. Representative
images of renal histomorphometry are shown in Fig. 1.
Summaries of the renal histomorphometric measurements
performed in this study are listed in Table 3. There were
no statistically significant differences in morphometry
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variables between men and women. GTA correlated posi-
tively with CapR (Fig. 2).

Relationship between dCcr and dPI

dCecr positively correlated with dPI (Fig. 3), but not with
dSI or dMAP. Multiple regression analysis was performed
to adjust for the effects of age, gender, BMI, dPI, dSI, and
dMAP on dCcr. dPI was independently associated with
dCcr (Table 4).

Relationship between GTA and dPI

GTA correlated positively with dPI (Fig. 4a). There were
no statistically significant differences between GTA and
dSI, dCcr, dMAP. Multiple regression analysis was per-
formed to adjust for the effects of age, gender, BMI, dPI,
dSI, and dMAP on GTA. dPI was independently associated
with GTA (Table 4).

Additionally, GTA also correlated positively with die-
tary PI, but not with SI and MAP at the outpatient
department (Fig. 4b).

Discussion

Our results demonstrated that dCecr, which represents
changes in glomerular filtration rate, correlated with
changes in protein intake. Moreover, glomerular tuft size
correlated with dPI, which represents dietary PI as outpa-
tients when compared with hospitalization on a controlled
diet. These findings suggest that greater daily PI may
induce glomerular hyperfiltration and increase glomerular
size.

The result that dCcr positively correlated with dPI
apparently supports previous reports with regard to the
increased glomerular filtration rate in response to PI [6-8,
10, 12].
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Fig. 1 Representative images of renal histomorphometry. a Tuft area of the glomerulus (inner area of yellow outline), b capillary area (red

areas) (PAS stain x400)

Table 3 Morphometry of renal histology (N = 24)

Renal histological variable Mean (SD) or median (IQR)

1) Glomerular tuft area (GTA) (umz) 21583 (20316-26156)

2) Capillary area ratio (CapR) (%) 12.3 (3.7)
35000 - °
(o)
= 30000
=
=
P
O 25000
20000
]
T T T
5 10 15 20

CapR (%)

Fig. 2 Relationship between GTA and CapR. GTA (um?) positively
correlated with CapR (%) (N = 24; Spearman correlation coefficient,
r = 0.424; P = 0.039)

We simultaneously measured GTA, which represents
glomerular size, and the area of the components of the
glomerulus such as the glomerular capillaries. We per-
formed a simple histomorphometric technique to measure
the plane area using routinely processed kidney tissue
slide samples for pathological diagnosis in clinical care.
The top quartile of the large glomeruli in a tissue section
slide was selected for analysis, in which the plane passed
through as nearly as possible to the center of the glo-
merulus as a sphere to avoid the selection of the edge
portion of the glomerulus into the measurements. A larger

dCcr (mL/min)

-40 T T T
-0.50 0.00 0.50 1.00

dPI (g/kg/day)

Fig. 3 Relationship between dCcr and dPI. dCcr (mL/min) positively
correlated with dPI (g/kg/day) (N = 19; Pearson correlation coeffi-
cient, r = 0.726; P < 0.001). dCcr and dPI were determined by
subtracting the values obtained during hospitalization from those
obtained at the outpatient department

glomerulus tends to become clearer, making its presence
more visible.

In the current results, GTA correlated positively with
CapR, which is the ratio of the glomerular capillary area in
the glomerulus. An increase in CapR might be due to
capillary loop dilatation which contributes to the devel-
opment of large glomeruli. It is possible that such capillary
loop dilation is caused by a high inner glomerular capillary
pressure. Previous studies have shown that large glomeruli
are frequently observed in the early stages of various kid-
ney diseases, and such findings may indicate a high risk of
renal failure [9, 18-21, 25].

In the present study, the patients were provided a diet
containing the recommended dietary allowance for healthy
Japanese adults during their hospital stay for kidney biopsy
[26]. There were no differences in the PI between
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Table 4 Multiple regression analysis of dCer and GTA

Variable dCer (mL/min) GTA (pm?)
Beta P value Beta P value

Age (years) 0.097 0.687 0.067 0.806
Gender 0.005 0.981 0.322 0.220
BMI (kg/m?) 0.156 0.503 ~0.033 0.901
dPI (g/kg/day) 0.722 0.002 0.507 0.031
dSI (mEg/day) -0,170 0.389 0.222 0.327
dMAP (mmHg) ~0.293 0.203 ~0.177 0.488
R 0.621 0.510

Gender: women were assigned a value of 0 and men were assigned a
value of 1. Differences (d) in the values of dCer, dPJ, dSI, and dMAP
were determined by subtracting the values obtained during hospital-
ization from those obtained at the outpatient department. GTA (pm?)
and age (years) were transformed (logyo) prior to the analysis

Ccr creatinine clearance, BMI body mass index, P/ protein intake, S/
sodium intake, MAP mean arterial pressure

outpatient and during hospitalization because several types
of outpatients existed, those who had a large daily PI and
those who had a small daily PI, making the outpatient PI as
a whole not significantly different from the PI during
hospitalization wherein patients were on a controlled diet.
With all these considered, higher levels of dPI suggest a
greater daily PI; in contrast, low levels of dPI suggest a less
daily PI than during hospitalization for patients on a con-
trolled diet. GTA correlated positively with dPI (Fig. 3a),
and also with PI at the outpatient department (Fig. 3b).
These findings suggest that daily PI affects glomerular size.

Glomerular hyperfiltration is considered to be a normal
adaptation mechanism in the remnant glomerulus which
compensates for the glomerular filtration loss caused by the
insults from various glomerular diseases, and thus the

35000 °

30000

GTA (pm?)

25000 -

20000 -

-0.50 0.;)0 O.KSO 1.00
dPl (g/kg/day)

Fig. 4 Relationship between GTA and dietary Pl. a Correlation
between dPI (g/kg/day) and GTA (umz) (N = 19; Spearman
correlation coefficient, r = 0.556; P = 0.013). b Correlation
between dietary PI at the outpatient department (g/kg/day) and
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remnant glomerulus of the kidney can become hypertro-
phic. Moreover, high PI causes high glomerular pressure
and hyperfiltration in kidney diseases, and a subsequent
increase in glomerular size [6, 7]. Jia et al. and Wakefield
et al. performed studies on the effects of long-term dietary
Pl in healthy pigs or rat and demonstrated that a high-
protein diet resulted in renal glomerular hypertrophy and
frequent renal glomerulosclerosis compared with a normal-
protein diet [27, 28]. Parts of these results are consistent
with those of the present study.

Our data showed no correlation between GTA and dCer.
We may also consider other effects of PI on the glomeru-
lus, not only the effect of PI on GFR by hemodynamic
change, the impact of which can be reduced during hos-
pitalization when patients take controlled diet at which
time biopsy is performed, but also the nonhemodynamic
effect of PI on GTA. A previous study indicated that higher
dietary PI produces nonhemodynamic glomerular injury by
enhancing mesangial cell responses which contribute to
expansion of the glomerular area and mesangial area [22].

To the best of our knowledge, the relationship between
PI and renal histomorphometry remains unexplored in
IgAN. We believe that the findings of the present study can
provide insight regarding the relationship between dietary
PI and histomorphometric findings in patients with IgAN.

One of the strengths of the current study is the simul-
tancous measurement of GTA and CapR, which may
clarify whether glomerular capillary loop dilation, possibly
caused by a high glomerular pressure, contributes to the
increased glomerular size. There are few previous studies
investigating glomerular hypertrophy in relation to glo-
merular capillary loop dilation. Furthermore, in the present
study, we evaluated the effects of the dietary PI according
to observed differences in PI as estimated from urinary

0.60 0.80 1.00 1.20 1.40 1.60
Pl as outpatients {g/kg/day)

GTA (pmz) (N = 20; Spearman correlation coefficient, r = 0.457;
P = 0.043). dPI was determined by subtracting the values obtained
during hospitalization from those obtained at the outpatient
department
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urea excretion measured by 24-h urine collection at the
outpatient department and during hospitalization. To the
best of our knowledge, no previous studies have investi-
gated the correlation between dietary PI and the histo-
morphometric changes in IgAN.

However, this study has some limitations. First, this
study was made without consideration of the disease
activity of IgAN to put priority on quantification of glo-
merular tissue as an objective method. Second, we could
not apply multiple measurements for better assessment of
PI. As there was almost no chance in many cases, kidney
biopsy was performed in the early stages after the first visit
as an outpatient in view of obtaining early diagnosis. Third,
the sample size of this preliminary study may have been
small. Fourth, healthy control subjects were not recruited in
this study as ethical issues prevented us from obtaining
normal healthy kidney tissue.

In conclusion, our clinical observational study, data
based on 24-h urine collection, and glomerular histomor-
phometry have indicated that a greater dietary PI may
induce glomerular hyperfiltration, which is one of the
factors that possibly increase glomerular size at the time of
the initial diagnostic biopsy for IgAN. The focus of this
study as CKD patients was patients with IgA nephropathy
which is the most common form of glomerulonephropathy
in Japan with a large number of cases. However, the
relationship between dietary PI and the changes in Ccr and
GTA in other types of glomerulonephritis that cause CKD
should be further investigated in future studies on CKD
patients. The relationship between PI as a dietary factor
and changes in the human kidneys must be furthered
clarified and given attention.
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