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Glomerular Hyperfiltration Is Associated with Liver Disease Severity in
Children with Nonalcoholic Fatty Liver Disease

Toshifumi Yodoshi, MD', Ana Catalina Arce-Clachar, MD'-, Qin Sun, MPH?, Lin Fei, PhD**, Kristin Bramlage, MD,
Stavra A. Xanthakos, MD, MS'?, Francisco Flores, MD**, and Marialena Mouzaki, MD, MSc'"?

Objectives To determine the prevalence of renal impairment in a large cohort of youths with histologically
confirmed nonalcoholic fatty liver disease (NAFLD), and to determine its association with liver disease severity.
Study design Clinical, laboratory, and histology data were collected retrospectively in a pediatric cohort with
biopsy-confirmed NAFLD at a tertiary care center between 2010 and 2017. Histological NAFLD severity was scored
using validated criteria. Glomerular filtration rate (GFR) was calculated and categorized as low (<90 mL/min/
1.73 m?), normal (90-136 mL/min/1.73 m?), or high (>136 mL/min/1.73 m?). Univariate and multivariate modeling
were used to determine differences between the GFR groups and to control for confounders.

Results The cohort comprised 179 patients (82% non-Hispanic; median age; 14 years; IQR, 12-16 years). One-
third of the patients had abnormal renal function, including 36 (20%) with glomerular hyperfiltration and 26 (15%)
with low GFR. In multivariable logistic regression, compared with normal GFR, hyperfiltration was independently
associated with higher NAFLD activity score (aOR, 2.96; 95% CI, 1.49-5.87; P = .002), after adjusting for age,
sex, ethnicity, obesity severity, presence of type 2 diabetes mellitus, and medications.

Conclusions In this large cohort with histologically confirmed NAFLD, renal impairment was highly prevalent and
associated with liver disease severity, independent of obesity severity. Screening patients with confirmed NAFLD
for renal complication is recommended. (J Pediatr 2020;222:127-33).

onalcoholic fatty liver disease (NAFLD) is closely linked to obesity and is considered the hepatic manifestation of the

metabolic syndrome.' Both obesity and specific components of the metabolic syndrome frequently encountered in pa-

tients with NAFLD, such as insulin resistance and hypertension, are associated with renal impairment.” Thus, it is
unsurprising that chronic kidney disease is highly prevalent in adults with NAFLD, affecting up to 20%-55% of patients.”
NAFLD is currently the leading adult indication for concurrent liver and kidney transplantation, further underscoring the
link between these 2 conditions.”'’ Renal impairment does not simply coexist with NAFLD; in adult cohorts, it is also asso-
ciated with histological liver disease severity.'' In children, despite a high prevalence of NAFLD (10% in the general US pop-
ulation alone), the literature on the renal function of these patients is limited and controversial.'>'? In contrast to the findings
of adult cohorts with NAFLD, Manco et al previously found no association between liver histology and renal impairment in 80
children with biopsy-confirmed NAFLD."” They also reported no links between measures of insulin resistance and renal
function.

Most often, the severity of renal impairment is determined based on the glomerular filtration rate (GFR). In clinical practice,
the GFR is typically calculated using the modified Schwartz equation; however, it can also be calculated using cystatin C-based
estimates or even measured with nuclear medicine scans.'* The first stage of renal impairment is glomerular hyperfiltration,
which is most often defined as a GFR >130 mL/min/1.73 m*."”""” Glomerular hyperfiltration is prevalent in adults with con-
ditions associated with NAFLD, such as obesity,'®'” prehypertension and impaired glucose tolerance,'” type 2 diabetes mellitus
(T2DM),”>*! and hypertension,”* ** as well as in children with obesity-related hypertension®” and insulin resistance.”® Glomer-
ular hyperfiltration is hypothesized to be a precursor of intraglomerular hypertension, which ultimately leads to albuminuria.
Over time, albuminuria increases, and GFR declines, leading to progressive renal dysfunction and ultimately end-stage renal
disease.”” Screening high-risk patients for hyperfiltration can be beneficial, given that early intervention with medications,
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such as angiotensin receptor inhibitors, can prevent and/or
delay progression to more severe renal disease.”®

The objectives of this study were to investigate the preva-
lence and severity of renal impairment in a large cohort of
children with histologically confirmed NAFLD, and to deter-
mine whether renal impairment is associated with more
advanced liver disease.

This retrospective study was performed at Cincinnati Chil-
dren’s Hospital Medical Center. Institutional Review Board
approval and a waiver of informed consent were obtained
before the initiation of data collection. Inclusion criteria
were age <18 years, histologically confirmed NAFLD on liver
biopsy (August 2010 to December 2017), and available serum
creatinine level measured within 3 months of the liver biopsy.
Exclusion criteria were other concurrent liver diseases (eg,
autoimmune hepatitis, Wilson disease), known chronic kid-
ney disease secondary to unrelated (non-obesity/NAFLD)
causes, and steatohepatitis secondary to genetic or metabolic
causes (eg, lipodystrophy, lysosomal acid lipase deficiency).

Electronic medical records were reviewed to collect demo-
graphic data (ie, age, sex, and ethnicity) and clinical charac-
teristics (eg, anthropometrics, other diagnoses, concurrent
medications) at the time of liver biopsy. Laboratory data
available within 3 months of the liver biopsy (and closest to
the biopsy), including serum levels of alanine aminotrans-
ferase (ALT), aspartate aminotransferase, gamma glutamyl
transferase, alkaline phosphatase, hemoglobin Alc
(HbAlc), albumin, prothrombin time, platelet count, and
creatinine level, were also collected.

At our institution, patients typically undergo liver biopsy
when more severe NAFLD is suspected, as in the case of
persistently elevated ALT >50 U/L for 3-6 months and lack
of body mass index (BMI) improvement, concurrent diag-
nosis of metabolic syndrome or obstructive sleep apnea,
imaging evidence of splenomegaly and/or increased liver
stiffness on magnetic resonance elastography, or when a
different liver disease is also being strongly considered
(eg, autoimmune hepatitis).

Definition of Estimated GFR and GFR Classification
Estimated GFR (eGFR) was calculated using the modified
Schwartz equation: eGFR = 0.413 X [height (cm)/serum
creatinine (mg/dL)].sl Patients were classified according to
eGER level as low GFR (<90 mL/min/1.73 m?),”” normal
GFR (90-136 mL/min/1.73 m?), or high GFR (ie, glomerular
hyperfiltration; >136 mL/min/1.73 m?*). The cutoff for hy-
perfiltration used in this study was the average of most
studies in the field,”””* supported by a systematic review re-
porting the majority of study cutoffs values at 130-140 mL/

min/1.73 m?."
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Definitions of Clinical and Histological Variables
Using BMI percentiles for age and sex based on Centers for
Disease Control and Prevention growth charts, we classified
the patients as overweight (BMI 85th-<95th percentile),
obese class I (BMI 95th percentile to <120% of the 95th
percentile), severely obese class II (BMI 120%-<140% of
the 95th percentile), or severely obese class III (BMI >140%
of the 95th percentile).”” A diagnosis of T2DM was
confirmed by an oral glucose tolerance test with plasma
glucose >200 mg/dL at 2 hours, hemoglobin A1C (HbAlc)
value >6.4%, or confirmation of T2DM diagnosis by an
endocrinologist.’® The classification developed by Kleiner
et al was used to grade histological steatosis (scored as 0-3),
lobular inflammation (0-3), and hepatocyte ballooning
(0-2) and to stage fibrosis (0-4), and the NAFLD Activity
Score (NAS) was calculated as a sum of the scores for steato-
sis, lobular inflammation, and ballooning degeneration.’”
For the purpose of our analyses, an NAS of =5 was used as
a cutoff to distinguish mild vs severe liver disease.”® Signifi-
cant fibrosis was defined as fibrosis stage 2 or greater.

Statistical Analyses

Demographic and other characteristic variables were sum-
marized as descriptive statistics. ORs and 95% Cls with
P values were reported. The main statistical model used to
study the relationships of GFR categories with other variables
was the multinomial logistic model, in which 3 categories
were modeled in a general logit function, with the normal
GFR category as the reference category. ORs were calculated
for both the low and high GFR groups separately relative to
the normal group. This logistic model was used either in sin-
gle variable or multiple independent variable settings. For
categorical independent variables, we applied the Fisher exact
test to investigate their associations with GFR categorical re-
sponses. Stepwise selection procedures were applied when
multiple independent variables were considered. The poten-
tial confounders adjusted for were age, sex, ethnicity, obesity
severity, presence of T2DM, and medications used at the time
of liver biopsy. Statistically nonsignificant variables were
eliminated from final models to maintain parsimoniousness.
Statistical significance was claimed at a P value <.05. Statisti-
cal analyses were performed using SAS version 9.4 (SAS Insti-
tute, Cary, North Carolina).

The study cohort comprised 179 children with biopsy-
confirmed NAFLD. The median patient age was 14 years
(range, 2-18 years); 64% were male, and 18% were Hispanic.
The majority of patients had severe obesity (n = 102; 77%).
The clinical, laboratory, and histological characteristics of
the study cohort are presented in Table I. The median
eGFR was 110 mL/min/1.73 m? (range, 51-203 mL/min/
1.73 m% IQR, 96-129 mL/min/1.73 m?). Sixty-two patients
(35%) had some degree of renal impairment (Table I); of
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Table I. Demographic and baseline clinical,
laboratory, and histological characteristics of the study
cohort (N = 179)
Characteristics Values
Age, y, median (IQR) 14 (12-16)
Male sex, n (%) 115 (64)
Ethnicity, n (%)
Hispanic 47 (18)
Non-Hispanic 147 (82)
BMI, kg/m?, median (IQR) 36 (31.5-40.5)
Obesity classification, n (%)
Overweight 2(1)
Obese, class | 38 (21)
Severely obese, class Il 55 (31)
Severely obese, class Ill 82 (46)
T2DM, n (%) 20 (11)
Medication use at time of biopsy, n (%)
Insulin 8 (4)
Metformin 41 (23)
Vitamin E 6 (3)
Statins 2(1)
Antihypertensive drugs 19 (11)
ACE inhibitors (lisinopril, enalapril) 11 (58)
Amlodipine 1(5)
Clonidine 7(37)
Laboratory data, median (IQR)
ALT, U/L 85 (60-123)
AST, UL 44.5 (34-70)
GGT, UL 46 (35-74)
ALP, U/L 183 (135-235)
HbA1c, % 5.2 (5.0-5.5)
Albumin, g/dL 4.1 (3.9-4.4)
Prothrombin-INR 0.99 (0.95-1.03)
Platelet count, x10%/L 312 (257-346)
eGFR, mL/min/1.73 m2, median (IQR) 110 (96-129)
GFR status, n (%)
Low GFR 26 (15)
Normal GFR 117 (65)
High GFR (glomerular hyperfiltration) 36 (20)
Histology data
Steatosis score, median (IQR) 2 (1-3)
Lobular inflammation score, median (IQR) 1(1-2)
Hepatocellular ballooning score, median (IQR) 1(0-1)
NAS, median (IQR) 4 (3-5)
NAS >5, n (%) 70 (39)
Portal inflammation score, median (IQR) 1(0-1)
Fibrosis stage, median (IQR) 1(0-1)
Fibrosis stage >2, n (%) 14 (8)
\ 7

ACE, angiotensin-converting enzyme; ALP, alkaline phosphatase; AST, aspartate aminotrans-
ferase; GGT, gamma glutamyl transpeptidase; /MR, international normalized ratio.

these patients, 5 (8%) were prescribed antihypertensive
medication (lisinopril in 2 and clonidine in 3).

The patients were subsequently divided into 3 GFR groups
(high, normal, and low) and their demographic, clinical, lab-
oratory, and histological characteristics were compared
(Table II). The GFR groups differed in terms of patient age
at the time of liver biopsy; however, the remaining clinical,
demographic, and laboratory characteristics were not
significantly different. Liver disease severity differed among
the groups, as shown by a higher median NAS in patients
with hyperfiltration (NAS, 5; IQR, 4-6) compared with
patients with normal GFR (NAS, 4; IQR, 2-5; P = .042
compared with the hyperfiltration group) and low GFR
(NAS, 3; IQR, 3-4; P = .02 compared with the
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hyperfiltration group). The NAS distribution by GFR
category is depicted in the Figure.

In multivariable logistic regression analyses, glomerular
hyperfiltration was associated with greater odds of a higher
NAS (aOR, 2.96; 95% CI, 1.49-5.87; P = .002) and greater
odds of NAS >5 (aOR, 2.58; 95% CI, 1.19-5.59; P = .002)
compared with normal GFR, after adjusting for age, sex,
ethnicity, obesity severity, presence of T2DM, and medica-
tions (Table III).

In a cohort of 179 children and adolescents with biopsy-
confirmed NAFLD, we found that 20% had glomerular hy-
perfiltration and 15% had low eGFR within 3 months of their
liver biopsy. Furthermore, glomerular hyperfiltration was
associated with a higher NAS, independent of traditional
risk factors, such as obesity severity, presence of T2DM,
and antihypertensive drug use. This suggests that glomerular
hyperfiltration should be taken into consideration when risk-
stratifying patients with presumed NAFLD.

Our results confirm the association between renal impair-
ment and histological severity that has been previously re-
ported in the adult literature.'! However, our data are in
contrast with the single previous pediatric report on the
topic. Manco et al studied a cohort of 80 children with
biopsy-confirmed NAFLD and compared their creatinine
clearance and albuminuria against values of 59 age- and
sex-matched normal-weight children without NAFLD.'"
Although the groups differed in terms of insulin sensitivity,
their renal function did not differ. In that study, renal func-
tion was not grouped using GFR cutoffs, so the association
between glomerular hyperfiltration and liver disease severity
was not evaluated. In another study, Pacifico et al studied 268
children with presumed NAFLD diagnosed by magnetic reso-
nance imaging and demonstrated that obese patients with
NAFLD were more likely to have decreased GFR (<90 mL/
min/1.73 m*) compared with children with obesity without
NAFLD and lean controls.'” Although this study under-
scored the association between NAFLD and renal impair-
ment, it did not include patients with histologically
confirmed NAFLD and as such could not address whether
liver disease severity and renal impairment were linked. To
expand this field further, future studies should include a
combination of cystatin C-based calculations of GFR or
technetium-99m diethylenetriaminepentacetate clearance,
as well as assessment of microalbuminuria, to provide a
more detailed evaluation of the renal function of patients
with histologically confirmed NAFLD.

The mechanism linking renal impairment and liver disease
severity is not entirely understood. It is possible that they are
both the end result of the same “hit.” The renin-angiotensin
system may play a key role in this process. In the liver, angio-
tensin II type 1 (AT1) receptor activation promotes steatosis
through the stimulation of de novo lipogenesis and inhibi-
tion of fatty acid oxidation.””*" AT1 receptor activation
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Table II. Demographic, clinical, laboratory, and histological characteristics of patients grouped by GFR status
Variables Glomerular hyperfiltration (N = 36) Normal GFR (N = 117) Low GFR (N = 26) P value
Age, y, median (IQR) 12 (11-14) 15 (11-16) 16 (16-17) <.001
Male sex, n (%) 25 (69) 72 (62) 18 (69) .64
Hispanic ethnicity, n (%) 8(22) 22 (19) 2(8) .31
Obesity, n (%) .63

Overweight 1(3) 1(1) 0(0)
Obese class | 8 (22) 26 (23) 4 (15)
Severe obesity class |l 8 (22 39 (34) 8 (31)
Severe obesity class Il 19 (53) 49 (42) 14 (54)
T2DM, n (%) 7(19) 11 (9) 2(8) .24
Medications at time of biopsy, n (%)
Insulin 4 (11 4(3) 0(0) 1
Metformin 10 (28 25 (21) 6 (23) .70
Vitamin E 1(3) 4(3) 1(4) 1.00
Statins 0(0) 1(1) 1(4) .31
Antihypertensive drugs 3(8) 14 (12) 2(8) .82
ACE inhibitors 2 (6) 9(8) 0(0) .21
Amlodipine or clonidine 1(2) 5(4) 2(8) .21
Laboratory data, median (IQR)
eGFR, mL/min/1.73 m? 151 (140-172) 109 (99-119) 85 (78-86) <.01
ALT, U/L 90 (71-141) 85 (58-121) 77 (56-112) .38
AST, UL 47 5 (34.5- 100) 45 (34-68) 42 (37-61) 14
GGT, UL 50 (36-77) 45 (32-70) 52 (36-71) .56
ALP, U/L 201 (136-238) 179 (131-233) 176 (132-249) .82
HbA1c, % .2 (5.0-5.5) .3 (3.0-5.6) .2 (5.0-5.5) 15
Albumin, g/dL .2 (3.9-4.4) 1(3.9-4.3) 1(3.8-4.4) .80
Prothrombin-INR 0 (0.94-1.05) 0. 99 (0.95-1.03) 0. 99 (0.97-1.05) .40
Platelet count, x10%/L 300 (249-324) 315 (270-372) 313 (234-317) .33
Histology data
Steatosis score, median (IQR) 3(2-3) 2(1-3) 1.5(1-3) 12
Lobular inflammation score, median (IQR) 1(1-2) 1(1-2) 1(0-1) .28
Ballooning score, median (IQR) 1(0-1) 1(0-1) 1(0-1) .39
NAS, median (IQR) 5 (4-6) 4 (2-5) 3(3-4) .01
NAS >5, n (%) 20 (56) 44 (38) 6 (23) .01
Portal inflammation score, median (IQR) 1(1-1 1(0-1 1(0-1) 24
Fibrosis stage, median (IQR) 1(0-1) 1(0-2) 0(0-1) 16
Fibrosis >2, n (%) 103 11(9) 2(8) 11
\ S

also promotes hepatic insulin resistance, oxidative stress, and
synthesis of proinflammatory and profibrogenic cytokines,
thereby potentially contributing to the entire spectrum of
liver injury seen in NAFLD/nonalcoholic steatohepatitis.’”*’
In the kidney, AT1 receptor activation promotes glomerular
efferent arteriole vasoconstriction, glomerulosclerosis, and
glomerular injury through reactive oxygen species and cyto-
kine production.*’ Notably, there is an ongoing randomized,
placebo-controlled, double blind clinical trial investigating
an AT1 receptor blocker, losartan, for the treatment of
NAFLD in children (ClinicalTrials.gov  identifier
NCT03467217). It remains to be seen whether this approach
can ameliorate both the liver and renal impairment of chil-
dren with NAFLD/nonalcoholic steatohepatitis.

Fructose may be another common variable contributing to
both liver and renal impairment in patients with NAFLD.
Excess consumption of fructose is known to contribute to he-
patic steatosis and fibrosis.””*’ Fructose can also elevate
blood pressure and increase serum uric acid levels, both fac-
tors known to be associated with renal impairment.** In fact,
several observational studies have suggested that high fruc-
tose intake may be associated with the incidence and severity

130

of both renal impairment and NAFLD."’

awaits further investigation.

Beyond fructose, previous studies have also linked glomer-
ular hyperfiltration to insulin resistance in children. Lee et al
demonstrated that glomerular hyperfiltration is associated
with insulin resistance independent of BMI z-score in a na-
tionally representative sample of US adolescents.”® Insulin
resistance is a known driver of hepatic steatosis, the main
component of the NAS. As a result, it could be postulated
that insulin resistance is the common denominator for the
glomerular hyperfiltration and higher NAS scores seen in
these patients. It should be noted, however, that in our study
revealed no differences in the prevalence of T2DM, insulin/
metformin use, or HbAlc value among the GFR groups,
and thus this hypothesis is not supported by our findings.

In our study, the 3 GFR groups did not differ in terms of
traditional risk factors for NAFLD, specifically obesity
severity and Hispanic ethnicity, or in use of medications
for T2DM or hypertension. The proportion of patients
with T2DM, although numerically higher in the hyperfiltra-
tion group, was also not statistically different among the
groups. More importantly, serum ALT level did not differ

This possibility
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Figure. Relationship between median GFR categories and
NAS in the study cohort.

across the 3 GFR groups, even though histologically, those
with hyperfiltration were found to be 3 times more likely to
have a higher NAS. Given these findings, eGFR should be
calculated in all patients with NAFLD and should be taken
into account when considering liver biopsy in children with
presumed NAFLD. Notably, in our study, only a minority
of patients with hyperfiltration (8%) were prescribed antihy-
pertensive medications. AT1 receptor antagonists can be
particularly beneficial in earlier stages of renal impairment
to control hypertension and/or albuminuria, providing
another reason to screen for this comorbidity.

The major strength of the present study is the large sample
size of children and adolescents with biopsy-confirmed
NAFLD evaluated using validated histological criteria for
disease severity. In addition, the cohort was well pheno-
typed, including severity of obesity, dyslipidemia, insulin
resistance, T2DM, and concurrent medication use. The
study was limited by its retrospective design, which pre-
vented us from performing in-depth assessments of renal
function, such as cystatin C-based assessment of renal func-
tion and determination of the presence of albuminuria/mi-

a N
Table III. Multivariable logistic regression model for
predicting NAS
Variables Point estimates Wald 95% Cls P value
OR estimates of NAS*

High vs normal GFR 2.957 1.489-5.870 .002
Low vs normal GFR 0.652 0.307-1.384 .266
OR estimates of NAS >5*
High vs normal GFR 2.582 1.193-5.589 .016
Low vs normal GFR 0.383 0.127-1.154 .088
\ J

*Adjusted for age, sex, ethnicity, T2DM, obesity severity, and drug use based on model selec-
tion results.
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croalbuminuria. To determine renal impairment, we relied
on laboratory values obtained for clinical purposes, which
perhaps introduced selection bias. In addition, eGFR has
not been validated for use in severely obese individuals; how-
ever, it has been previously reported in other studies on the
topic.””*” Importantly, we did not include blood pressure
measurements, because those obtained in our clinics are
often inaccurate, as demonstrated by subsequent 24-hour
blood pressure ambulatory monitoring of a subset of our pa-
tients referred for further workup. Furthermore, we chose to
focus on patients who had undergone liver biopsy to assess
liver disease severity. In clinical practice, we obtain liver
biopsy specimens in patients with persistent significant
ALT elevation (>2 times the upper limit of normal) after
an initial period of lifestyle management or who have risk
factors for more advanced liver disease (eg, imaging findings
suggestive of more advanced fibrosis), and as such this
cohort is not representative of the entire spectrum of pa-
tients with NAFLD. Moreover, in this study, the low GFR
group had a lower NAS compared with the normal and
high GFR groups. Although this finding seems to contradict
our hypothesis that the severity of liver disease is associated
with progression of renal impairment, the low GFR group
had a median GFR of 85 mL/min/1.73 m” (IQR, 78-
86 mL/min/1.73 m?). This value is close to the lower limit
of normal for GFR, and only 1 subject had an GFR
<60 mL/min/1.73 m*. To demonstrate the association be-
tween low GFR and liver disease severity in pediatric
NAFLD, further studies are needed with a larger number
of patients with both NAFLD and GFR <60 mL/min/
1.73 m?. Finally, in this study, renal impairment was deter-
mined using a calculated eGFR. Although calculating
eGFR using the Schwartz equation is the most commonly
used method in clinical practice, this approach has limita-
tions in patients with advanced liver disease. The impaired
liver function, low muscle mass, and protein malnutrition
seen in patients with advanced end-stage liver disease result
in reduced creatinine production and overestimation of the
GFR. However, in this cohort of patients with NAFLD, no
patients had evidence of end-stage liver disease (eg, elevated
prothrombin time/international normalized ratio, hypoal-
buminemia). Owing to the logistics and cost involved in ob-
taining isotopic renal scans, we recommend that prospective
studies in patients with NAFLD use cystatin C-based calcu-
lations of the eGFR, along with estimates of microalbuminu-
ria, to further investigate the renal impairment in these
patients.*®

In this study, no patient with hyperfiltration was pre-
scribed AT1 receptor inhibitors. Because glomerular hyper-
filtration is a precursor of chronic kidney disease,
pediatricians caring for patients with NAFLD should be
aware of this comorbidity. Future studies should address
the impact of early intervention on the natural history of
the renal impairment seen in these patients. W
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