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Overview:

Portal vein thrombosis (PVT) is more common in patients with cirrhosis as compared to those
without cirrhosis. Complete occlusion of portal vein is associated with high mortality, poor
post-transplant survival and these patients are sometimes precluded from liver
transplantation.(1),(2),(3) Itis not established if the etiology of liver disease also contributes
to PVT risk factors. There are discordant reports on risk of PVT in NASH cirrhosis as compared
to non-NASH cirrhosis. (4),(5),(6) Additionally, there are limited pharmacologic options for
management of NASH cirrhosis. Literature had shown reduced decompensation in cirrhosis
patients who used statin.(7) In our first paper we used electronic health record data and
studied the association of presumed NASH with incidence of PVT. Moreover, relation of statin

use and PVT incidence was also reported.

Non-alcoholic steatohepatitis (NASH) is leading cause of chronic liver disease and liver
transplantation.(8) Mechanism of progression of steatosis to advanced fibrosis in this
population is not understood. Previous observation showed mitochondrial damage and
impaired fatty acid oxidation in NASH which may impact citric acid cycle (TCA). (9):(10) Liver
fibrosis reflects the advancement of liver disease and relation of citrate levels with liver
fibrosis is not known. In our second paper we used biopsy proven NASH registry data to test
the relation of serum citrate levelswith liver fibrosis. We validated this relation in multicenter
biopsy proven NASH population. Furthermore, we tested performance of citrate levels to

differentiate the degree of fibrosis.
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ABSTRACT

Background: Portal vein thrombosis (PVT) is a common complication in patients with
cirrhosis. There is heterogeneous data on whether non-alcoholic steatohepatitis (NASH) is an
independent risk factor for PVT. We aim to compare the incidence of PVT in patients with

cirrhosis with and without NASH.

Methods:This is a single center retrospective study of patients with cirrhosis seen in the Liver
Center at BIDMC between January 1% 2016 and January 31%t, 2021. Cirrhosis diagnosis was
made by either liver biopsy or transient elastography, excluding patients with a history of
hepatocellular cancer, liver transplant, Bud-Chiari syndrome, and intra-abdominal
malignancies. PVT was based on cross sectional imaging study. The cirrhosis patients were
followed from first clinical visit at BIDMC for 180 days to determine incidence of PVT. The
baseline characteristics were compared between presumed NASH and non-NASH population.
Cox proportional-hazard regression was used to determine the relationship between

presumed NASH with PVT.

Results: We analyzed data from 2785 patients with cirrhosis who met inclusion and exclusion
criteria (meanage 61.0 + 12.3 years, 44.3% female, 63.8% Whites and mean MELD-Na score:
11.7 £+ 6.1). Presumed NASH was present in 21.7% of patients. A total of 89 patients developed
PVT in during the follow up, which was less common in patients with presumed NASH (2.0%
vs. 3.5%, p=0.04, unadjusted HR: 0.60, 95% CI: 0.27 - 0.96, p=0.04). After adjusting for the
demographics, presumed NASH related comorbid conditions and MELD-Na score, presumed
NASH had significantly lower risk of developing PVT in 180 days follow up as compared to
non-NASH (HR: 0.44, 95% Cl: 0.21 - 0.92, p=0.03). After adjusting for the indicators of Child
Pugh Turcotte score, the risk of PVT in presumed NASH compared to non-NASH was
statistically not significant (HR:0.50, 95% Cl: 0.22 - 1.13, p=0.096). The use of statin in cirrhosis
population was associated with decreased incidence of PVT (HR:0.23, 95% Cl: 0.10 - 0.55, p=
0.001).

Conclusion: PVT incidence was not higher in presumed NASH cirrhosis as compared to non-
NASH cirrhosis. The risk between presumed NASH and non-NASH was not significantly
different after adjusting for liver decompensation. The statin use was associated with lower

incidence of PVT which warrants further investigation.



INTRODUCTION

Non-neoplastic portal vein thrombosis (PVT) is more common in patients with cirrhosis as
compared to non-cirrhosis population.(1) Presence of rebalanced hemostasis (decreased
protein C, increased factor VIII), portal hypertension (PH), inflammation, platelet
hyperactivity and gut-derived bacterial lipopolysaccharides may explain this difference.
(2),(2),(3) Factors associated with severity of portal hypertension including low platelet count,
decreased portal blood flow velocity, and prior hepatic decompensation are associated with
higher incidence of PVT.(4),(5),(6) It is hard to establish if hepatic decompensation is cause or
consequence of PVT.(5),(7) Complete PVT is associated with higher mortality and worse post-

transplant outcomes and often denied from liver transplant.(8),(9),(10)

Non-alcoholic steatohepatitis (NASH) is one of the leading causes of cirrhosis and is the
second most common cause of liver transplantation.(11) Due to presence of multiple risk
factors like obesity and diabetes mellitus among NASH patients, we can expect to see a higher
risk of PVT in them.(12),(13) This can be explained by immobility, decreased fibrinolysis and
increased thrombin formation in obesity and inflammation, increased levels of pro-
coagulation factors and reduction in fibrinolysis in DM.(14),(15),(16) A literature review on
whether the risk of PVT varies among liver disease etiologies shows discordant data. Few
studies derived from United Network for Organ Sharing (UNOS) database suggest NASH as
one of the risk factors for PVT.(17),(18) Whereas another study shows that NASH patients

have a lower risk of VTE.(19)

There are limited pharmacological options to prevent decompensation of liver disease.
Previously, it was shown that statins reduce the risk of NAFLD and fibrosis.(20) Biological

plausibility can be explained by inhibition of cholesterogenesis, reduction of oxidative stress



and inflammation, improved endothelial cell function by production of nitric
oxide.(21),(22)(23) A systematic review had shown that statin use was associated with
reduction in hepatic decompensation and mortality.(24) It is also established that statin use
reduces thromboembolism.(25) A meta-analysis had shown beneficial association of statin
use with reduction of deep venous thrombosis but no beneficial association with pulmonary

embolism incidence.(26) It is not known if statin use impacts PVT incidence.

The aim of this study is to comparethe risk of PVT in patients with NASH cirrhosis as compared
to patients with non-NASH cirrhosis. Moreover, we will study the association of statin use

with incidence of PVT.

METHODS

Study design and population: We performed a retrospective cohort study using electronic
health record data collected as Beth Israel Deaconess Medical Center (BIDMC) cirrhosis cohort
which included patients seen in the BIDMC Liver Center from January 1%, 2016, to January
31%, 2021. The database contained longitudinal, individual data on demographics, diagnostic
tests, laboratory information, comorbidities, liver disease etiologies, liver decompensation
variables and radiology results. Cirrhosis was identified with liver biopsy or transient
elastography (= 12.5 kPa). The study was approved by the institutional review board at BIDMC

with waiver of patient consent.

Study population, and exposure: All adults >18-year age who were seen in the BIDMC Liver
Center for at least 6 months, had diagnosis of cirrhosis and seen between January 1t 2016
and January 31t 2021 were eligible for the inclusion. Cohort entry date was decided based on

the earliest hospital or clinic visit during this time period.



Nonalcoholic steatohepatitis (NASH) was presumed to be the etiology of the cirrhosis if
hepatic steatosis in the absence of alcohol use was seen radiologically or histologically.(27)
The presence of other liver disease etiology (viral, alcohol, autoimmune, toxic) would
categorize the subject to be non-NASH cirrhosis. Patient with any of the following
characteristics identified 180 days before the follow up time were excluded: history of
hepatocellular cancer, neoplastic portal PVT, history of liver transplantation, pyle-phlebitis
(PVT due to intra-abdominal infection), cholangiocarcinoma, hepatic vein thrombosis/Budd-
Chiari syndrome, and missing information on categorical variables (Supplemental figure 1).

Excluded cases were compared with analyzed data (Supplemental table 1)

Baseline data and covariates: Baseline characteristics were collected within 180 days prior to
cohort entry date using ICD 10 codes and chart review; these were compared between
presumed NASH and non-NASH. Severity of liver disease was estimated using Model of End
Stage Liver Disease- Sodium score (MELD-Na). PVT was defined as partial or complete block
of the blood flow at any site on portal vein trunk and its branches (superior mesenteric vein,
splenic vein). The documentation of absence of flow was based on contrast enhance
ultrasound, contrast-enhanced multiphasic computed tomography (CT) scan or magnetic
resonance imaging (MRI). These imaging were either screening tests for HCC surveillance or
confirmatory based on abnormal ultrasound or laboratory results. PVT cases were considered
neoplastic if the imaging showed vascularization of clot, disruption of blood vessel walls or
mass forming lesion.(28) It was further classified into completely occlusive (absence of blood
flow), and nonocclusive. PVT was labelled acute or chronic based on the labelling on chart
and imaging impressions. The chronicity was determined by radiologist and clinician’s

judgement based on presentation, imaging findings and last follow-up. Porto-portal collateral



vessels in absence of clot were labelled cavernous transformation. Presence of cavernous

transformation was considered as evidence of chronic non-neoplastic PVT.(9),(28)

Baseline information included demographics (age, gender, race), comorbidities as
hypertension (HTN), diabetes mellitus (DM), hyperlipidemia (HLD), obesity, chronic kidney
disease (CKD), obstructive sleep apnea, coronary artery disease (CAD), alcohol use, and
cigarette smoking. Moreover, we collected liver disease etiologies and MELD-Na score.
Patients with body mass index (BMI) >30 kg/m2 were classified as obese. Cirrhosis
complications including variceal bleeding, hepatic encephalopathy, ascites, and spontaneous
bacterial peritonitis were also documented. Lab results included aspartate aminotransferase,
alanine aminotransferase, alkaline phosphatase, INR, total bilirubin, sodium, and creatinine.

The information about the use of statin and aspirin was recorded.

Outcomes: The primary outcome was to study the 180 days incidence of PVT among
presumed NASH as compared to non-NASH cirrhosis. PVT was documented based on imaging
and date of the diagnosis was recorded. The selected cohort was followed for 180 days until
the firstoccurrence of the PVT or administrative censoring (January 31%, 2021) (Supplemental
figure 1). Those who did not developed PVT after 180 days were considered non-PVT.

Secondary outcome was to study association of statin use in cirrhosis with incidence of PVT.

Statistical analysis: The baseline characteristics were presented as percentages for the
categorical variables and means (+SD) or median (Q1,Q3) for continuous variables and were
compared between presumed NASH and non-NASH patients. The categorical variables were
compared by Chi-square test and continuous variables were compared by using Student’s t-
test. We used Kaplan-Meier (KM) estimator to estimate cumulative 180-days risk of

developing PVT among presumed NASH and compared with non-NASH. Multivariable Cox



proportional hazards models were run in stepwise manner to determine risk of the PVT in
presumed NASH. These models contained variables based on information from literature and
investigator experience. Model 1 was adjusted demographics (age, gender, race), model 2
was adjusted for demographics and comorbidities (DM, HTN, HLD, BMIland CAD). Main model
(model 3) contained demographics, comorbidities and MELD-Na score. We performed
predefined sensitivity analysis by adjusting for CPT score (hepatic encephalopathy, ascites,
INR, total bilirubin, and albumin levels) and MELD-Na (sodium, serum creatinine, total
bilirubin, and INR) score variables instead of conventional MELD-Na score. Another sensitivity
analysis was performedto test combined effect of combined presumed NASH and cryptogenic

cirrhosis on development of PVT.

Aside from analyzing the primary analysis, we tested the association of statin use with PVT
using propensity score (PS) matching to adjust for confounding by indication. PS for statin use
was calculated through a multivariable logistic regression model that contained age, gender,
ethnicity, HTN. DM, HLD, CAD, obesity, ascites, hepatic encephalopathy, and variceal
bleeding, and SBP (laboratory value was not included because of the missing values in
substantial proportion of patients). Proportional hazard assumption test based on Schoenfeld
residuals was used to verify the assumptions. The PS was used for 1:1 matching for patients
with statin use against those without statin use at baseline. After PS score matching, Cox-
proportional hazard model was used to determine the HR of PVT and 95% CI. To further
understand the association of statin, PS was re-estimated for sub-group analysis patients with
presumed NASH and non-NASH patients. All analysis was conducted using statistical software

STATA 17 and R-studio. A P-value of <0.05 was considered significant.

RESULTS
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Demographics and baseline variables: Of total 3631 patients with cirrhosis, patients with
history of hepatocellular cancer (n=514), liver transplant including HCC and non-HCC cases
(335), Budd- Chiari syndrome (n=9), and non-cirrhotic portal hypertension (n=24) were
excluded. Those who had PVT due to pancreatic cancer (n=3), and those with incomplete
follow-up (n=31) were also excluded. Among 2785 patients included in this study, 939 (33.7%)
had viral liver disease, 904 (32.5%) had alcohol use and 605 (21.7%) had presumed NASH as
only cause of liver disease. (Figure 1). Excluded patients had more alcohol liver disease, viral
liver disease cases, higher comorbidity burden and cirrhosis decompensation (Supplemental

table 1).

The mean age was 61.0 + 12.3 years, 44.5% female and 63.8% were White. The presumed
NASH patients were older (63.0 + 12.0 vs. 60.5 £ 12.3, p<0.001), more likely to be female
(52.6% vs. 42.0%, p<0.001) and Hispanics (17.2% vs. 7.2%, p<0.001) than non-NASH patients.
Comorbidities including DM, HTN, obesity, obstructive sleep apnea, hyperlipidemia, CAD
were higher in presumed NASH patients whereas the cigarette smoking, liver disease
complications including ascites, hepatic encephalopathy, variceal bleeding, hepatorenal
syndrome and PVT were higher in non-NASH patients. Use of statins and aspirin was more
common in the presumed NASH group (Table 1). Of 89 patients with PVT, most cases were
chronic (70.8%) at the time of diagnosis. Chronic non-occlusive thrombus localized to portal
and hepatic veins (27.0%) at the time of presentation was the most common presentation.
Acute PVT was higher in the presumed NASH group as compared to non-NASH but not

statistically significant (1.2% vs. 0.8%, p=0.37).

Risk of PVT in presumed NASH and non-NASH: Of total, 89 (3.2%) patients developed PVT in

180 days follow-up, 12 (2.0%) of presumed NASH and77 (3.5%) of non-NASH had PVT. Overall
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PVT incidence rate was 1.8/10,000-person year. The incidence rate was 1.1/10,000-person
year in presumed NASH cirrhosis and 2.0/10,000-person year non-NASH. KM curve showed
the cumulative incidence of PVT was higher in non-NASH as compared to presumed NASH

cirrhosis (log rank p-value= 0.03) (Figure 2).

PVT association in presumed NASH and non-NASH: In unadjusted model the presumed NASH
was associated with lower risk of PVT incidence (HR: 0.60, 95% Cl: 0.27 - 0.96, p=0.04) as
compared to other liver disease etiologies. When compared to viral liver disease, presumed
NASH had non-significant association with PVT (HR: 0.90, 95% Cl: 0.4 - 2.01, p=0.79). Among
liver disease etiologies, alcohol liver disease (HR: 2.40, 95% Cl: 1.28 - 4.49, p=0.006) and
cryptogenic cirrhosis (HR: 2.78, 95% Cl: 1.22 - 6.35, p=0.01) were associated with higher
incidence of PVT as compared to viral liver disease (Table 2). Risk of PVT was lower among
presumed NASH as compared to non-NASH when adjusted for age, gender, and ethnicity
(Model 1- HR: 0.50, 95% Cl: 0.26 - 0.94, p=0.03). This estimate was further decreased when
adjusted for age, gender, ethnicity, DM, HTN, HLD, BMI, CAD (Model 2- HR: 0.36, 95% Cl: 0.17
- 0.76, p=0.007) and MELD-Na score (Model 3- HR: 0.44, 95% Cl: 0.21 - 0.92, p=0.03). Model

3 also showed that DM and CAD were associated with higher incidence of PVT (Table 3).

Sensitivity analyses showed that presumed NASH risk was (HR: 0.50, 95% CI: 0.22 — 1.13,
p=0.096) after adjusting for CPT variables. Risk remained lower as model 3 when MELD-Na
score was replaced by components of MELD-Na score. (HR: 0.44, 95% Cl: 0.21 — 0.93, p=0.03)
(Supplemental table 2). Results remained similar after adjusting for MELD-Na score or CPT
variables after multiple imputation (Supplemental table 3). We further performed sensitivity
analysis by including cryptogenic cirrhosis in presumed NASH group. This resulted in non-

significantrisk of PVT when adjusted for MELD-Na score (HR: 0.67, 95% Cl: 0.36 — 1.23, p=0.20)
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or CPT score variables (HR:0.80, 95% Cl: 0.41 — 1.55, p=0.51) (Supplemental table 4).

Assumption of proportional hazard was not violated (p > 0.05).

Statin use and PVT: The univariable model showed that the statin use was associated with
lower risk of PVT in 180 days follow up (HR: 0.28, 95% Cl: 0.13 - 0.62, p=0.001) (Table 2).
Hence, risk of PVT in statin users was tested. Pre-matching data showed that there were
differences between statin and non-statin users in demographics, comorbidities, and liver
disease complications (Supplemental table 5). The distribution of PS score in non-statin users
was lower than statin users (supplemental figure 2). Hence, at baseline exchangeability did
not hold between statin and non-stain users. After PS matching, sample size in PS matched
group was reduced to 1284 (642 statin users and 642 on statin users). There were differences
between statin and non-statin users after PS matching. DM, HTN, presumed NASH, CAD were
higher in statin group whereas ascites and hepatic encephalopathy were more prevalent in
non-statin users (supplemental table 5). We did multivariable analysis adjusted for DM, HTN,
CAD, ascites, and hepatic encephalopathy. This analysis showed that PVT risk was lower had
everyone used statin (HR: 0.23, 95% Cl: 0.10 — 0.55, p=0.001) compared to if no one in

matched group used statin (Supplemental table 6)

Among patients with presumed NASH cirrhosis, statin use did not lower the risk of PVT (HR:
0.33, 95% CI: 0.06 — 1.74, p=0.20) whereas it did reduce the risk of PVT in non-NASH patients

(HR:0.20, 95% Cl: 0.07 — 0.54, p=0.002). These subgroup analyses were also adjusted for DM,

HTN, CAD, ascites, and hepatic encephalopathy. (Supplemental table 6).

DISCUSSION

Our study had shown that incidence of PVT in cirrhosis population in 180 days follow up was
1.8/10,000-person year. The incidence was higher in non-NASH patients as compared to

13



presumed NASH. PVT incidence was not different in presumed NASH group as compared to
non-NASH after adjusting for signs liver decompensation. Our data suggested that a history
of DM and CAD in cirrhosis was associated with higher incidence of PVT. The statin use had
inverse association with PVT incidence, this remained significantly low in propensity matched

cohort.

Although our study showed higher association of DM with PVT, presumed NASH was not
associated with higher incidence of PVT which is contrary to previous studies.(17), (18)These
studies over-represent transplant candidates (UNOS), hence the liver disease was more
severe (higher mean MELD compared to our patient cohort). This study presented younger,
male dominant and less prevalence of DM than our cohort. Additionally, wait duration on
transplant list was not specified, unknown information about PVT were considered non-PVT
and multivariable model was not adjusted for comorbidities. Same investigators also
considered cryptogenic cirrhosis as NASH and HCC cases were included in the analysis.(18) In
our patient cohort, non-NASH patients were sicker, with more cirrhosis decompensation, such
as ascites, esophageal variceal bleeding, and hepatic encephalopathy, which suggest a higher
degree of portal hypertension among non-NASH population could be a contributor to the
higher incidence of PVT as compared to presumed NASH. DM and obesity were more
prevalent in presumed NASH patients and these comorbidities are associated with risk of
thromboembolism.(30),(31) Despite these risk factors, PVT incidence was not higher in
presumed NASH cirrhosis. Stine J et al. (29) also demonstrated that high-risk NASH ( presence
of DM, HTN, obesity and age > 60) was associated with increased portal vein thrombosis. We

were unable to test this observation because of limited outcomes in presumed NASH group.
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Almost 2/3™ of PVT diagnosed in cirrhosis cohort were chronic. Chronic cases were more
commonly diagnosed in the non-NASH patients. This can be explained by less frequent
monitoring in this group. Most studies on treatment of the PVT did not differentiate between
the acute and chronic PVT and it is hard to establish which condition responds well to the
treatments. A small retrospective study did not show effect of liver disease etiology on
recanalization rate.(32) Liver decompensation at baseline could be the consequence of
underlying developing PVT which was more common in non-NASH population. Our study
suggests that presumed NASH is not an indicator of high risk of PVT, hence all liver disease

etiologies require meticulous evaluation to diagnose PVT.

We observed that the statin use was associated with a lower risk of PVT which is similar to
prior studies that showed reduction in VTE(25),(26) Literature had suggested few
mechanisms of statin anti-inflammatory and anti-thrombotic properties. First, statin can
down regulate coagulation cascade and decrease thrombin production.(33) Second, it can
increase the antithrombotic activity of protein C.(34) Additionally, statin can decrease
plasminogen activator inhibitor | activity resulting high tissue plasminogen activator.(35) As a

result, the benefit was seen in those with lower risk of PVT at baseline.

Our study has a few implications, presumed NASH cirrhosis did not increase the risk of PVT as
compared to other liver disease etiologies despite presence of multiple risk factors. All
decompensated cirrhosis cases should be evaluated with cross-sectional imaging irrespective
of liver disease etiologies. Additionally, those with history of CAD, DM, and decom pensated
cirrhosis should be evaluated for PVT with doppler ultrasound or cross-sectional imaging
more frequently. The strengths of our study are diverse population, complete follow up

during study period and longitudinal data. The individuals with multiple liver disease
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etiologies were considered as non-NASH as a result we limited our study population to true

presumed NASH etiology.

Due to retrospective design and single center data, our study has inherent limitations.
Comorbidities, disease etiologies and decompensation signs were identified using ICD-9 and
ICD-19 diagnostic codes. The charts were thoroughly reviewed after extracting the data to
adjudicate errors. It was not possible to find the date of cirrhosis diagnosis, as most cases
were referred to BIDMC which is tertiary liver center. We considered the first clinic visit as
baseline. Moreover, presumed NASH had lower prevalence of decompensated liver disease
as compared to non-NASH which might have introduced selection bias. We adjusted for this
difference by conditioning on liver disease severity. The known confounders were adjusted
but it is possible to have unmeasurable or unknown confounders as objective measure of
portal hypertension, coagulopathies, family history, diet and exercise. We assumed that
adjusting for demographics, comorbidities, and liver disease severity accounted for these
confounders. Liver transplant, history of recent abdominal surgery and HCC were excluded,
and our findings do not apply for these cases. There was missing data for laboratory values.
This information was required for calculation of MELD-Na score and CPT variables. We used
complete case analysis in our primary model. We performed multiple imputations to handle
missingness in sensitivity analysis. Another limitation was that the dose, duration, and type
of statins were not recorded. Time of statin initiation was not recorded, and we compared
those who were using statins against those who were not taking statins. It is possible that
clinicians preferred to give statin to patients with less severe disease which might have

introduced selection bias.
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In summary, PVT incidence was not higher in presumed NASH cirrhosis as compared to non-

NASH cirrhosis population. Use of statin had shown lower incidence of PVT which need to be

further tested in randomized control trial.
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Figure legends:

Figure 1: Flow chart showing cirrhosis population (LTFU: loss to follow up)
Figure 2: Kaplan Meier survival curve showing incidence of portal vein thrombosis in

presumed NASH and non-NASH patients in 180 days follow up.
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KM risk curve of PVT in 180 days follow up
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Figure 2: Kaplan Meier survival curve showing incidence of portal vein thrombosis in
presumed NASH and non-NASH patients in 180 days follow up.
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Table 1: Baseline characteristics of cirrhosis patients in presumed NASH and non-NASH
patients

Presumed Non-alcoholic
steatohepatitis
Variables Absent (n | P-value
Present (n = 605) =2,180)
Age (years, mean * SD) 63.0+12.0 60.5+12.3 <0.001
Female 318 (52.6) 916 (42.0) <0.001
White 376 (62.2) 1,400 (64.2) <0.001
Race African American 30 (5.0) 212 (9.7)
Hispanics 104 (17.2) 156 (7.2)
Asian 34 (5.6) 188 (8.6)
Liver disease etiology
Viral cirrhosis 0 939 (43.1)
Alcoholic cirrhosis 0 904 (41.5)
Biliary cirrhosis 0 228 (10.5)
Autoimmune cirrhosis 0 263 (12.1)
Genetic 0 142 (6.5)
Cryptogenic 0 181 (8.3)
Comorbidities
Hypertension 438 (72.4) 1,148 (52.7) <0.001
Diabetes mellitus 384 (63.5) 592 (27.2) <0.001
Smoker 13 (2.1) 158 (7.2) <0.001
Obesity 328 (54.2) 511 (23.4) <0.001
OSA 172 (28.4) 277 (12.7) <0.001
Hyperlipidemia 338 (55.9) 641 (29.4) <0.001
Coronary artery disease 127 (21.0) 310 (14.2) <0.001
Chronic kidney disease 92 (15.2) 316 (14.5) 0.66
PVD 61 (10.1) 270 (12.4) 0.12
Mean BMI (kg/m?) 33.7x124 29.1+84 <0.001
Liver decompensation
Ascites 81 (13.4) 646 (29.7) <0.001
Variceal bleed 15 (2.5) 118 (5.4) 0.001
Hepatic encephalopathy 33 (5.4) 264 (12.1) <0.001
Hepatorenal syndrome 5(0.8) 68 (3.1) <0.001
SBP 13 (2.1) 71 (3.3) 0.14
PVT 12 (2.0) 77 (3.5) 0.04
Liver disease severity
MELD-Na score 10.5+4.8 12.0%6.3 <0.001
Labs
Albumin (g/dL) 43+0.6 42+0.7 0.003
Platelet (cells 10°/L) 195.3+£79.8 177.7 £ 89.0 <0.001
Total bilirubin (mg/dL) 0.8+1.5 1.3+238 <0.001
INR 1.2+0.3 1.3+05 0.002
ALT (U/L) 41.9 £ 35.6 32.8 +35.2 <0.001
AST (U/L) 40.5+£29.0 449 £ 93.9 0.28

22




ALP (1U/L) 103.0 £ 48.0 122.4 + 145.5 0.002
Ferritin (ug/L) 248.8 £ 270 389.6 £ 1160 0.05
HbA1c (%) 69+1.6 6.1+1.4 <0.001
AFP (ng/mL) 3.7+2.7 49+5.7 0.33
Medications

Aspirin use 102 (16.9) 206 (9.4) <0.001
Statin use 228 (37.7) 414 (19.0) <0.001
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Variables Hazard ratio (95% Cl) p-value
Demographics
Age, years 0.98 (0.97 - 0.99) 0.04
Female 0.55 (0.35 - 0.86) 0.01
Race compared to White Black 0.61(0.23 - 1.53) 0.30
Hispanic | 1.52 (0.83 - 2.77) 0.17
Asian 0.13 (0.02-0.97) 0.046
Liver disease etiologies
(ref: viral cirrhosis)
Presumed NASH 0.90 (0.40 - 2.01) 0.79
ALD 2.40 (1.28 - 4.49) 0.006
Biliary 1.15 (0.33 - 4.04) 0.83
Autoimmune 1.39 (0.55 - 3.49) 0.48
Genetic 1.41 (0.46 - 4.34) 0.55
Cryptogenic 2.78 (1.22 - 6.35) 0.012
NAFLD vs. all other etiologies 0.60 (0.27 - 0.96) 0.04
Comorbidities
Smoking 2.49 (1.36 - 4.58) 0.003
Obesity 1.69 (1.10 - 2.58) 0.02
BMI (kg/m?) 1.00 (0.98 - 1.02) 0.84
Hypertension 1.81 (1.15 - 2.87) 0.01
Diabetes mellitus 1.70 (1.12 - 2.59) 0.01
Hyperlipidemia 0.77 (0.49 - 1.21) 0.26
Coronary artery disease 2.04 (1.28 - 3.27) 0.003
Chronic kidney disease 2.48 (1.57 - 3.92) <0.001
PVD 2.22 (1.35-3.66) 0.002
Liver disease complications
Ascites 4.53 (2.94 - 6.96) <0.001
Variceal bleeding 10.10 (6.41 - 15.92) <0.001
Hepatic encephalopathy 5.36 (3.47 - 8.26) <0.001
SBP 1.17 (0.37 - 1.69) 0.79
HRS 1.81 (0.66 - 4.94) 0.25
Liver disease severity
MELD-Na score 1.03 (0.99 - 1.06) 0.13
MELD score 1.04 (1.02 - 1.07) 0.002
Labs
Albumin level (g/dL) 0.34 (0.26 - 0.45) <0.001
Platelet count (cells 10°/L) 0.98 (0.98 - 0.99) <0.001
INR 1.36 (0.98 - 1.89) 0.07
Total bilirubin (mg/dL) 1.05(0.99 - 1.10) 0.08
AST (U/L) 1.00 (0.99 - 1.002) 0.53
ALT (U/L) 1.00004 (0.99 - 1.01) 0.99
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ALP (1U/L) 1.001 (0.99 - 1.001) 0.26
HbA1lc (%) 0.66 (0.46 - 0.93) 0.02
Medications

Aspirin 0.48 (0.19 - 1.18) 0.11
Statin 0.28 (0.13 - 0.62) 0.001
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Table 3: Univariate and Multivariable models (Models 1, 2 and 3) showing association of presumed NASH on PVT

incidence in cirrhosis.

Variables Univariate estimate Model 1 Model 2 Model 3
Hazard ratio p-value Hazard ratio p-value Hazard ratio p-value Hazard ratio p-value

Presumed NASH 0.60 (0.27 0.04 0.50 (0.26 - 0.94) | 0.03 0.36 (0.17 0.007 0.44 (0.21-0.92) | 0.03
0.96) 0.76)

Demographics

Age, years 0.98 (0.97 0.04 0.99 (0.97 - 1.00) | 0.11 0.99 (0.97 0.36 0.99 (0.97 - 1.02) | 0.62
0.99) 1.01)

Female 0.55 (0.35 0.01 0.57 (0.36 - 0.90) | 0.02 0.65 (0.39 0.11 0.73(0.43-1.24) | 0.24
0.86) 1.10)

Ref- White

Black 0.61 (0.23 0.30 0.59 (0.24 - 1.48) | 0.26 0.40 (0.14 0.08 0.42 (0.15-1.20) | 0.11
1.53) 1.12)

Hispanic 1.52 (0.83 0.17 1.69 (0.92 - 3.11) | 0.09 1.48 (0.73 0.27 1.55(0.77 - 3.13) | 0.22
2.77) 2.97)

Comorbidities

DM 1.70 (1.12 0.01 2.95 (1.71 <0.001 2.70 (1.54 - 4.75) | 0.001
2.59) 5.07)

HTN 1.81 (1.15 0.01 1.52 (0.83 0.17 1.33(0.72-2.48) | 0.36
2.87) 2.78)

HLD 0.77 (0.49 0.26 0.32 (0.18 <0.001 0.32(0.17 - 0.59) | <0.001
1.21) 0.59)

CAD 2.04 (1.28 0.003 2.10 (1.16 0.01 1.88 (1.02 - 3.46) | 0.04
3.27) 3.80)

BMI (kg/m?) 1.00 (0.98 0.84 0.99 (0.97 0.80 0.99 (0.97 - 1.02) | 0.80
1.02) 1.02)

Liver

decompensation

MELD-Na 1.03 (0.99 0.13 1.00 (0.96 - 1.04) | 0.91
1.06)
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Supplemental table 1: Comparison of baseline characteristics of analyzed and excluded data.

Analyzed date | Excluded Group
data difference
Variables n= 2,785 n= 828 P-value

Demographics
Age (years, mean + SD) 61.0+12.3 62.9+11.9 |<0.001
Female 1,234 (44.3) 229 (27.7) | <0.001

White 1,776 (63.8) 513 (61.5) | <0.001

African American 242 (8.7) 72 (8.7)
Race - -

Hispanics 260 (9.3) 59 (5.9)

Asian 222 (8.0) 111 (13.4)
Liver disease etiology
Viral cirrhosis 939 (33.7) 384 (46.4) <0.001
Presumed NASH 605 (21.7) 68 (8.2) <0.001
Alcoholic cirrhosis 904 (32.5) 351 (42.4) <0.001
Biliary cirrhosis 228 (8.2) 69 (8.3) 0.91
Autoimmune cirrhosis 263 (9.4) 43 (5.2) <0.001
Genetic 142 (5.1) 54 (6.5) 0.11
Cryptogenic 181 (6.5) 70 (8.5) 0.07
Comorbidities
Hypertension 1,586 (57.0) 560 (67.6) <0.001
Diabetes mellitus 976 (35.0) 306 (37.0) 0.29
Smoker 171 (6.1) 68 (8.2) 0.04
Obesity 839 (30.1) 217 (26.2) | 0.03
OSA 449 (16.1) 118 (14.3) 0.20
Hyperlipidemia 979 (35.2) 308 (37.2) 0.26
Coronary artery disease 437 (15.7) 203 (24.5) <0.001
Chronic kidney disease 408 (14.7) 221 (26.7) <0.001
PVD 331 (11.9) 137 (16.6) | 0.001
Mean BMI (kg/m?) 30.2+9.7 282+57 |<0.001
Liver dx severity
Ascites 727 (26.1) 393 (49.4) <0.001
Variceal bleed 133 (4.8) 65 (8.2) <0.001
Hepatic encephalopathy 297 (10.7) 238 (29.9) <0.001
Hepatorenal syndrome 73 (2.6) 64 (8.0) <0.001
SBP 84 (3.0) 82 (10.3) <0.001
Liver disease severity
MELD-Na score 11.7%6.1 134+7.6 <0.001
MELD score 7.1+7.1 10.7£9.2 <0.001
Medications
Statin use 642 (23.0) 167 (20.2) 0.09

*Excluded data does not include data of 28 subjects with missing information
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Supplemental table 2: Sensitivity analysis including CPT score and MELD-Na score

components.

Variable Adjusted for demographics, | Adjusted for demographics,
comorbidities, and | comorbidities, and
components of CPT components of MELD-Na
Hazard ratio p-value | Hazard ratio p-value

Presumed NASH | 0.50 (0.22 - 1.13) | 0.096 0.44 (0.21-0.93) | 0.03

Demographics

Age, years 0.99 (0.97 - 1.02) | 0.50 0.99 (0.97 -1.02) | 0.73

Female 0.64 (0.37 - 1.11) | 0.11 0.67 (0.39 - 1.15) | 0.15

Ref. White

Black 0.48 (0.17 - 1.39) | 0.18 0.47 (0.16 - 1.34) | 0.16

Hispanic 1.57 (0.75 - 3.25) | 0.23 1.53 (0.75-3.12) | 0.24

Comorbidities

DM 2.87 (1.58 - 5.21) | 0.001 2.58 (1.46 - 4.56) | 0.001

HTN 1.64 (0.85-3.16) | 0.14 1.33(0.72-2.48) | 0.36

HLD 0.35(0.18 - 0.66) | 0.001 0.34 (0.18 - 0.62) | <0.001

CAD 1.29 (0.67 - 2.48) | 0.44 1.88 (1.03 - 3.45) | 0.04

BMI (kg/m2) 1.00 (0.99 - 1.02) | 0.83 1.00 (0.98 - 1.02) | 0.83

CTP variables

HE 2.12 (1.16 - 3.84) | 0.02

Ascites 1.97 (1.00 - 3.90) | 0.051

INR 0.65(0.29 - 1.44) | 0.28 1.06 (0.59-1.91) | 0.84

Total Bilirubin | 0.94 (0.82 - 1.08) | 0.40 0.99 (0.91-1.10) | 0.96

(mg/dL)

Albumin (g/dL) 0.45 (0.31 - 0.66) | <0.001

Sodium (mEq/L) 0.91 (0.85 - 0.97) | 0.003

Serum Creatinine 0.82(0.55-1.21) | 0.32

(mg/dL)
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Supplemental table 3. Association of presumed NASH with PVT incidence (after multiple
imputation)

Variable Adjusted for demographics, | Adjusted for demographics,
comorbidities, and MELD-Na | comorbidities, and components
score of CPT
Hazard ratio p-value | Hazard ratio p-value

Presumed NASH 0.39 (0.20 - 0.75) | 0.005 0.56 (0.29-1.11) | 0.10

Demographics

Age, years 0.98 (0.96 —0.99) | 0.01 0.98 (0.06 — 0.99) | 0.02

Female 0.64 (0.40 - 1.01) | 0.06 0.55(0.35-0.88) | 0.01

Ref. White

Black 0.44 (0.18 - 1.10) | 0.08 0.46 (0.18 - 1.16) | 0.10

Hispanic 1.55(0.84-2.86) | 0.16 1.50 (0.80-2.79) | 0.20

Comorbidities

DM 2.08 (1.30 — 3.34) | 0.002 1.79 (1.11-2.89) | 0.02

HTN 2.02 (1.20 - 3.40) | 0.008 1.76 (1.04 —2.96) | 0.03

HLD 0.46 (0.27 - 0.78) | 0.004 0.52 (0.31-0.89) | 0.02

CAD 2.13 (1.25-3.61) | 0.005 1.41(0.82 —2.44) | 0.22

BMI (kg/m?) 1.00 (0.98 - 1.02) | 0.87 1.01 (0.99-1.02) | 0.40

Liver disease severity

MELD-Na 1.01 (0.97 - 1.04) | 0.74

HE 2.40 (1.47 —3.92) | <0.001

Ascites 1.68 (0.98 — 2.88) | 0.06

INR 0.61(0.32-1.16) | 0.13

Total Bilirubin (mg/dL) 0.97 (0.87 —1.07) | 0.52

Albumin (g/dL) 0.42 (0.31-0.57) | <0.001
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Supplemental table 4: Sensitivity analysis considering cryptogenic cirrhosis as NASH cirrhosis.

Variable Adjusted for demographics, | Adjusted for demographics,
comorbidities, and MELD-Na | comorbidities, and
score components of CPT
Hazard ratio p-value | Hazard ratio p-value

Presumed NASH 0.67 (0.36 —1.23) | 0.20 0.80(0.41 -1.55) | 0.51

Demographics

Age, years 1.00 (0.98 - 1.02) | 0.71 0.99 (0.97 -1.02) | 0.52

Female 0.70 (0.41-1.18) | 0.18 0.59 (0.34-1.03) | 0.07

Ref. White

Black 0.46 (0.16 —1.29) | 0.14 0.53(0.18 -1.52) | 0.24

Hispanic 1.49 (0.74-3.01) | 0.27 1.49 (0.72-3.08) | 0.28

Comorbidities

DM 2.49 (1.42 - 4.35) | 0.001 2.64 (1.45-4.77) | 0.001

HTN 1.31 (0.70-2.43) | 0.40 1.57 (0.81-3.03) | 0.18

HLD 0.31 (0.17 - 0.57) | <0.001 0.34 (0.18 - 0.65) | 0.001

CAD 1.86 (1.01 -3.42) | 0.046 1.27 (0.66 — 2.44) | 0.47

BMI (kg/m?) 0.99 (0.97 - 1.02) | 0.80 1.00 (0.99-1.02) | 0.74

Liver disease severity

MELD-Na 1.01 (0.97 - 1.05) | 0.75

HE 2.21(1.21-4.02) | 0.01

Ascites 2.01(1.01-4.00) | 0.047

INR 0.66 (0.30-1.46) | 0.31

Total Bilirubin (mg/dL) 0.95(0.83-1.08) | 0.42

Albumin (g/dL) 0.45 (0.31 - 0.66) | <0.001
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Supplemental Table 5. Pre and post-match baseline characteristics (PS matching using nearest neighbor with 0.01

caliper)
Statin use (all before matching) Statin use (PS matched)
Variables _ Absent (n P-value | Present (n=642) Absent p-value
Present (n = 642) =2,143) (n=642)

Demographics
Age (years, mean £ SD) | 65.7 £ 9.7 59.6 £ 12.6 <0.001 65.7 £ 9.7 649+ 11.1 0.15
Female 259 (40.3) 975 (45.5) 0.02 259 (40.3) 283 (44.1) 0.18

White 389 (60.6) 1387 (64.7) 0.02 389 (60.6) 404 (62.9) 0.40

African 55 (8.6)
Race American 78 (12.2) 164 (7.7) 78 (12.2)

Hispanics 66 (10.3) 194 (9.1) 66 (10.3) 72 (11.2)

Asian 49 (7.6) 173 (8.1) 49 (7.6) 53 (8.3)
Liver disease etiology
Viral cirrhosis 176 (27.4) 763 (35.6) <0.001 176 (27.4) 199 (31.0) 0.16
NASH 228 (35.5) 377 (17.6) <0.001 228 (35.5) 188 (29.3) 0.02
Alcoholic cirrhosis 154 (24.0) 750 (35.0) <0.001 154 (24.0) 169 (26.3) 0.34
Biliary cirrhosis 39 (6.1) 189 (8.8) 0.02 39 (6.1) 59 (9.2) 0.04
Autoimmune cirrhosis | 53 (8.3) 210 (9.8) 0.23 53 (8.3) 63 (9.8) 0.33
Genetic 30 (4.7) 112 (5.2) 0.57 30 (4.7) 35 (5.5) 0.52
Cryptogenic 39 (6.1) 142 (6.6) 0.62 39 (6.1) 38 (5.9) 0.91
Comorbidities
Hypertension 529 (82.4) 1057 (49.3) <0.001 529 (82.4) 499 (77.7) 0.04
Diabetes mellitus 402 (62.6) 574 (26.8) <0.001 402 (62.6) 339 (52.8) <0.001
Smoker 48 (7.5) 123 (5.7) 0.12 48 (7.5) 44 (6.9) 0.67
Obesity 273 (42.5) 566 (26.4) <0.001 273 (42.5) 258 (40.2) 0.40
OSA 168 (26.2) 282 (13.1) <0.001 168 (26.2) 165 (25.7) 0.85
Hyperlipidemia 493 (76.8) 386 (22.7) <0.001 493 (76.8) 469 (73.1) 0.12
Cpronary artery 218 (34.0) 219 (10.2) <0.001 218 (34.0) 152 (23.7) <0.001
disease
Chronic kidney disease | 166 (25.9) 242 (11.3) <0.001 166 (25.9) 106 (15.5) <0.001
PVD 79 (12.3) 252 (11.8) 0.71 79 (12.3) 85 (13.2) 0.62
Mean BMI (kg/m?) 31.0+9.7 30.0 £ 10.5 0.04 31.0+6.9 31.114.9 0.86
Liver decompensation
Ascites 120 (18.7) 607 (28.3) <0.001 120 (18.7) 151 (23.5) 0.03
Variceal bleed 24 (3.7) 109 (5.1) 0.15 24 (3.7) 26 (4.1) 0.77
Hepatic 45 (7.0) 252 (11.8) <0.001 45 (7.0) 66 (10.3) 0.04
encephalopathy
Hepatorenal syndrome | 14 (2.2) 59 (2.8) 0.41 14 (2.2) 10 (1.6) 0.41
SBP 19 (3.0) 65 (3.0) 0.92 19 (3.0) 17 (2.7) 0.74
PVT 8 (1.3) 81 (3.8) <0.001 8 (1.3) 25 (3.9) 0.002
Liver disease severity
MELD-Na score 119+6.0 11.6t6.1 0.40 119+6.0 11.1+£5.1 0.03
MELD score 7.3+7.2 70+£7.1 0.32 73+7.2 6.716.3 0.11
Labs
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Albumin (g/dL) 4.2+0.6 4.2+0.7 0.16 4.2+0.6 4.1+0.6 0.11
Platelet (cells 10°/L) 198.0 £ 87.7 176.2 £ 86.7 <0.001 198.0 £ 87.7 183.2 + 86.7 0.004
Total bilirubin (mg/dL) | 0.9+ 1.7 1.3+2.8 <0.001 09+1.7 1.0+1.5 0.42
INR 1.3+05 1.3+04 0.78 1.3+05 1.3+x04 0.20
ALT (U/L) 35.1+35.3 34.7+£355 0.80 35.1+35.3 3431284 0.70
AST (U/L) 38.9+39.8 45,5 +93.8 0.09 38.9+39.8 40.6 + 35.5 0.42
ALP (1U/L) 115.3+116.1 119.2 £ 1355 0.52 1153+ 116.1 117.6 £ 106.3 0.72
Ferritin (ug/L) 358.0 £ 1749.2 358.1 + 544 0.99 358.0+1749.2 |299.5+416.4 | 0.60
HbAlc (%) 6.8+1.5 6.1+15 <0.001 6.7+15 64+14 0.005
AFP (ng/mL) 58+7.0 46+5.2 0.34 58+7.0 41+2.6 0.15
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Supplemental table 6: Association of portal vein thrombosis in statin users among NASH and non-NASH populations.

Outcomes Unmatched cohort Propensity matched (1:1 PS
match)
Statin use | No statin use | Statin use | No statin use
(n=642) (n=2143) (n=642) (n=642)
Events n (%age) 8(1.3) 81 (3.8) 8(1.3) 25 (3.9)
Hazard ratio (95%Cl, p- | 0.33(0.14 —0.77), p=0.01 0.23 (0.10 — 0.55), p=0.001
value)
Presumed NASH patients (n) | 228 377 228 188
Events n (%age) 3(1.3) 9(2.4) 3(1.3) 5(2.7)
Hazard ratio (95%Cl, p-| 0.41(0.08 —2.17), p=0.29 0.33 (0.06 — 1.78), p=0.20
value)
Non-NASH (n) 414 1766 414 454
Events n (%age) 5(1.2) 72 (4.1) 5(1.2) 20 (4.4)
Hazard ratio (95%Cl, p-| 0.30(0.11 - 0.80), p=0.02 0.20 (0.07 — 0.54), p=0.002
value)
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ABSTRACT

Background:

Nonalcoholic fatty liver disease (NAFLD) is associated with mitochondrial damage. Circulating
citrate levels are elevated in NAFLD but its association with liver disease activity is not known.

This study aims to assess the association of citrate with higher liver fibrosis.

Methods: A cross-sectional study was performed on a single center cohort of biopsy-proven
NAFLD subjects. Association of serum citrate with liver fibrosis was assessed using
multivariable linear regression adjusted for multiple confounding factors. Observations were

replicated in an independent cohort.

Results: Total of 197 NAFLD patients were included in the study. Mean age was 54.7 + 12.8
years, 39.6% were female and 86.1% were White. Diabetes mellitus (DM) (53.3%),
hypertension (40.1%) and obesity (74.1%) had high prevalence. In total, 53 patients (26.9%)
had citrate levels >150 uM. Those with high citrate had higher proportion of liver fibrosis
F2,3,4 (73.6 vs. 38.9%, p<0.001) and advanced fibrosis F3,4 (34.9 vs. 13.6%, p<0.001). Increase
in citrate by 10 uM/L was associated with higher fibrosis independent of age, gender,
metabolic syndrome and NAFLD activity score ($=0.05, 95% CI: 0.01 — 0.10, p=0.02). This
association was also observed in validation cohort (3=0.07, 95% CI: 0.02 — 0.12, p=0.002).

Association of citrate levels with liver fibrosis was observed in male gender (=0.08, 95% Cl:

0.02 — 0.14, p=0.01) and it was not significant in female gender (p=0.50)

Conclusion: Circulating citrate is elevated in subjects with NAFLD and NASH as compared to

an apparently healthy population. Increased citrate was associated with higher liver fibrosis.
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INTRODUCTION

Non-alcoholic fatty liver disease (NAFLD) is one of the most common cause of chronic liver
disease.(1) Its natural history ranges from benign steatosis to non-alcoholic steatohepatitis
(NASH), fibrosis, cirrhosis and hepatocellular cancer.(2) Because of high global prevalence of
NASH risk factors, it is one of the leading cause of liver transplant.(3) Still the disease is not
clearly understood, particularly mechanisms of NASH progression from steatosis to advanced
fibrosis are unknown. It is observed previously that the NAFLD is associated with
mitochondrial damage and impaired fatty acid oxidation. Increase in Free fatty acid uptake
and fatty acid beta oxidation, and partial uncoupling of mitochondrial electron transport chain
(MTC) cause leakage of electrons from MTC which leads to free radical induced hepatocyte
injury, inflammation and fibrosis (Figure 1).(4),(5),(6) The mitochondrial damage and intra-
hepatocytes fatty acid accumulation in nonalcoholic fatty liver disease (NASH) can cause
dysfunction of tricarboxylic acid cycle (TCA).(6),(7) Previously, it is shown that the serum

citrate levels and intrahepatic beta-hydroxybutyrate levels are elevated in the NASH. (6)/(8)

Metabolic syndrome and NAFLD are associated with high free fatty acid and glucose which
breakdown into Acetyl CoA and enter citric acid cycle. Isocitrate dehydrogenase is a rate
limiting step and high level of substrate will lead to increased levels of iso-citrate which in-
turn increases the citrate levels because aconitase-catalyzed conversion of citrate to iso-
citrate isreversible.(8) High fat diet, and metabolic syndrome also inhibit aconitase which can
potentially contribute to elevation of citrate.(9):(10) Citrate forms a complex with iron and
this complex in combination with hydrogen peroxide causes oxidative stress.(11) Another rare
cause of elevated citrate levels is citrin deficiency which is characterized by aspartate/

glutamate carrier deficiency and upregulation of citrate carrier (CiC).(8),(12) It is observed
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that citrin deficiency is associated with NAFLD.(13) Increased fibrosis is one of major
characteristics of NAFLD disease severity and progression, which has been linked to
mitochondrial impairment. However, the relation of citrate with liver fibrosis has not

established.

The aim of this study was to examine the relationship between circulating citrate levels with

liver fibrosis in NAFLD.

METHODS

Patient population: Patients from Beth Israel Deaconess Medical Center (BIDMC) NAFLD were
selected.(14) Every patient underwent a liver biopsy at the enrollment. Those with viral liver
diseases, significant alcohol use (<210 gm/week for male and 140 gm/week for female),
genetic disorders, drug-induced liver injury and biliary disorders were excluded. The liver
disease etiologies were identified based on laboratory studies, clinical, radiological and/or
histological information. History of alcohol use was recorded by interviewing patients and
family members. The study was approved by the BIDMC Institutional Review Board (IRB) and

all patients gave consent at the time of enroliment in the NAFLD registry.

Most of laboratory and clinical data was recorded within 7 days of liver biopsy.
Anthropometric measurements including body mass index (BMlI), height, waist circumference
and blood pressure were obtained at the index visit. Laboratory tests included lipid profile,
fasting glucose, glycosylated hemoglobin (HbAlc), and citrate. Metabolic syndrome
components including central obesity, diabetes mellitus (DM), hypertension (HTN), low high
density lipoprotein cholesterol (HDL-C), and high triglycerides (TGs) were recorded.(15) DM
was defined as fasting glucose >126 mg/dL, current use of anti-diabetic drug or glycosylated
hemoglobin > 6.5%.(16) TGs > 150 mg/dl was considered high TGs, whereas HDL < 40 mg/dL
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for male and < 50 mg/dL for female was considered low HDL. Waist circumference =102 cm

for male and > 88 cm for female was labelled increased waist circumference.(17)

Citrate levels were measured using the nuclear magnetic resonance (NMR) spectroscopy at
Labcorp (Morrisville, NC). Citrate concentrations were quantified based on the amplitude of
their spectroscopic signals.(18) The NMR method for quantifying plasma citrate was
previously described in detail.(19) Citrate levels > 50 uM/L were considered for analysis.

Levels above 150 uM/L was defined as high citrate.(20)

Liver biopsy: Liver biopsies were evaluated by hepatobiliary pathologists at BIDMC. NASH
cases were reported as definite or probable and non-NASH based on histological features.
The disease severity was measured as NAFLD activity score (NAS, 0 to 8). This score was based
on lobular inflammation, hepatic steatosis and balloon degeneration.(21) The stage of fibrosis
was graded from 0 to 4. Stage 0 was absence of fibrosis, stage 1 was perisinusoidal or portal
fibrosis, stage 2 was perisinusoidal and portal / periportal fibrosis, stage 3 was septal or

bridging fibrosis and stage 4 was cirrhosis.(22)

Healthy cohort: Apparently healthy control subjects were selected from a study performed at
LipoScience (now Labcorp). This population included adults 18 to 84 years of age. Those with
a history of coronary artery disease, cerebrovascular accident, chronic kidney disease, heart
failure, diabetes mellitus, and BMI 230 were excluded. NMR testing was used to quantify
fasting glucose, a standard lipid profile and TCA cycle metabolites. Additional details for this

apparently healthy population have been previously reported.(19),(23),(24)

Replication cohort: Data from an independent biopsy-proven NAFLD multicenter cohort was
used to replicate our findings. Subjects were enrolled byl8 gastroenterology centers in
Australia and the United States (US). Adults aged 18 to 75 years, with biopsy-proven NAFLD
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based on NASH clinical research network (CRN) histological scoring system were enrolled.(22)
Those with a minimum NAFLD activity score (NAS) of 4 were included. Those with acute or
chronic liver disease unrelated to NAFLD (drug-induced, alcohol use), history of compensated
or decompensated cirrhosis, liver transplantation, cardiovascular event within 6 months of
screening and type 1 diabetes were excluded. All patients provided written informed consent.

This cohort has been previously described in the literature.(25),(26)

Outcome: We measured the association of the citrate levels with liver fibrosis in NAFLD

cohort. This association was also tested in validation cohort.

Statistical analysis: We compared the baseline characteristics of individuals with normal and
elevated citrate levels. The baseline characteristics were presented as frequencies for the
categorical variables and means (£SD) for continuous variables and were compared between
normal and elevated citrate levels. Baseline characteristics were further compared between
NAFLD and an external apparently healthy control. Categorialvariableswere compared using
Chi-square test and the continuous variables were compared using Student’s t-test.
Independent association of 10 uM/L increase in citrate levels with increase in liver fibrosis

was evaluated using multivariable linear regression.

Variables in multivariable linear regression analysis were identified based on biological
relevance of being confounder of the relationship. We presented 3 models for simplicity by
adjusting for demographics (age, gender) in model 1, model 2 was adjusted for demographics,
and components of metabolic syndrome ((DM, HTN, high waist circumference, low HDL and
high TGs) and model 3 was adjusted for demographics, components of metabolic syndrome
and liver disease progression index (NAS). Sensitivity analysis was performed using ordinal

logistic regression. Intermediate category logistic regression was conducted to test the
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assumption of proportional odds. We also performed subgroup analyses in non-cirrhotic,

male and female population.

The multivariable models were also tested in the validation cohort. All analyses were
conducted using statistical software STATA 17.0. All tests were two tailed and p-value of <0.05

was considered significant.

RESULTS

Baseline characteristics: In BIDMC NAFLD registry 197 patients had a liver biopsy within 3
months of blood collection that was used for measurement of serum citrate levels. These
patients were older (54.7 + 12.8 vs. 40.9 + 12.9), and more likely to be female than male
(39.6% vs. 61.3%), as compared to the apparently healthy cohort. The prevalence of
comorbidities was higher among patients with NAFLD as compared to healthy control: DM
(53.3% vs. 2.6%), HTN (40.1% vs. 8.9%) and obesity (BMI:34.1 + 6.6 vs. 24.0 + 3.0). Stage 2-4
fibrosis was seen in 49.8% and 7.4% had cirrhosis (Supplemental table 1). Of total, 53 patients
(26.9%) had citrate levels > 150 uM. The comparison of patients with normal range serum
citrate and those with levels >150 uM is illustrated in table 1. Subjects with higher citrate
levels were older (58.6 + 13.1vs. 53.5 + 12.6, p=0.02), and more likely female (58.1 vs. 34.0%,
p=0.005). Liver enzymes including aspartate transaminase (AST) and alkaline phosphatase
were higher, whereas TGs and low-density lipoprotein levels were lower in high citrate group.
Patients with high citrate levels also had higher NAS and significant fibrosis (F>2) while

cirrhosis prevalence was similar between subjects with low vs. high citrate levels. (Table 1).

Citrate levels and fibrosis in NAFLD: Mean TCA metabolites (citrate, pyruvate, ketone bodies)
were higher in BIDMC NAFLD cohort as compared to healthy population (Supplemental Table
1). Mean citrate levels were significantly higher in stage 2-4 fibrosis (123.2 + 38.2 vs. 118.5 +
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32.0, p=0.01) as compared to stage 0-1 fibrosis. (Figure 2). Mean citrate level was higher in
female as compared to male (134.7 + 37.0 vs. 118.3 + 33.2, p=0.002). Higher liver fibrosis

stage had higher citrate levels in male (Supplemental figure 1).

Univariable analysis showed that increase in citrate by 10 uM was associated with higher
fibrosis (=0.08, 95% CI: 0.03 —0.13, p=0.004) (Table 2). This association remained statistically
significantafter adjusting for age, gender (Model 1- =0.07,95% Cl:0.02 —0.13, p=0.005). The
positive association of citrate with fibrosis remained statistically significant when adjusted for
age, gender, and metabolic syndrome variables (Model 2: $=0.06,95% Cl:0.01-0.11, p=0.02)
and NAS (Model3- B=0.05, 95% CI: 0.01 — 0.10, p=0.02) Table 3. Sensitivity analysis (using
ordinal logistic regression) showed that increase in citrate levels by 10 uM was associated
with increase in fibrosis stage (OR: 1.10, 95% Cl: 1.02 — 1.20, p=0.03). This transition was
statistically significant for differentiating early-stage fibrosis (stage O vs. 1-4 and stage 0/1 vs.

2-4) but not significant for advanced fibrosis and cirrhosis Supplemental table 2.

We did secondary analysis excluding cirrhosis and found that the significant association of
citrate levels with (f=0.04, 95% CI: 0.001 — 0.08, p=0.040). There was no association between
citrate levels and advanced fibrosis (OR: 1.07, 95% Cl: 0.94 — 1.22), p=0.28) Supplemental
table 3. Subgroup analysis showed that the association of citrate levels with liver fibrosis was
observed in male gender ($=0.08; 95% Cl: 0.02 — 0.14, p=0.01), whereas this association was

not seen in females (3=0.02, 95% Cl: -0.05 — 0.09, p=0.50) Supplemental table 4.

Validation of relationship between citrate level with liver fibrosis: In our validation cohort,
mean citrate level was higher in stage 2-4 fibrosis as compared to stage 0-1 fibrosis (120.0 +
30.0vs. 111.1 +27.6, p=0.04). Increase in citrate level by 10 uM was positively associated with

liver fibrosis in univariable analysis (3=0.08, 95% CI: 0.03 — 0.13, p=0.002). This association
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remained significant after adjusting for age, gender, NAS, DM, HTN, high TGs and low HDL
levels (B= 0.07, 95% CIl: 0.02 — 0.12, p=0.004) (Supplemental table 5). Male gender had
positive association of serum citrate levels with higher fibrosis (=0.08, 95% Cl: 0.03 — 0.13,

p=0.003); however, this was not observed in female (p=0.41).

DISCUSSION

Our study strengthens the previously observed notion that citrate levels are elevated in
NAFLD as compared to the healthy population.(8) This relationship is not linear with the
extent of fibrosis. Higher citrate levels were noted during early and advanced fibrosis but not
in cirrhosis. Subgroup analysis showed that citrate association with liver fibrosis was seen in

male population, and this was not observed in females.

High citrate levels in NAFLD can be explained by increased induction of TCA cycle in metabolic
syndrome which was previously observed in animal model. This can be explained by increased
induction of TCA cycle in metabolic syndrome which was previously observed in animal
models.(27) Increased Acetyl-CoA influx in TCA cycle may cause inefficient oxidation and
disposal of FFA and blunted ketogenesis which can leadto production of toxic FFA metabolites
(e.g., diacyl glycerol, ceramides) followed by inflammation; this can explain transition of
benign steatosis to advanced fibrosis.(28),(27) We further identified that citrate levels were
elevated in the female population at baseline, but the association with fibrosis is only present
among males. This suggests a gender specific pathology in mitochondrial metabolism and
fibrogenesis. Indeed, higher degrees of mitochondrial DNA has been observed in male mice
model.(29) Male gender has central obesity whereas pre-menopausal female has
subcutaneous obesity and former has higher risk of chronic liver inflammation and advanced

fibrosis.(30) This gender dimorphism was previously observed for liver pyruvate kinase (L-PK)
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expression. (29) L-PK was over-expressed in male mice which was associated with more influx

of pyruvate in mitochondria leading to increased TG through de novo lipogenesis.(29)

Citrate serves as the precursor of lipogenesis, as it provides Acetyl CoA for fatty acid synthesis.
Citrate reduces glycolytic activity by inhibiting phosphofructokinase-1 and -2 ; additionally it
increases gluconeogenesis by activating fructose 1,6- bisphosphatase and acetyl Co-A
carboxylase alpha.(31)(32) Inhibition of citrate carrier (CTPI-2) in mice are able to tolerate
high fat diet over long period of diet without developing obesity, disruption in glucose
homeostasis and significant liver damage. This agent may serve as glucose controlling agent
which suggests potential benefit of using TCA cycle as target for pharmacological treatment

to prevent progression of NAFLD to NASH.(33)

Strengths of our study is a comprehensive evaluation of the relationship between circulating
citrate level and liver fibrosis in a well characterized NAFLD cohort with liver biopsy. The
analysis was externally validated. Our study has limitations by its cross-sectional study design.
BIDMC cohort was predominantly White, and our results may not apply to other races. There
were lower proportion of stage 3 and 4 fibrosis and analyses for these categories were
underpowered. Decompensated and post-liver transplant subjects were excluded, and
conclusions do not apply to them. DM related variables (severity, duration, complications)
were not available, and our analysis did not account for these measures. The data lacks
information on kidney functions, hence it was not adjusted in multivariable analysis.
Information on height was not available, and waist circumference was not adjusted for
heights. Despite a potentially biologically linked association, serum citrate does not appear to
be a robust biomarker for fibrosis compared to our existing noninvasive tools. Future studies

should focus on understanding the contextual mechanism underscores these observations.



In conclusion, there is an association of increase in serum citrate with higher liver fibrosis in

NAFLD patients. This may give a signal of potential involvement of TCA in NAFLD disease

progression; hence, exploration of association of other metabolites of the cycle with liver

fibrosis is recommended.

Bibliography:

1.

10.

11.

Younossi ZM, Koenig AB, Abdelatif D, Fazel Y, Henry L, Wymer M. Global
epidemiology of nonalcoholic fatty liver disease-Meta-analytic assessment of
prevalence, incidence, and outcomes. Hepatology. 2016 Jul;64(1):73-84.

Kopec KL, Burns D. Nonalcoholic fatty liver disease: a review of the spectrum of
disease, diagnosis, and therapy. Nutr Clin Pract Off Publ Am Soc Parenter Enter
Nutr. 2011 Oct;26(5):565-76.

Pais R, Barritt AS 4th, Calmus Y, Scatton O, Runge T, Lebray P, et al. NAFLD and liver
transplantation: Current burden and expected challenges. ] Hepatol. 2016
Dec;65(6):1245-57.

Begriche K, Massart J, Robin M-A, Bonnet F, Fromenty B. Mitochondrial adaptations
and dysfunctions in nonalcoholic fatty liver disease. Hepatology. 2013
Oct;58(4):1497-507.

Ludwig J, Viggiano TR, McGill DB, Oh BJ. Nonalcoholic steatohepatitis: Mayo Clinic
experiences with a hitherto unnamed disease. Mayo Clin Proc. 1980 Jul;55(7):434-8.

Sanyal AJ, Campbell-Sargent C, Mirshahi F, Rizzo WB, Contos MJ, Sterling RK, et al.
Nonalcoholic steatohepatitis: association of insulin resistance and mitochondrial
abnormalities. Gastroenterology. 2001 Apr;120(5):1183-92.

Chella Krishnan K, Kurt Z, Barrere-Cain R, Sabir S, Das A, Floyd R, et al. Integration of
Multi-omics Data from Mouse Diversity Panel Highlights Mitochondrial Dysfunction
in Non-alcoholic Fatty Liver Disease. Cell Syst. 2018 Jan;6(1):103-115.e7.

van de Wier B, Balk JM, Haenen GRMM, Giamouridis D, Bakker JA, Bast BC, et al.
Elevated citrate levels in non-alcoholic fatty liver disease: the potential of citrate to
promote radical production. FEBS Lett. 2013 Aug;587(15):2461—6.

Raffaella C, Francesca B, Italia F, Marina P, Giovanna L, Susanna I. Alterations in
hepatic mitochondrial compartment in a model of obesity and insulin resistance.
Obesity (Silver Spring). 2008 May;16(5):958—64.

Lanaspa MA, Sanchez-Lozada LG, Choi Y-J, Cicerchi C, Kanbay M, Roncal-Jimenez CA,
et al. Uric acid induces hepatic steatosis by generation of mitochondrial oxidative

stress: potential role in fructose-dependent and -independent fatty liver. J Biol Chem.
2012 Nov;287(48):40732-44.

lacobazzi V, Infantino V. Citrate--new functions for an old metabolite. Biol Chem.
2014 Apr;395(4):387-99.

45



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

Kobayashi K, Bang Lu Y, Xian Li M, Nishi |, Hsiao K-J, Choeh K, et al. Screening of nine
SLC25A13 mutations: their frequency in patients with citrin deficiency and high
carrier rates in Asian populations. Mol Genet Metab. 2003 Nov;80(3):356-9.

Komatsu M, Yazaki M, Tanaka N, Sano K, Hashimoto E, Takei Y, et al. Citrin deficiency
as a cause of chronic liver disorder mimicking non-alcoholic fatty liver disease. ]
Hepatol. 2008 Nov;49(5):810-20.

Jiang ZG, Tapper EB, Connelly MA, Pimentel CFMG, Feldbriigge L, Kim M, et al.
Steatohepatitis and liver fibrosis are predicted by the characteristics of very low

density lipoprotein in nonalcoholic fatty liver disease. Liver Int Off J Int Assoc Study
Liver. 2016 Aug;36(8):1213-20.

Grundy SM, Cleeman JI, Daniels SR, Donato KA, Eckel RH, Franklin BA, et al. Diagnosis
and management of the metabolic syndrome: an American Heart

Association/National Heart, Lung, and Blood Institute Scientific Statement.
Circulation. 2005 Oct;112(17):2735-52.

Sacks DB, Arnold M, Bakris GL, Bruns DE, Horvath AR, Kirkman MS, et al. Guidelines
and recommendations for laboratory analysis in the diagnosis and management of
diabetes mellitus. Diabetes Care. 2011 Jun;34(6):e61-99.

Executive Summary of The Third Report of The National Cholesterol Education
Program (NCEP) Expert Panel on Detection, Evaluation, And Treatment of High Blood
Cholesterol In Adults (Adult Treatment Panel IIl). JAMA. 2001 May;285(19):2486-97.

Dona AC, Kyriakides M, Scott F, Shephard EA, Varshavi D, Veselkov K, et al. A guide to
the identification of metabolites in NMR-based metabonomics/metabolomics
experiments. Comput Struct Biotechnol J. 2016;14:135-53.

Garcia E, Connelly MA, Matyus SP, Otvos JD, Shalaurova |. High-throughput nuclear
magnetic resonance measurement of citrate in serum and plasma in the clinical
laboratory. Pract Lab Med. 2021 May;25:e00213.

Costello LC, Franklin RB. Plasma Citrate Homeostasis: How It Is Regulated; And Its
Physiological and Clinical Implications. An Important, But Neglected, Relationship in
Medicine. HSOA J Hum Endocrinol. 2016;1(1).

Brunt EM, Kleiner DE, Wilson LA, Belt P, Neuschwander-Tetri BA. Nonalcoholic fatty
liver disease (NAFLD) activity score and the histopathologic diagnosis in NAFLD:
distinct clinicopathologic meanings. Hepatology. 2011 Mar;53(3):810-20.

Kleiner DE, Brunt EM, Van Natta M, Behling C, Contos MJ, Cummings OW, et al.
Design and validation of a histological scoring system for nonalcoholic fatty liver
disease. Hepatology. 2005 Jun;41(6):1313-21.

Garcia E, Bennett DW, Connelly MA, Jeyarajah EJ, Warf FC, Shalaurova |, et al. The
extended lipid panel assay: a clinically-deployed high-throughput nuclear magnetic

resonance method for the simultaneous measurement of lipids and Apolipoprotein B.
Lipids Health Dis. 2020 Dec;19(1):247.

Matyus SP, Braun PJ, Wolak-Dinsmore J, Jeyarajah EJ, Shalaurova |, Xu Y, et al. NMR
measurement of LDL particle number using the Vantera Clinical Analyzer. Clin

46



25.

26.

27.

28.

29.

30.

31.

32.

33.

Biochem. 2014 Nov;47(16-17):203-10.

Rinella ME, Trotter JF, Abdelmalek MF, Paredes AH, Connelly MA, Jaros MJ, et al.
Rosuvastatin improves the FGF19 analogue NGM282-associated lipid changes in
patients with non-alcoholic steatohepatitis. J Hepatol. 2019 Apr;70(4):735-44.

Harrison SA, Rinella ME, Abdelmalek MF, Trotter JF, Paredes AH, Arnold HL, et al.
NGM282 for treatment of non-alcoholic steatohepatitis: a multicentre, randomised,
double-blind, placebo-controlled, phase 2 trial. Lancet (London, England). 2018
Mar;391(10126):1174-85.

Patterson RE, Kalavalapalli S, Williams CM, Nautiyal M, Mathew JT, Martinez J, et al.
Lipotoxicity in steatohepatitis occurs despite an increase in tricarboxylic acid cycle
activity. Am J Physiol Endocrinol Metab. 2016 Apr;310(7):E484-94.

Muoio DM, Newgard CB. Mechanisms of disease:Molecular and metabolic
mechanisms of insulin resistance and beta-cell failure in type 2 diabetes. Nat Rev Mol
Cell Biol. 2008 Mar;9(3):193-205.

Chella Krishnan K, Floyd RR, Sabir S, Jayasekera DW, Leon-Mimila P V, Jones AE, et al.
Liver Pyruvate Kinase Promotes NAFLD/NASH in Both Mice and Humans in a Sex-
Specific Manner. Cell Mol Gastroenterol Hepatol. 2021;11(2):389—-406.

Lonardo A, Nascimbeni F, Ballestri S, Fairweather D, Win S, Than TA, et al. Sex
Differences in Nonalcoholic Fatty Liver Disease: State of the Art and Identification of
Research Gaps. Hepatology. 2019 Oct;70(4):1457-69.

Van Schaftingen E, Hers HG. Inhibition of fructose-1,6-bisphosphatase by fructose 2,6-
biphosphate. Proc Natl Acad Sci U S A. 1981 May;78(5):2861-3.

Icard P, Coquerel A, Wu Z, Gligorov J, Fuks D, Fournel L, et al. Understanding the
Central Role of Citrate in the Metabolism of Cancer Cells and Tumors: An Update. Int
J Mol Sci. 2021 Jun;22(12).

Tan M, Mosaoa R, Graham GT, Kasprzyk-Pawelec A, Gadre S, Parasido E, et al.
Inhibition of the mitochondrial citrate carrier, Slc25a1, reverts steatosis, glucose
intolerance, and inflammation in preclinical models of NAFLD/NASH. Cell Death
Differ. 2020 Jul;27(7):2143-57.

Figure legends:

1.

Figure 1: Disrupted fatty acid metabolism in NAFLD. Figure shows fatty acid oxidation
and energy production in mitochondria. SCFA and MCFA freely enters mitochondria
whereas LCFA enters through CPT. These fatty acids convert to acetyl-CoA via beta-
oxidation. Ketone bodies are generated during fasting, and pyruvate enters
mitochondria after anaerobic glycolysis. Fatty acid oxidation generates NADH and
FADH2 which transfers electrons (e-) to electron transport chain (ETC). Flow of e-
through ETC is coupled with release of protons in intermembrane space which
generates membrane potential. This membrane potential is utilized in
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phosphorylation of ADP to ATP which is then released from matrix. Impairment of ETC
cause release of electrons and formation of ROS.

Abbreviations: MCFA, medium chainfatty acid; SCFA, short chain fatty acid; LCFA, long
chain fatty acid; ACS, acetyl coenzyme A synthase; NAD, nicotinamide adenine
dinucleotide; FAD, flavin adenine dinucleotide; CTP, carnitine palmitoyltransferase;
ADP, adenosine diphosphate; ATP, adenosine triphosphate; ANT, adenosine
nucleotide translocator; ETC, electron transport chain; AmP, mitochondrial membrane
potential.

Figure 2: Boxplot showing relationship of serum citrate levels and liver fibrosis.

Supplemental figure 1: Boxplot showing relationship of serum citrate levels and liver
fibrosis in male and female gender.
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Table 1. Baseline characteristics, comparison of citrate level >150 uM/L vs. < 150 uM/L.
Variables Citrate level >150 | Citrtae level £ 150 | p-value
uM/L (n=53) uM/L (n=144)
Age, years (mean  SD) 58.6 + 13.1 53.5+12.6 0.02
Female % 25 (58.1) 49 (34.0) 0.005
White % 38 (88.4) 123 (85.4) 0.71
Diabetes mellitus % 31 (58.5) 74 (51.4) 0.38
Hypertension % 25 (47.2) 54 (37.5) 0.22
Hypercholesterolemia % 16 (30.2) 55 (38.2) 0.22
Obesity % 43 (81.13) 103 (71.5) 0.16
Body measurements
BMI, kg/m? (mean + SD) 35.2+7.6 33.8+6.2 0.20
Waist circumference,cm(meant | 111.6 + 15.6 108.5 + 13.8 0.21
SD)
Laboratory results
HbAlc % (mean * SD) 6.7+1.6 6.2+1.1 0.12
Fasting glucose, mg/dl (mean + | 119.7 + 48.5 108.4 £ 37.2 0.30
SD)
Total cholesterol, mg/dl (mean + | 176.2 + 37.7 197.8+47.0 0.02
SD)
Triglyceride, mg/dl (mean £ SD) | 192.6 + 114.0 189.1 +122.2 0.89
LDL-C, mg/dl (mean £ SD) 97.6 £33.7 116.4 + 39.6 0.02
HDL-C, mg/dl (mean + SD) 442 £11.6 46.1+13.3 0.46
ALT, IU/L (mean + SD) 76.0+£41.0 72.7 £ 51.7 0.70
AST IU/L (mean % SD) 61.6 £29.9 46.1+31.1 0.004
ALP, IU/L (mean * SD) 87.9+324 77.7+£27.1 0.04
Total bilirubin, mg/dl (mean+SD) | 0.59 + 0.5 0.58+0.6 0.92
Platelet 1k cells/uL (mean £ SD) | 271.7 +73.4 241.0+70.0 0.02
Liver disease activity
Steatosis stage 2,3 27 (50.9) 89 (61.8) 0.17
Balloon degeneration stage 1,2 | 41 (77.4) 114 (79.2) 0.78
Liver inflammation stage 2,3 23 (43.4) 48 (33.3) 0.20
NAS (mean % SD) 52+15 44+1.5 0.002
Liver fibrosis
LSM, kPa (mean * SD) 13.4+10.4 85+5.0 <0.001
Pyruvate, uM/L (mean * SD) 59.0+34.0 51.4+235 0.10
Total Ketone, uM/L (mean = SD) | 354.2 + 312.1 198.0 £ 125.0 <0.001
Significant fibrosis (F2, F3, F4) 39 (73.6) 56 (38.9) <0.001
Advanced fibrosis (F3, F4) 15 (34.9) 19 (13.6) 0.001
Cirrhosis (F4) 6 (11.3) 8 (5.6) 0.18
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Abbreviations: BM/, body mass index; HbAlc, glycosylated hemoglobin; LDL-c, low density
lipoprotein cholesterol; HDL-c, high density lipoprotein cholesterol; ALT, alanine
transaminase; AST, aspartate transaminase; ALP, alkaline phosphatase; NAS, non-alcoholic
fatty liver disease activity score; LSM, liver stiffness measure.

Table 2. The univariable relation between liver fibrosis and liver related variables.

Variable Univariate effect (B-| p-value
coefficient and 95% Cl)

Citrate increase by 10 | 0.08 (0.03 —0.13) 0.004

uM/L

Demographics

Age, years 0.02 (0.01 -0.03) 0.004

Female -0.06 (-0.43 — 0.30) 0.74

NASH severity

NAS 0.34 (0.23 - 0.45) <0.001

ALT, IU/L 0.004 (0.0007 — 0.008) 0.02

Platelet, 1k cells/uL -0.002 (-0.005 — 0.0003) 0.10

Metabolic syndrome

DM 1.05 (0.68 — 1.42) <0.001

HTN 0.82 (0.48 — 1.16) <0.001

Obesity 0.66 (0.27 — 1.05) 0.001

High triglyceride -4.9x 1017 (-0.37-0.37) | 1.00

Low HDL 0.06 (-0.33 — 0.45) 0.76

Increased waist | 0.67 (0.24 — 1.09) 0.003

circumference

Abbreviations: NAS, non-alcoholic fatty liver disease activity score; ALT, alanine
transaminase; DM, diabetes mellitus; HTN, hypertension; BMI, body mass index; HDL, high
density lipoprotein.
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Table 3: Multivariable logistic regression analysis to test the relationship between serum citrate levels and liver fibrosis.

Variable Model 1 (age, sex) Model 2 (Age, sex and metabolic | Model 3 (Age, sex, metabolic
risk factors) risk factors and NAS)

B-coefficient (95% | p- B-coefficient (95% | p-value B-coefficient (95% Cl) | p-value
Cl) value | Cl)

Citrate increase | 0.07 (0.02 —0.13) 0.005 0.06 (0.01 - 0.11) 0.02 0.05 (0.01 -0.10) 0.02

by 10 uM

Demographics

Age, years 0.02 (0.003 -0.03) | 0.02 0.006 (-0.01 — 0.02) | 0.43 0.01 (-0.001 — 0.03) 0.06

Female -0.39(-0.75--0.01) | 0.04 -0.45 (-0.81 — -0.09) | 0.02 -0.59 (-0.93 - -0.26) | 0.001

Metabolic

syndrome

DM 0.27 (-0.07 - 0.61) 0.12 0.25 (-0.06 — 0.57) 0.11

HTN 0.65 (0.26 — 1.03) 0.001 0.51 (0.16 — 0.86) 0.005

Hightriglyceride -0.05 (-0.40-0.30) | 0.79 -0.16 (-0.48 — 0.16) 0.3

Low HDL 0.29 (-0.06 — 0.63) 0.11 0.19 (-0.12 - 0.51) 0.24

Increased waist 0.39 (-0.10-0.79) 0.12 0.33 (-0.08 — 0.73) 0.11

circumference

NASH severity

NAS 0.32 (0.21 — 0.43) <0.001

Abbreviations: NAS, non-alcoholic fatty liver disease activity score; ALT, alanine transaminase; DM, diabetes mellitus;

HTN, hypertension; BMI, body mass index; HDL, high density lipoprotein
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Supplemental figures and tables:
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Figure 3: Boxplot showing relation of serum citrate levels with liver fibrosis in male and female
population.

Supplemental table 1: Baseline characteristics, comparison of NAFLD population with non-
NAFLD control.

Variables NAFLD cohort Normal controls
(n=197) (n=462)

Age, years (mean * SD) 54.7 +12.8 409+ 129

Female % 74 (39.6) 283 (61.3)

Diabetes mellitus % 105 (53.3) 12 (2.6)

Hypertension % 79 (40.1) 41 (8.9)

Hypercholesterolemia % 71 (36. 04) 186 (40.3)

BMI, kg/m? (mean + SD) 34.1+6.6 24.0 £3.0

Waist circumference, cm (mean * | 109.2 + 14.3 -

SD)

Fasting glucose, mg/dl (mean+SD) | 111.3 + 40.3 90.7 + 15.8

Total cholesterol, mg/dl (mean * | 192.8 + 45.8 196 + 38

SD)

Triglyceride, mg/dl (mean % SD) 189.9 £ 120 117 £93

LDL-C, mg/dl (mean % SD) 112.2 £ 39.0 118 + 34

HDL-C, mg/dl (mean £ SD) 45.6 £+ 12.9 56.5+14.2

ALT, IU/L (mean £ SD) 73.4+49.4 -

AST IU/L (mean * SD) 49.7 +31.4 -

ALP, IU/L (mean £ SD) 80.1 +28.7 -
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Total bilirubin, mg/dl (mean + SD) | 0.58 + 0.54 -

Platelet 1k cells/uL (mean * SD) 247.8 +71.7 -

NAS (mean % SD) 46+1.5 -

LSM, kPa (mean + SD) 9.6+6.8 -

Citrate, uM/L (mean * SD) 121.6 + 39.6 97.8+22.7
Pyruvate, uM/L (mean * SD) 53.2 +£26.5 47.4+21.4
Total Ketone, uM/L (mean * SD) 230.6 + 190.5 156 + 109

Abbreviations: BM/, body mass index; HbAlc, glycosylated hemoglobin; LDL-c, low density
lipoprotein cholesterol; HDL-c, high density lipoprotein cholesterol; ALT, alanine
transaminase; AST, aspartate transaminase; ALP, alkaline phosphatase; NAS, non-alcoholic
fatty liver disease activity score; LSM, liver stiffness measure.
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Sensitivity Table 2. Association of increase in 10 uM/L serum citrate levels and higher liver
fibrosis.

Models for estimation of higher | Total = 197 OR (95% ClI) p-
liver fibrosis with increase in Events (% age) value
serum citrate by 10 uM

Overall ordinal logistic regression* 1.10 (1.02 - 1.20) 0.03
Intermediate | FO vs. F1/F2/F3/F4 | 130 (66.0) 1.13 (1.003 —1.28) | 0.04
logistic FO/F1 vs. F2/F3/F4 | 98 (49.8) 1.11 (1.005—-1.24) | 0.04
regression FO/F1/F2 vs. F3/F4 | 35 (17.8) 1.07 (0.94 - 1.22) 0.28
models* FO/F1/F2/F3 vs. F4 | 15 (7.4) 1.15 (0.95 — 1.41) 0.16

* Multivariable models adjusted for age, gender, NAS, DM, HTN, High triglyceride, high waist
circumference and low HDL (Effect estimate of adjusted variables will be shared upon
request)
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Table 3. Multivariable model of association of citrate levels with fibrosis (excluding cirrhosis)
and stage 3-4 fibrosis (advanced fibrosis).

Variable Fibrosis stage 0 to 3 (cirrhosis | FO/F1/F2 vs. F3/F4
excluded)
B-coefficient (95% | p-value B-coefficient p-value
Cl) (95% Cl)
Citrate increase by | 0.04 (0.001 — 0.08) 0.04 1.07 (0.94-1.22) | 0.28
10 uM
Demographics
Age, years 0.01 (-0.003 - 0.02) | 0.16 1.04 (1.00 —1.09) | 0.05
Female -0.42 (-0.71--0.12) | 0.006 0.50 (0.20 —1.28) | 0.15
Metabolic
syndrome
DM 0.22 (-0.05-0.49) |0.11 2.39 (0.94 -6.08) | 0.07
HTN 0.42 (0.12 -0.72) 0.007 2.39 (0.92 -6.25) | 0.08
High triglyceride -0.19 (-0.47 - 0.09) | 0.19 0.71(0.28 =1.79) | 0.47
Low HDL 0.14 (-0.14 - 0.42) 0.31 1.22 (0.50-3.02) | 0.66
Increased waist | 0.13 (-0.21-0.47) 0.46 1.51(0.37-6.25) | 0.57
circumference
NASH severity
NAS 0.33(0.24-0.43) | <0.001 1.84 (1.25 —2.70) | 0.002

Abbreviations: NAS, non-alcoholic fatty liver disease activity score; DM, diabetes mellitus;
HTN, hypertension; HDL, high density lipoprotein
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Supplemental table 4, Subgroup analysis: association of citrate levels with liver fibrosis in

male and female population.

Variable Male population Female population
B-coefficient (95% | p-value B-coefficient (95% | p-value
Cl) Cl)

Citrate increase | 0.08 (0.02 — 0.14) 0.01 0.02 (-0.05-0.09) | 0.50

by 10 uM

Demographics

Age, years 0.01 (-0.01 - 0.03) 0.20 0.002 (-0.02-0.02) | 0.87

Metabolic

syndrome

DM 0.08 (-0.32 — 0.48) 0.69 0.56 (0.03-1.08) | 0.04

HTN 0.60 (0.13 — 1.08) 0.01 0.59 (0.006 — 1.18) | 0.048

High triglyceride | 0.03 (-0.40 —0.45) | 0.91 -0.47 (-1.01 - 0.07) | 0.09

Low HDL -0.01 (-0.42 - 0.40) | 0.97 0.39(-0.14-0.91) | 0.15

Increased waist | 0.51 (0.05 — 0.96) 0.03 -0.59 (-1.67 — 0.50) | 0.28

circumference

NASH severity

NAS 0.28 (0.13 - 0.43) 0.001 0.33 (0.16 — 0.50) | <0.001

Abbreviations: NAS, non-alcoholic fatty liver disease activity score; DM, diabetes mellitus;

HTN, hypertension; HDL, high density lipoprotein
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Supplemental table 5: Univariable and multivariable models (validation cohort), association
of citrate levels and liver fibrosis.

Variable Univariable effect Adjusted for age, sex, NAS, and
metabolic risk factors
(B- coefficient and | p- B-coefficient (95% | p-value
95% Cl) value | Cl)
Citrate  level | 0.08 (0.03 - 0.13) 0.002 0.07 (0.02 - 0.12) 0.004
increase by 10
uM
Demographics
Age, years 0.02 (0.01 — 0.04) 0.001 0.02 (0.01 — 0.04) 0.001
Male 0.22 (-0.08 — 0.52) 0.15 0.43 (0.05 — 0.80) 0.03
Metabolic
syndrome
DM 0.25 (-0.03 - 0.53) 0.08 0.26 (-0.003 — 0.52) | 0.05
High 0.05 (-0.23 — 0.34) 0.71 0.14 (-0.12 - 0.41) 0.28
triglyceride
Low HDL 0.06 (-0.22 — 0.35) 0.67 -0.21 (-0.55-0.14) 0.24
NASH severity
NAS 0.17 (0.04 — 0.30) 0.01 0.20 (0.08 — 0.32) 0.002

Abbreviations: NAS, non-alcoholic fatty liver disease activity score; DM, diabetes mellitus;
HDL, high density lipoprotein
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Summary:

Paper 1: We concluded that non-neoplastic PVT incidence was not higher in NASH related
cirrhosis. Liver decompensation was more commonly seen in cirrhosis due to non-NASH
etiologies. This may explain more PVT cases in non-NASH group. Statin use in cirrhosis

patients had a potential protective association against PVT.

Paper 2: Our study showed that increase in serum citrate was associated with higher liver
fibrosis which was independent of metabolic syndrome. This association was not observed in
female gender and requires further investigation. Citrate test is not helpful in identifying

advanced cases or making critical decisions about liver biopsy and surveillance.
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Discussion:

Paper 1: Strengths of our study are complete follow up and longitudinal data. Ethnic
minorities have better representation as compared to previous studies. This cohort was
inclusive of both compensated and decompensated cirrhosis; hence our findings can be
generalized to most cirrhosis patients. Our outcome was well defined, PVT was diagnosed
objectively with cross-sectional imaging. Presumed NASH cases were likely NASH as all
overlap cases or other etiologies were considered non-NASH. We adjusted our main analysis
for multiple confounder which ensured conditional exchangeability of NASH and non-NASH
group at baseline. Several sensitivity analyses were performed to show robustness of our
finding. There were several limitations of our study. Due to retrospective nature, there is
possibility of information bias when data was collected using ICD 10 codes. To adjudicate this
deficiency, a thorough chart review was performed. There was missing data for laboratory
values. This information was required for calculation of MELD-Na score and CPT variables. We
used complete case analysis in our primary model. We performed multiple imputations to
handle missingness in sensitivity analysis. Moreover, presumed NASH had lower prevalence
of decompensated liver disease as compared to non-NASH which might have introduced
selection bias. We adjusted for this difference by conditioning on liver disease severity. It is
possible there are unmeasured confounders in our study including portal hypertension,
coagulopathies, family history, and lifestyle. We assumed that adjusting for liver disease
severity accounted for these confounders. We excluded HCC and liver transplant cases, our
results do not apply to these patients. Duration, type and dose of statin use was not recorded.
We compared statin users vs. nonusers. Itis possible that clinicians preferred to give statin to

patients with less severe liver disease which might have introduced selection bias.
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Based on our study we propose testing the protective association of statin with PVT in a
randomized control trial. We also recommend a prospective study testing the beneficial effect

of prophylactic anticoagulation in decompensated cirrhosis in prevention of PVT.

Paper 2: Our study strengths were novelty, and missing data was minimal (<5%). The outcome
was based on liver biopsy results which is considered gold standard. Subgroup analyses were
done to show stratified effect of citrate on liver fibrosis. We validated our finding using
external cohort. There were several limitations of our study. The study participants were
predominantly White; hence the results are not generalizable. HCC, post liver transplant and
decompensated cirrhosis cases were excluded; the conclusions do not apply to them. The DM
related variables including duration, severity, complications were not available, and we did
not adjust for these variables in our study. We were unable to measure waist- height ratio
because of unavailability of later variable. Additionally, serum creatinine was not recorded;
and we did not adjust our analysis for renal functions. Study design was cross sectional, the

temporality of confounder, exposure and outcome cannot be measured.

Based on our findings, we recommend studying gender difference in association of serum
citrate levels with liver fibrosis. There was a signal of TCA involvement in liver disease
progression in NAFLD. We suggest Study other metabolites of TCA and their association with

liver fibrosis in NAFLD, particularly in male population.

61



Bibliography

1.

Englesbe MJ, Kubus J, Muhammad W, Sonnenday CJ, Welling T, Punch D, et al. Portal
vein thrombosis and survival in patients with cirrhosis. Liver Transplant Off Publ Am

Assoc Study Liver Dis Int Liver Transplant Soc. 2010 Jan;16(1):83-90.

Northup PG, Garcia-Pagan JC, Garcia-Tsao G, Intagliata NM, Superina RA, Roberts LN,
et al. Vascular Liver Disorders, Portal Vein Thrombosis, and Procedural Bleeding in
Patients With Liver Disease: 2020 Practice Guidance by the American Association for

the Study of Liver Diseases. Hepatology. 2021 Jan;73(1):366—413.

Young K, Wong R. Evaluation and management of acute and chronic portal vein

thrombosis in patients with cirrhosis. Clin liver Dis. 2017 Dec;10(6):152-6.

Stine JG, Shah NL, Argo CK, Pelletier SJ, Caldwell SH, Northup PG. Increased risk of
portal vein thrombosis in patients with cirrhosis due to nonalcoholic steatohepatitis.
Liver Transplant Off Publ Am Assoc Study Liver Dis Int Liver Transplant Soc. 2015
Aug;21(8):1016-21.

Gaballa D, Bezinover D, Kadry Z, Eyster E, Wang M, Northup PG, et al. Development of
a Model to Predict Portal Vein Thrombosis in Liver Transplant Candidates: The Portal
Vein Thrombosis Risk Index. Liver Transplant Off Publ Am Assoc Study Liver Dis Int
Liver Transplant Soc. 2019 Dec;25(12):1747-55.

Moeini A, Machida H, Takiuchi T, Blake EA, Hom MS, Miki T, et al. Association of
Nonalcoholic Fatty Liver Disease and Venous Thromboembolism in Women With
Endometrial Cancer. Clin Appl Thromb Off J Int Acad Clin Appl Thromb. 2017
Nov;23(8):1018-27.

Kim RG, Loomba R, Prokop LJ, Singh S. Statin Use and Risk of Cirrhosis and Related
Complications in Patients With Chronic Liver Diseases: A Systematic Review and
Meta-analysis. Clin Gastroenterol Hepatol Off Clin PractJ Am Gastroenterol Assoc.

2017 Oct;15(10):1521-1530.e8.

Pais R, Barritt AS 4th, Calmus Y, Scatton O, Runge T, Lebray P, et al. NAFLD and liver
transplantation: Current burden and expected challenges. J Hepatol. 2016

Dec;65(6):1245-57.

62



10.

Sanyal AJ, Campbell-Sargent C, Mirshahi F, Rizzo WB, Contos MJ, Sterling RK, et al.

Nonalcoholic steatohepatitis: association of insulin resistance and mitochondrial

abnormalities. Gastroenterology. 2001 Apr;120(5):1183-92.

van de Wier B, Balk JM, Haenen GRMM, Giamouridis D, Bakker JA, Bast BC, et al.
Elevated citrate levels in non-alcoholic fatty liver disease: the potential of citrate to

promote radical production. FEBS Lett. 2013 Aug;587(15):2461—6.

63



