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Abstract

Background: Nonalcoholic steatohepatitis (NASH) is a severe form of fatty liver disease that has been shown to
be associated with chronic kidney disease (CKD). Mechanism for the association of NASH with CKD remains
unclear. In this study, we examined the association between NASH severity and kidney glucose uptake and the
liver-secreted signaling molecule fibroblast growth factor 21 (FGF21).

Methods: Kinetic parameters for kidney glucose transport rate (K;) and standardlzed uptake value (SUV) were
determined using dynamic positron emission tomography after injection of '®F-fluorodeoxyglucose. Liver
biopsies were scored for NASH activity (inflammation and ballooning), fibrosis, and steatosis FGF21 was
measured from fasting serum samples. Patients were categorized by liver biopsy and multivariate analyses were
performed to evaluate the associations.

Results: Of 41 NASH patients 73% were females, 71% white, 51% with steatosis 22, 39% with NASH activity
>4 and fibrosis >3. With severe NASH activity, kidney SUV significantly increased even when adjusted for
underlying insulin-resistant (IR) state. Kidney K; decreased significantly in higher liver activity in unadjusted
models but not when adjusted for IR. FGF21 decreased with severe liver activity in adjusted models (P <0.05)
and associated with kidney K1 but not SUV.

Conclusion: Our pilot data indicate that kidney glucose metabolism associates with NASH activity and FGF21
levels, suggesting a potential mechanism to NASH-induced CKD. Clinical Trials.gov ID: NCT02754037
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Introduction

ONALCOHOLIC FATTY LIVER DISEASE (NAFLD) and its

more severe form nonalcoholic steatohepatitis
(NASH), is one of the most common liver diseases world-
wide.! NASH is part of the multisystem disease metabolic
syndrome. NASH itself is associated with kidney disease
independent of underlying metabolic syndrome with its se-
verity associated with worse kidney function.>® However,
there is a knowledge gap within the field regarding the re-
lationship and mechanisms of extrahepatic disease in rela-
tion to NASH severity.* Closing this knowledge gap and

characterization of extrahepatic disease with NASH severity
is of clinical significance for development of therapies that
may improve the liver disease but have unintended or
beneficial consequences on other organs.

We propose a mechanism of altered glucose uptake and
metabolism in extrahepatic tissues driven by hepatic stea-
tosis, activity/inflammation, or fibrosis induced by NASH.
Early steatosis from overnutrition can lead to decreased
glucose uptake transporter expression,” whereas the in-
flammatory states such as NASH can be associated with
increased glucose uptake transporter expression and uptake
with activation of inflammatory pathways leading to tissue
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injury.®® Altered glucose transport into the kidney cortical
tissue may be anticipated due to increased apoptotic pro-
cesses in renal tubular epithelial cells with the development
of kidney disease such as in diabetic patients.”'® Positron
emission tomography (PET) is a functional and molecular
imagingf modality with the widely accessible glucose ana-
logue 'F-fluorodeoxyglucose (FDG). FDG-PET is well
known as an effective method for imaging glucose kinetics
and metabolism related to glycolysis in cells.'"'* Studies
have shown the utility of static and dynamic FDG-PET
imaging for studying physiological liver processes affected
by obesity and NASH.'""'* Static PET measures of glucose
uptake such as standardized uptake value (SUV) have been
shown to be correlative of renal tubular injury and func-
tion.'*!* Previous studies have demonstrated the ability of
dynamic FDG-PET parameters to measure biopsy-proven
NASH activity.'> Using glucose uptake as a surrogate
measure for both insulin resistance and inflammatory
changes that are central to NASH pathology, FDG-PET
is well suited for multiorgan assessment of metabolic
interactions.'*'¢~19

There is increasing evidence that the effect is modulated,
in part, through secretion of “hepatokines.””?® These are
proteins secreted primarily by hepatocytes and affect
downstream metabolic processes, with fibroblast growth
factor 21 (FGF21) being one of the primary hepatokines,?® a
positive metabolic regulator. Although FGF21 levels in-
crease as a compensatory response in obesity and hepatic
steatosis, a lack of FGF21 is associated with worsened
metabolic disorders in NASH, leading to increase in in-
flammatory cytokines interleukin (IL)-6 and monocyte
chemoattractant protein-1 (MCP—I).21_23 It remains unde-
termined how NASH severity affects FGF21 levels and
extrahepatic tissue glucose uptake. We hypothesize that
NASH severity alters glucose metabolism through FGF21 as
a precursor to future kidney disease. In this pilot study, we
sought to characterize the association of NASH severity
(defined by steatosis, activity, and fibrosis), kidney glucose
uptake kinetics, and FGF21.

Materials and Methods
Study design and population

This was a single-center cross-sectional study, with en-
rollment of consecutive adult patients with NASH from
2016 to 2019. The study was approved by the University of
California, Davis institutional review board and radiation
use committee. Baseline clinical and laboratory values of all
enrolled patients were recorded. Imaging studies were per-
formed within 2 weeks to 6 months of liver biopsy (average
time from biopsy to PET scan 8 £5 weeks).

Inclusion and exclusion criteria

Patients who had undergone liver biopsy for routine
clinical care or for enrollment into other NASH clinical
trials were approached for enrollment. Patients with biopsy-
proven NASH, >18 years age, and able to provide informed
consent were eligible to enroll. Patients who were pregnant,
had a history of alcohol abuse, chronic hepatitis B or C, or
other chronic liver disease, Hgb Alc >9.5% or inability to
lie in the PET scanner for ~1hr were excluded from the
study. The consent form and the study protocol were dis-
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cussed in detail with the patients. Consented patients un-
derwent the FDG-PET study as detailed hereunder and
laboratory study for routine clinical parameters and hepa-
tokines analysis.

Medical records review

The study coordinators and a hepatologist (S.S.) per-
formed review of medical records to document patient de-
mographics, laboratory values, medications, and presence
of co-morbidities such as diabetes, hypertension, and
hyperlipidemia.

Liver histology

Liver biopsies were scored according to the NASH-
clinical research network (NASH-CRN) criteria®* by a sin-
gle expert pathologist. Steatosis was graded 0-3 based on
percentage of hepatocytes containing fat droplets. NASH
activity (range 0-5) was calculated as a sum of lobular in-
flammation (0-3), and ballooning degeneration (0-2). Liver
fibrosis was assessed using the established NASH-CRN
criteria.

PET scan and tracer kinetic modeling

Dynamic FDG-PET studies were performed with the GE
Discovery 690 PET/computed tomography (CT) scanner.
Diabetic patients were instructed to hold their dose of short
acting insulin and/or long-acting insulin after midnight. Pre-
PET blood glucose was measured for all patients. Patients
were positioned to allow the liver to be contained within the
axial field of view (~ 16 cm) of the PET/CT scanner. Each
patient was injected with ~ 10 mCi '8F-FDG after a routine
clinical protocol. Dynamic data acquisition was started im-
mediately before the intravenous bolus administration and
lasted for 60 min. Immediately before the PET scan, a low-
dose CT scan was performed for attenuation correction of
the PET images.

Tracer kinetic modeling. Region-of-interest (ROI) was
placed on the right kidney cortex to extract regional time-
activity curves (TACs). ROI placements were tuned and
confirmed by an experienced abdominal radiologist. TACs
were fitted using a two-tissue compartmental model with an
optimization-derived dual-blood input function.”> The FDG
blood-to-tissue transport rate, denoted as K;, was estimated
from the TAC fitting. Glucose uptake was measured as the
SUV at 1 hr post-FDG injection.

Hepatokine

FGF21, a liver secreted hepatokine, was measured from
stored serum samples collected at the time of enrollment.
The samples were assayed using Discovery assay at Eve
Technologies (Calgary, Alberta, Canada).

Statistical analysis

All statistical analyses were done with SAS 9.4 (SAS
Institute, Cary, NC). Statistical significance was assessed at
the 0.05 level (two-sided). Patient characteristics were
summarized using descriptive statistics. Spearman’s corre-
lation coefficients were used to evaluate the correlation
between kidney kinetic parameters, liver disease scores
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(steatosis, activity, and fibrosis, with four or five ordinal
levels), and FGF21. This is a pilot/exploratory study. Initial
sample size estimates suggested that an enrollment of 40
patients (assuming 60% high and 40% low inflammation)
will have 80% power to detect a difference of 0.93 SD in
log-transformed kidney SUV between the low- and high-
inflammation stages. This is based on a two-sided two-
sample r-test with significance level of 0.05.

Linear regressions were performed to evaluate the associ-
ation between kidney kinetic parameters and liver disease
stages (steatosis, activity, and fibrosis) and FGF21. Liver
disease stages were recategorized into two or three levels in
regressions. If the Spearman’s correlation coefficient is sig-
nificant (or near the edge), we performed unadjusted uni-
variate analysis first. If the unadjusted analysis yields
significant association, we further adjusted for patient char-
acteristics [race, gender, age, body mass index (BMI), glo-
merular filtration rate (GFR), and homeostatic model
assessment for insulin resistance (HOMA-IR)] in regressions
to minimize potential confounding issues. Log-transformation
was performed for K;, SUV, and FGF21 to satisfy normality
assumption, and hence fold changes (exponentiated coeffi-
cients) between the liver disease stages were reported.

Results
Patient characteristics

Forty-one biopsy-proven NAFLD/NASH patients were
enrolled in the study and had reliable FDG-PET Kkinetic
estimates of the kidney cortex. Baseline patient character-
istics are shown in Table 1. In brief, 71% of the patients
were non-Hispanic whites, 73% were female, average age
55+11 years, mean BMI 34.4+57kg/m’> Hgb Alc
6% +0.8% with 29% diabetics. Laboratory parameters show
ALT 62+ 50 mg/dL, creatinine 0.83 £ 0.15 mg/dL with mean
GFR calculated by the chronic kidney disease (CKD)-EPI
formula of 88.3 (range 56-127) mL/min/1.73 m?, fasting
insulin concentration 186.4 (range 0.8—-1110.2) mIU/L, and
HOMA-IR 8.9 (range 0.1-51.6) mg/dL. Pathology measures
showed high steatosis (=2) in 51%, activity (=4) in 39% and
fibrosis (=3) in 39% of patients.

Association of kidney glucose kinetics
with liver histology

Kidney glucose uptake or SUV was positively correlated
with NASH activity (r=0.31, P=0.05) (Fig. 1A), whereas
kidney glucose transport rate or K; showed a negative
correlation (r=-0.36, P=0.02) (Fig. 1B). As shown in
Table 2, in unadjusted analysis both kidney SUV and K;
associated with severity of NASH activity determined by
liver biopsy. There was significant (19%) increase in SUV in
patients with severe NASH activity (grade >4) (P=0.02).
When adjusted for age, gender, BMI, or GFR, increase in
SUV remained associated with NASH activity severity. Of
note, the increase in SUV remained significant and inde-
pendent of underlying insulin-resistant state determined by
HOMA-IR (Model 4, Table 2) with overall increase by 28%
with severe NASH activity. FDG transport rate K;, in
contrast, decreased by 31% (1-0.69) with high NASH ac-
tivity (grade 23) (P=0.04). The association was borderline
significant (P=0.05) when adjusted for age, gender, BMI,
and GFR with K, decreasing 28% with high NASH activity.

493

TABLE 1. PATIENT CHARACTERISTICS

All
Characteristics n=41
Demographics
Race/ethnicity
Hispanic white 9 (22%)
Non-Hispanic white 29 (711%)
Other/unknown 3 (T%)
Female, n (%) 30 (73)

Age (years)
BMI (kg/m?)

Past medical history

55+11 (32-77)
34.4+5.7 (24.4-47.4)

Diabetes, n (%) 12 (29.3)

Hypertension, n (%) 20 (48.8)

Hyperlipidemia, n (%) 19 (46.3)
Laboratory

ALT 62.1£49.8 (10-217)

Creatinine 0.83x0.15

GFR? (CKD-EPI)
Insulin concentration

88.3+18.4 (56-127)
186.41256.0 (0.8-1110.2)

HOMA-IR 8.9+11.6 (0.1-51.6)
Pathology
Steatosis, n (%)
<2 20 (49)
>2 21 (51)
Activity®
<4 25 (61)
>4 16 (39)
Fibrosis
<3 25 (61)
>3 16 (39)

4CKD-EPI calculation of GFR.

®NASH activity (range 0-5) was calculated as a sum of lobular
inflammation (0-3), and ballooning degeneration (0-2).

BMI, body mass index; CKD-EPI, Chronic Kidney Disease
Epidemiology Collaboration; GFR, glomerular filtration rate;
HOMA-IR, homeostatic model assessment for insulin resistance;
NASH, nonalcoholic steatohepatitis.

There was no significant association when further adjusted
for HOMA-IR. Neither uptake nor transport rate associated
with either histological liver steatosis or fibrosis severity.

Association of FGF21 with liver histology and kidney
glucose kinetics

From the fasting FGF21 level measured in 29 patients
there was a decrease of 44% in FGF21 level in patients with
severe NASH activity in unadjusted analysis (P=0.04)
(Table 3). As FGF21 levels can be affected by BMI and
insulin-resistant state, we adjusted for these in the multiple
regression model. The inverse association with liver activity
severity persisted with a 50% decrease in severe liver ac-
tivity when adjusted for age, gender, BMI, and kidney
function and 46% relative decrease when further adjusted
for HOMA-IR (P=0.04). FGF21 levels did not associate
with liver steatosis or fibrosis severity.

We further analyzed whether the change in FGF21 as-
sociated with kidney glucose kinetics. FGF21 did not as-
sociate with kidney SUV. FGF21 associated significantly
with glucose transport rate (K;) in unadjusted analysis with
a positive association noted between the two variables
(Fig. 2). K, decreased by 16% (1-1/1.19) with decrease of
FGF21 by 100U (P=0.01), with the association persisting
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even when adjusted for age, gender, BMI, kidney function,
and HOMA-IR with a decrease in K; by 15% (1-1/1.18)
with 100 U decrease in FGF21.

Discussion

CKD has been associated with NASH independent of
other risk factors.” Progressive liver disease is presumed to
affect downstream organs through altering insulin sensitiv-
ity that may alter glucose transport and metabolism.>*"
Dynamic FDG PET enables determination of physiological
processes in a human body. Prior studies using FDG PET by
static scanning have identified the association of hepatic

steatosis with increased hepatic glucose uptake and utiliza-
tion, a phenomenon attributed to irreversible uptake by in-
flammatory cells and reversible hepatocyte uptake.'> Our
study utilizes dynamic FDG-PET scanning to determine the
changes of glucose microkinetic parameters in the kidney
with NASH severity defined by liver biopsy. Our data show
that independent of age, gender, BMI, and more specifically
of underlying insulin resistance (IR), kidney kinetic pa-
rameters associated with NASH activity.

Glucose uptake SUV is a semiquantitative parameter to
quantify uptake using a simplistic method obtained from a
single time point®® and representative of the overall tissue
metabolic process, including phosphorylation and glycolysis.
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TABLE 2. ASSOCIATION BETWEEN NONALCOHOLIC STEATOHEPATITIS ACTIVITY AND KIDNEY
FLUORODEOXYGLUCOSE KINETICS BASED ON LINEAR REGRESSIONS

Model 1*

Model 2°

Model 3° Model 44

Fold change

(95% CI) P (95% CI)

Outcome

Fold change

Fold change
P (95% CI) P

Fold change
(95% CI) P

SUV (uptake) 1.19 (1.03-1.39) 0.02

1.17 (1.01-1.37)  0.04

1.20 (1.02-1.40) 0.03 1.28 (1.03-1.58) 0.03

K, (transport rate) 0.69 (0.49-0.98) 0.04 0.72 (0.52-1.01) 0.05 0.72 (0.51-1.00) 0.05 0.85 (0.54-1.34) 0.46

Values in bold denote P <0.05.

For each outcome, the fold changes of outcome at high NASH activity with respect to low activity were reported.

SUV (overall glucose uptake); K; (glucose transport rate).
“Model 1 unadjusted.

®Model 2 adjusts for age, gender, and BML.

“Model 3 adjusts for age, gender, BMI, and GFR.

“Model 4 adjusts for age, gender, BMI, GFR, and HOMA-IR.
CI, confidence interval; SUV, standardized uptake value.

Glucose transport rate K;, in contrast, is a kinetic parameter
determined from the TAC derived for 60 min of data. It rep-
resents the combination of blood flow and glucose transport
from the vascular to the intracellular space. Increased glucose
phosphorylation and activation of glycolytic pathways leads to
development of oxidative by-products that are precursors to
kidney damage and fibrosis.”” Our data suggest that NASH-
induced liver disease is intricately linked to the development
of future kidney disease as noted by the decrease in the glu-
cose transport rate but increase in overall uptake. Although the
underlying insulin-resistant state present in many of these
patients is the likely precursor to kidney pathology, liver
disease itself strongly contributes to the process noted by its
independent association with kidney SUV.

Furthermore, we found that FGF21 decreased with severe
NASH activity. FGF21 has been associated with improved
metabolic functions and insulin sensitivity.?>*® Higher levels
of FGF21 have been reported with increased NASH, believed
to be a countermeasure to manage the metabolic stress.”®
FGF21 has been found to be a mediator in diabetic kidney
disease. FGF21 deficiency aggravated diabetes-induced ac-
tivity, oxidative stress, fibrotic effect, and chronic renal dys-
function.”” Whereas introduction of FGF21 was noted to
prevent the free-fatty acid-induced oxidative damage, apo-
ptosis, and fibrotic effect.**** We hypothesize that with se-
verity of NASH, the compensatory mechanisms are disrupted
leading to decrease in FGF21 and subsequent effect on oxi-
dative processes and renal tubular epithelial cell apoptosis.”’
We do note a proportionate change in kidney glucose transport
rate with FGF21 levels, suggesting a potential mechanistic

pathway for the direct effect of liver pathology on kidney
disease. It will be too simplistic although to associate only one
factor to such a complex metabolic process and we anticipate
multiple other pathways for this interorgan cross talk.

A few limitations are worth noting. The study is limited by
the size of the cohort. The goal of this study was an exploratory
analysis before undertaking a larger study. This study utilizes
internal controls although future studies will include healthy
controls. The axial size of the scanner of ~16cm limits the
ability to perform dynamic FDG-PET scan of organs that are
beyond the field of view. The EXPLORER total-body PET
scanner is currently operational at our institution®' and en-
ables dynamic image capture of all organs simultaneously.
This will allow elucidation of the effect of key metabolic
tissues such adipose and muscle on the liver—kidney inter-
action. Finally, a caveat to consider is that although kidney
SUV estimation is well established, dynamic kidney kinetic
modeling still needs further development.

Conclusion

In conclusion, our study provides pilot data to define
glucose FDG kinetics in the kidney in relation to liver dis-
ease in NASH patients. Our data show that kidney glucose
transport and uptake/metabolism are altered with severity of
liver activity. This effect is independent of other con-
founding risk factors and is, in part, associated with lack of
liver-secreted molecules such as FGF21. It will be worth
noting any beneficial effects of FGF21 therapeutic agents on
NASH-induced CKD. Larger, diverse, and prospective

TABLE 3. ASSOCIATION BETWEEN NONALCOHOLIC STEATOHEPATITIS ACTIVITY AND FIBROBLAST GROWTH
FAcTOR 21 BASED ON LINEAR REGRESSIONS

Model 1? Model 2°

Model 3¢ Model 4°

Fold change
(95% CI)

Fold change
(95% CI) P

Outcome

Fold change
(95% CI) P

Fold change
P (95% CI) P

FGF21 0.56 (0.32-0.98) 0.04 0.48 (0.26-0.91)

0.03

0.50 (0.26-0.95) 0.04 0.54 (0.30-0.96) 0.04

Values in bold denote P <0.05.

For each outcome, the fold changes of outcome at high NASH activity with respect to low activity were reported.

“Model 1 unadjusted.

"Model 2 adjusts for age, gender, and BMI.

“Model 3 adjusts for age, gender, BMI, and GFR.

9Model 4 adjusts for age, gender, BMI, GFR, and HOMA-IR.

FGF, fibroblast growth factor; FGF21, fibroblast growth factor 21.
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studies in NASH patients will be needed to understand the
underlying physiology further and determine association of
the PET and hepatokines data with established markers of
kidney dysfunction.
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