
Copyright: © 2026 The Author(s). This article has been published under the terms of Creative Commons Attribution-Noncommercial 4.0 International License  
(CC BY-NC 4.0), which permits noncommercial unrestricted use, distribution, and reproduction in any medium, provided that the following statement is provided.  

“This article has been published in Journal of Clinical and Translational Hepatology at https://doi.org/10.14218/JCTH.2025.00498 and can also be viewed 
 on the Journal’s website at http://www.jcthnet.com ”.

Original Article

Journal of Clinical and Translational Hepatology 2026 
DOI: 10.14218/JCTH.2025.00498

Association of Changes in Portal Insulin with 
Immunometabolism During and After Hepatitis C Virus 
Infection
Matthew G. Menkart1, Jenna L. Oringher1, Moumita Chakraborty1, James A. Haddad1, Gabriella M. Quinn1, 
Grace Zhang1, Elizabeth C. Townsend1, Kareen L. Akiva1, Lisa Scheuing1, Anjali Rai1, Shakuntala Rampertaap2, 
Sergio D. Rosenzweig2, Christopher Koh3, Rebecca J Brown3, Regina Umarova3, Elliot B. Levy4, David E. Kleiner5, 
Rabab O. Ali1, Ohad Etzion1, Rownock Afruza1 and Theo Heller1*

1Liver Diseases Branch, Translational Hepatology Section, National Institute of Diabetes and Digestive and Kidney Diseases, 
NIH, Bethesda, MD, USA; 2Immunology Service, Department of Laboratory Medicine, Clinical Center, National Institutes of 
Health, Bethesda, MD, USA; 3National Institute of Diabetes and Digestive and Kidney Diseases, NIH, Bethesda, MD, USA; 
4Center for Interventional Oncology, Radiology and Imaging Services, Clinical Center, National Institutes of Health, Bethes-
da, MD, USA; 5Laboratory of Pathology, National Cancer Institute, National Institutes of Health, Bethesda, MD, USA

Abstract

Background and Aims: Insulin resistance is a common 
extrahepatic manifestation of hepatitis C virus (HCV) infec-
tion (HCVi), but its mechanism is poorly understood. While 
systemic insulin resistance is documented, portal insulin 
dynamics, a key regulator of hepatic metabolism, remain 
unexplored. This study aimed to investigate the relationship 
between insulin, the gut-liver axis, and immunometabolic 
changes in patients with HCV. Methods: HCV patients were 
evaluated before (HCVi; n = 29) and after sustained viro-
logic response (SVR) achieved with sofosbuvir/velpatasvir 
treatment (SVR, n = 23) (NCT02400216). Liver biopsies, 
portal blood, and peripheral blood were collected at both 
phases. Statistical analyses were conducted using Wilcoxon 
rank-sum tests, Mann-Whitney tests, and Pearson’s cor-
relation coefficients to assess differences and associations 
across insulin, glucose, cytokines, metabolites, immune 
cells, and hepatic liver transcriptomics to elucidate impaired 
insulin homeostasis in HCVi. Results: HCV patients had 
significantly reduced portal insulin compared to SVR (p = 
0.02), while peripheral insulin, portal glucose, and periph-
eral glucose remained unchanged. Portal insulin correlated 
positively with proinflammatory cytokines and vascular in-
jury markers and negatively with CD8/CD62L/CD45RA/CD3 
cells (naive cytotoxic T-cells) and non-standard nucleotides. 
Hepatic transcriptomic analysis revealed portal insulin cor-
related positively with immune and negatively with amino 
acid pathways, reflecting insulin’s role in the perturbations of 
immunometabolism during HCVi. Conclusions: Lower por
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tal insulin during HCVi is associated with changes consist-
ent with altered pancreatic insulin secretion and decreased 
hepatic insulin extraction. The observed correlations support 
a potential relationship between the immune response and 
insulin dynamics, indicating an interplay between the im-
mune system, metabolism, and insulin in HCVi, with clinical 
implications for the management of dysglycemia.
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Hepatol 2026. doi: 10.14218/JCTH.2025.00498.

Introduction
Despite effective therapy for hepatitis C virus (HCV), it re-
mains a leading cause of liver disease and cirrhosis world-
wide.1 HCV differs from other viral hepatitis infections in that 
it has a much higher rate of both chronicity and extrahepatic 
manifestations.2 Extrahepatic manifestations in HCV are clin-
ical complications that involve other organs outside of the 
liver. Up to two-thirds of patients with chronic HCV infection 
(HCVi) develop at least one extrahepatic manifestation,3 one 
such being insulin resistance (IR)/type II diabetes mellitus.4

Insulin signaling can be affected by a variety of mecha-
nisms, most notably in HCV via increased intrahepatic tumor 
necrosis factor alpha (TNFα) production.5 Likewise, insulin 
signaling can be disrupted by altered hepatokine production, 
resulting in either decreased insulin secretion or selective IR 
in hepatic and non-hepatic tissues.6 Dysfunction in pancre-
atic β-cells leads to decreased insulin release into the portal 
vein, directly affecting the load of insulin delivered to the 
liver. In a proportional manner to the amount of insulin se-
creted by the pancreas, the liver performs hepatic insulin ex-
traction, removing approximately 80% of endogenous insulin 
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secreted in the blood under normal physiological conditions.7 
Viral infection can also impact hepatic insulin extraction, and 
it has been proposed that liver damage in chronic hepatitis 
leads to decreased insulin extraction.8 Therefore, alterations 
in insulin secretion and hepatic insulin extraction may impact 
insulin signaling in the context of HCV. Supplementary Figure 
1 summarizes definitions of insulin secretion, resistance, and 
extraction.

Patients with chronic HCV who develop diabetes are more 
likely to progress to cirrhosis and decompensated liver dis-
ease compared to chronic HCV patients without diabetes.9 
In vitro studies reveal that hepatic IR is in part mediated by 
the HCV core protein by triggering the degradation of insulin 
receptor substrate 1, disrupting the insulin signaling pathway 
in hepatocytes.10 While this intrahepatic method of insulin 
disruption is well understood, alterations in pancreatic insulin 
release and subsequent suppression of hepatic glucose re-
lease require further investigation within the portal venous 
system. Additionally, understanding the immune and viral 
drivers of insulin disruption in HCV might create opportuni-
ties for therapeutic intervention.

Our group previously reported numerous changes that oc-
cur during and after direct-acting antiviral (DAA) therapy for 
HCVi, including but not limited to a unique liver transcrip-
tome, perturbed bacterial diversity and translocation, host 
immunological changes, and an altered metabolomic pro-
file.11–14 This hypothesis-generating study aimed to evaluate 
how changes in portal insulin secretion and extraction cor-
relate with the aforementioned multi-omics data during and 
after infection. Through this correlational study, the mecha-
nisms of insulin secretion and homeostasis, utilizing HCV as 
a model, may be further elucidated.

Our comprehensive analysis revealed that portal insulin 
was significantly reduced during infection compared to after 
treatment. In the liver, alterations in immune and metabolic 
pathways correlated with the reduction of portal insulin. In 
the immune system, portal insulin correlated with specific 
immune cells, notably naive cytotoxic T-cells, and various 
pro- and anti-inflammatory cytokines. In the metabolomics, 
portal insulin correlated with nucleotides, specifically orotate 
and other non-coding nucleotides. Through the integration of 
these analyses, we hypothesize that HCVi induces changes 
in the immune system and hepatic signaling to induce de-
creased pancreatic β-cell insulin secretion and selective he-
patic IR, presenting as a reduction in portal insulin but no 
changes in peripheral insulin.

Methods

Study design and patient cohort
Twenty-nine patients with chronic HCV-associated liver dis-
ease were evaluated and underwent DAA therapy (sofos-
buvir/velpatasvir) at the National Institutes of Health Clini-
cal Center and achieved sustained virologic response (SVR) 
(NCT02400216). Selection criteria with patient details have 
been described elsewhere.12 All research was conducted in 
accordance with the Declarations of Helsinki and Istanbul, 
and all patients signed informed consent for participation in 
an NIDDK Institutional Review Board-approved protocol. All 
analyses on serum, plasma, and whole blood included 29 pa-
tients during HCVi and 23 patients one year post-SVR. Paired 
analyses consisted of 23 pairs, except transcriptomic analysis, 
which had 22 pairs. Two patients were taking medications for 
diabetes mellitus (Novolin insulin for one patient and glime-
piride for another patient). However, neither was excluded 
from analyses because their medication and dosage did not 

change across infection status, and analyses were focused on 
the impact of HCVi. Patients were further subdivided based on 
liver cirrhosis status at baseline, with Ishak fibrosis scores of 
0–4 classified as non-cirrhotic and 5–6 as cirrhotic. This led to 
the following patient distribution: 13 patients with active HCVi 
and cirrhosis, 16 with active HCVi without cirrhosis, 9 with 
SVR and cirrhosis, and 14 with SVR without cirrhosis.

Sample collection
Both portal and peripheral blood and liver biopsies were col-
lected from all patients. All patients fasted overnight prior 
to sample collection. Blood samples were centrifuged for 10 
min at 1,000 rpm within 4 h of collection and then stored 
at –80°C until analysis. Two hepatic core biopsy specimens 
were collected with a coaxially introduced 18G Temno needle 
(Temno Evolution, MeritMedical, Jordan, Utah, USA). Liver 
biopsies were scored in a blinded manner by a single liver 
pathologist to determine hepatic activity index and Ishak fi-
brosis scores for inflammation and fibrosis.

RNA sequencing of liver tissue
Total RNA extraction was performed on snap-frozen liver 
biopsies and used for RNA sequencing analysis.12 In brief, 
total RNA was extracted from 10 mg of liver tissue using 
TriZol (Cat No. 15596026) and the Qiagen RNA Extraction 
Kit (Cat No. 74104). The NEBNext poly(A) Selection Kit (Cat 
No. E7490S) was used for poly-A tail selection and to gener-
ate the RNA library using the ScriptSeq RNA library prep kit 
(Cat No. SSV21106). All cDNA libraries were quantified us-
ing the KAPA Biosystems Illumina qPCR kit (Roche Cat No.: 
0796010140001). Libraries were normalized and sequenced 
on an Illumina HiSeq 4000. Raw sequences were aligned to 
the Homo sapiens hg38 reference genome using STAR (ver-
sion 10.1) on PartekFlow. The DESeq2 R package (version 
1.40.2) was used to remove batch effects and perform differ-
ential gene expression analysis.15 The GAGE R package (ver-
sion 2.50.0)16 was used to identify pathways from the Kyoto 
Encyclopedia of Genes and Genomes (KEGG) that were sig-
nificantly up- or downregulated with an FDR < 0.1 using the 
differentially expressed genes.

Clinical markers of liver disease
Biochemical assays were performed on a Cobas C 501 system 
to measure alanine aminotransferase, aspartate aminotrans-
ferase, albumin, total and direct bilirubin, and insulin. Glucose 
was measured using an Abbott Architect c8000 instrument. 
Complete blood counts were measured on a Sysmex system. 
Homeostatic model assessment for insulin resistance (HOMA-
IR) was calculated as (Insulin × Glucose)/405; quantitative 
insulin sensitivity check index (QUICKI) was calculated as 1/
(logInsulin + logGlucose); and homeostatic model assess-
ment of β-cell function (HOMA-β) was calculated as 360 × In-
sulin/(Glucose – 63),17 where insulin was measured in µU/mL 
and glucose in mg/dL. For HOMA-IR and QUICKI, peripheral 
insulin was used, while for HOMA-β, portal insulin was used.

Serum immune and microbial markers
More than sixty serum markers were measured in both HCVi 
and SVR cohorts using commercially available research kits. 
Each assay was conducted in duplicate according to the re-
spective manufacturers’ protocols. A list of markers and kits 
is presented in Supplementary Table 1.

Flow cytometry
Portal and peripheral blood samples were processed for flow 
cytometry using a whole blood lysis method, stained with flu-
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orescent antibodies, measured with a FACS Canto II instru-
ment, and analyzed using FCS Express Software (De Novo, 
Glendale, CA). Lymphocytes were identified based on a gate 
established by forward and side-angle scatter and confirmed 
using anti-CD45 and anti-CD14 antibodies. B cells were iden-
tified with the following antibodies: anti-CD20, anti-CD19, 
anti-CD5, anti-CD10, anti-IgM, anti-CD38, and anti-CD27. 
Irrelevant, directly conjugated murine IgG1 was used to as-
certain background staining. All monoclonal antibodies were 
obtained from Becton Dickinson (San Jose, CA), with the 
exception of anti-IgM (BioLegend, San Diego, CA) and anti-
CD45, anti-CD14, anti-CD19, anti-CD10, and anti-CD27 (Life 
Technologies, Carlsbad, CA).

Non-targeted global metabolite profiling
Metabolon conducted the global metabolomics assays in 
portal and peripheral serum at both time points. A detailed 
process for sample handling, quality control, data extraction, 
biochemical identification, data curation, quantification, and 
data normalization has been published.18 In brief, samples 
were vigorously shaken in methanol for 2 min to extract me-
tabolites (Glen Mills GenoGrinder 2000) and then centrifuged. 
The extract was then aliquoted, dried, and reconstituted in 
acidic or basic liquid chromatography-compatible solvents for 
analysis by ultraperformance liquid chromatography-tandem 
mass spectrometry methods.19 Using a reference library of 
chemical standards, metabolites were identified by automat-
ed comparison of the ion features. Samples were curated by 
visual inspection for quality control using software developed 
at Metabolon.20

Statistical analysis
Statistical analysis was performed using GraphPad PRISM 
10.2.2 and R. Continuous variables are expressed as me-
dian (IQR). All paired statistical tests were performed us-
ing the Wilcoxon rank-sum test, and all nonpaired statistical 
tests were performed using two-sided Mann-Whitney (MW) U 
tests. All correlational tests were performed using two-tailed 
Spearman correlation tests. p-values were adjusted using 
the false discovery rate for transcriptomic pathways. Cor-
rected p-values (pcorrected) were calculated by performing an 
analysis of covariance to control for body mass index (BMI).

Results

Patient demographics
As described above, 29 patients underwent evaluation during 
HCVi, and 23 patients completed re-evaluation one year after 
SVR. Subject characteristics are presented in Table 1. Hepat-
ic activity index, steatosis (fat), alanine aminotransferase, 
aspartate aminotransferase, gamma-glutamyl transferase, 
albumin, total bilirubin, and PT-INR were all significantly el-
evated during HCVi compared to after SVR. Notably, BMI was 
not significantly different across infection status (Table 1).

Portal insulin is reduced during HCVi
To understand how HCV affects IR, insulin and glucose were 
measured in both the peripheral and portal blood during HCVi 
and after SVR. Peripheral insulin (median HCVi: 17.6, IQR: 
11.9; median SVR: 14.7, IQR: 23.9) and peripheral glucose 
(median HCVi: 93.0, IQR: 24.0; median SVR: 95.0, IQR: 
12.8) levels did not differ significantly between infection sta-
tus (pinsulin = 0.53, pglucose = 0.20) (Fig. 1A).

In contrast, portal glucose was significantly lower during 
infection (median: 97, IQR: 12) compared to SVR (median: 

101, IQR: 10.5) (p = 0.045); however, this difference was 
not significant after adjusting for BMI (pcorrected = 0.053). 
Portal insulin was also significantly reduced during infection 
(median: 28.6, IQR: 30.9) compared to SVR (median: 52.4, 
IQR: 24.2) (p = 0.023), and this remained significant after 
BMI correction (pcorrected = 0.025) (Fig. 1B).

Neither peripheral HOMA-IR, HOMA-β, nor peripheral 
QUICKI differed across infection status (pHOMA-IR = 0.62, 
pHOMA-β = 0.092, pQUICKI = 0.50) (Fig. 1C). Portal insulin also 
did not differ across sex or race during HCVi (psex = 0.99, 
prace = 0.51) (Supplementary Fig. 2). This demonstrates 
that during infection, portal insulin was significantly reduced, 
while portal and peripheral glucose, as well as peripheral 
insulin, remained unchanged compared to SVR. Therefore, 
we observed decreased insulin secretion into the portal vein 
during HCVi; however, there was no change in peripheral in-
sulin. This suggests that the liver may also be extracting less 
insulin from the portal blood, demonstrating a viral effect on 
hepatic insulin extraction.

Impact of cirrhosis, steatosis, and BMI on portal 
insulin
To determine whether cirrhosis status affected portal insu-
lin, portal insulin was compared in patients with and without 
cirrhosis before and after SVR. Portal insulin did not differ 
when comparing patients with cirrhosis versus patients with-
out cirrhosis during infection (p = 0.18) and after SVR (p = 
0.22) (Supplementary Fig. 3). There was also no significant 
difference when comparing portal insulin levels in patients 
with cirrhosis during infection to after SVR (p = 0.098) or in 
patients without cirrhosis during infection to after SVR (p = 
0.10). Steatosis grade from liver biopsies did not correlate 
with portal insulin during infection (ρ = 0.012, p = 0.9501) 
or after SVR (ρ = 0.21, p = 0.49). BMI also did not correlate 
with portal insulin during infection (ρ = 0.31, p = 0.10) or 
after SVR (ρ = 0.37, p = 0.083). Lack of relationships with 
cirrhosis status, steatosis, and BMI suggests that HCV, rather 
than advanced liver disease, may be driving decreased portal 
insulin (Supplementary Fig. 3).

Impact of hepatitis C genotype on portal insulin
Since specific HCV genotypes, notably genotype 3, are asso-
ciated with increased hepatic steatosis,21 portal and periph-
eral glucose and insulin were compared in patients with gen-
otype 1 to those with non-genotype 1 HCV. Eighteen patients 
had HCV genotype 1 (10 genotype 1A, 8 genotype 1B). Of 
the other eleven patients, six were infected with HCV geno-
type 2, four with HCV genotype 3, and one with HCV geno-
type 4 (Supplementary Fig. 4). Portal insulin was significantly 
higher in patients infected with HCV genotype 1 compared to 
non-genotype 1 during infection (MW, p = 0.019), but did not 
differ after SVR (MW, p = 0.21) (Fig. 2). Therefore, a non-
genotype 1 HCV genotype seems to coincide with reduced 
pancreatic insulin secretion observed during infection.

Correlations of immunogenic pathways with portal 
insulin
Hepatic differentially expressed genes were mapped to the 
KEGG pathway database. Correlation analysis between HCVi 
portal insulin and pathways was performed by comparing the 
median correlations of genes within the pathway and those 
not within the pathway to estimate effect size. Seventy-one 
pathways significantly correlated with portal insulin (Fig. 
3). Of these 71, 45 were positively correlated, and 26 were 
negatively correlated. Twenty-one immune pathways corre-
lated with portal insulin, with 20 correlating positively. Out of 
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the top 15 positively correlated pathways, 11 were immune 
pathways. Conversely, out of the top 15 negatively correlated 
pathways, 11 were metabolism and energy pathways. These 
pathways are listed in Supplementary Table 2. Top genes 
contributing to these KEGG pathways with their correlations 
to portal insulin and log2 fold changes are listed in Supple-
mentary Table 3. This represents a relationship between high 
levels of insulin and immune pathways, and between low lev-
els of insulin and metabolic pathways during HCVi. An over-
representation analysis using differentially expressed genes 
mapped to KEGG pathways found that the O-GlcNac regula-
tion of IR pathway (Supplementary Fig. 5) is upregulated 
during HCVi. Activation of O-GlcNac regulatory pathway in-
creases IR in high glucose environments.22 Additionally, key 
genes in the IR pathway, such as JNK1 and IKKB,23,24 were 
also upregulated during HCVi in our patient cohort. Though 
there was no change in peripheral glucose levels in HCVi ver-
sus SVR, the liver transcriptome demonstrates activation of 

pathways associated with IR during HCVi. This suggests a 
possible influence of HCVi on reduced extraction of insulin, 
similar to effects seen in hyperglycemia.

Correlation of proinflammatory cytokines, microbial 
markers, and vascular injury markers with portal in-
sulin
Sixty-five serum markers, measured in portal and peripheral 
blood, were evaluated for correlations with portal insulin dur-
ing infection (Fig. 4A) and after SVR (Fig. 4B). During infec-
tion, six serum markers from portal blood and ten serum 
markers from peripheral blood correlated with portal insulin 
(Table 2).

In this cohort, as previously reported, portal and periph-
eral TNFα and interleukin (IL) 12p40 were significantly el-
evated during HCVi vs. SVR.11 Peripheral soluble intercellular 
adhesion molecule 3 (sICAM-3) (p = 0.0048) was also signifi-
cantly elevated during HCVi. These cytokines demonstrated a 

Table 1.  Subject Characteristics

HCVi HCVi for paired 
analysis

SVR (paired and 
unpaired)

Wilcoxox Rank 
Sum (HCVi 
vs SVR)

Number of Subjects (n) 29 23 23 –

Age; Median (IQR) 59 (54.5–62) 58.3 (54.5–62.5) 59.3 (55.5–63.5) –

Sex (male), % (n) 18 (62.1%) 14 (60.8) 14 (61) –

Race

White % (n) 19 (65.6) 15 (65.2) 15 (65.2) –

Asian % (n) 2 (6.8) 1 (4.3) 1 (4.3) –

Black/African American % (n) 5 (17.2) 5 (21.7) 5 (21.7) –

Hispanic % (n) 3 (10.3) 2 (8.7) 2 (8.7) –

Cirrhosis status

Cirrhotic 13 (44.8) 9 9 (39.1) –

Non-cirrhotic 16 (55.2) 14 (60.9) 14 (60.9) –

Histological and Laboratory Parameters, Median (IQR)

log HCV RNA (IU/ml) 6.3 (5.85–6.86) 6.4 (6.03–6.90) – –

Ishak Fibrosis Score 4 (2–6) 3.47 (1.5–6) 3 (0–6) 0.2238

HAI Inflammatory Score 8 (7–10) 8 (7–10) 3 (2–3) <0.0001

Direct Portal pressures (mmHg) 19 (12–25) 17.4 (12.5–23) 19 (12–22) 0.82

Fat (0–4) 0.769565217 0.81 (0.1–1) 0.386956522 0.019

ALT (IU/L) 85 (46.0–145.5) 102 (35–131) 21 (17–29) <0.0001

AST (IU/L) 72 (34.5–109.5) 80 (33.5 – 107.5) 24 (21–28) <0.0001

ALP (IU/L) 81 (73.0–108.5) 94 (69 – 106.5) 76 (63–106) 0.1177

GGT (IU/L) 113 (35.5–169.0) 128 (35.5–184) 33 (20–43) 0.0004

Albumin (g/dl) 4.1 (4.0–4.4) 4.2 (4–4.4) 4.3 (4.1–4.5) 0.0227

Total Bilirubin (mg/dl) 0.6 (0.5–0.8) 0.7 (0.5–0.8) 0.4 (0.3–0.6) 0.0015

Platelet Count (×109 /L) 165 (116.0–201.5) 168 (129–199) 170.5 (140.8–195.8) 0.2053

PT-INR 1.07 (0.99–1.13) 1.06 (0.99–1.12) 1.09 (1.01–1.17) 0.0175

BMI (kg/m2) 27.3 (24.4–31.4) 27.2 (24.6–29.5) 27.7 (23.8–31.1) 0.2355

HbA1c (%) 5.5 (5.0–6.0) 5.4 (5.2–6) 5.5 (5.3–5.9) 0.6963

ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; BMI, body mass index; GGT, gamma-glutamyl transferase; HAI, Hepatic 
Activity Index; HbA1c, Hemoglobin A1C; HCV, Hepatitis C virus; HCVi, Hepatitis C infected patients; IQR, interquartile range; PT-INR, prothrombin time-international 
normalized ratio; RNA, ribonucleic acid; SVR, sustained virologic response.
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relationship to portal insulin, along with others that were not 
significantly different across infection status (Supplementary 
Fig. 6). Cytokines that positively correlated with portal insulin 
included proinflammatory cytokines such as portal and pe-
ripheral TNFα, portal IL17, and peripheral IL12p40 (Fig. 4C), 
and vascular injury markers such as portal and peripheral 
sICAM-3, portal and peripheral thrombomodulin, peripheral 
sICAM-1, and soluble vascular cell adhesion molecule 1 (Fig. 
4D). Conversely, portal basic fibroblast growth factor, portal 
eotaxin (serum cytokines), and peripheral lipoteichoic acid 
(microbial marker) correlated negatively with portal insulin. 
None of these serum markers were significantly correlated 
with portal insulin after SVR (Supplementary Fig. 7). These 
results reveal a clear association between cytokines, micro-
bial, and vascular injury markers with portal insulin, poten-
tially suggesting a role for circulating markers in decreasing 
insulin secretion and hepatic insulin extraction during HCVi.

Correlation between immune cell populations and 
portal insulin before and after treatment
Our findings that proinflammatory cytokines and vascular in-
jury markers correlated with portal insulin prompted further 
investigation into how immune cells that produce and interact 
with these cytokines directly correlate with changes in por-
tal insulin (Supplementary Fig. 8). Four populations of cells 
significantly correlated with portal insulin: cytotoxic T-cells 
(CD3+/CD8+), natural killer cells (CD3-/CD56+), CD20+ B 
cells, and CD5+ B cells.

The percentage of CD3+ cytotoxic T-cells in portal and 

peripheral circulation negatively correlated with portal insulin 
during infection (portal: ρ = −0.39, p = 0.040; peripheral: ρ 
= −0.42, p = 0.027), but had no correlation after SVR (Fig. 
5A). Of these CD3+ cells, the percentage of naive cytotoxic 
T-cells (CD8/CD62L/CD45RA/CD3) in portal (ρ = −0.48, p = 
0.0098) and peripheral (ρ = −0.48, p = 0.0095) serum was 
the only subpopulation that negatively correlated with portal 
insulin (Fig. 5B).

Natural killer cells and CD5+ B cells correlated with por-
tal insulin during infection and after SVR. The percentage 
of CD3-/CD56+ cells positively correlated with portal insulin 
during infection in portal (ρ = 0.39, p = 0.039) and periph-
eral (ρ = 0.43, p = 0.021) serum, and after SVR in portal (ρ 
= 0.53, p = 0.013) but not peripheral serum (ρ = 0.41, p 
= 0.059) (Fig. 5C). The percentage of CD5+ B cells during 
infection in portal (ρ = −0.40, p = 0.037) and peripheral (ρ 
= −0.3918, p = 0.0392) serum negatively correlated with 
portal insulin. Likewise, after SVR, the percentage of CD5+ 
B cells negatively correlated with portal insulin in peripheral 
serum (ρ = −0.45, p = 0.032), but no significant correlation 
was observed with the percentage of these cells in portal 
serum (ρ = −0.38, p = 0.084) (Fig. 5D).

Together, these results suggest that naive cytotoxic T-cells 
and specific populations of B cells are correlated with portal 
insulin during infection, while natural killer and CD5+ B cells 
correlate with portal insulin both during and after infection. 

Correlation of nucleotides with portal insulin
To further explore associations with reduced portal insulin 

Fig. 1.  Reduction of portal insulin during HCV infection. (A) Insulin and glucose levels quantified in peripheral blood (Wilcoxon rank-sums test). (B) Insulin and 
glucose levels quantified in portal blood. Levels of significance: *p < 0.05; ns > 0.05 (Wilcoxon rank-sums test). (C) HOMA and QUICKI measurements calculated from 
insulin and glucose measurements in peripheral blood (Wilcoxon rank-sums test). HCV, Hepatitis C virus; HCVi, Hepatitis C infected patients; HOMA-β, homeostatic 
model assessment of β-cell function; HOMA-IR, homeostatic model assessment for insulin resistance; QUICKI, quantitative insulin sensitivity check index; SVR, sus-
tained virologic response.
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during infection, a correlation analysis of portal and periph-
eral metabolites with portal insulin was performed. The por-
tal and peripheral nucleotide supergroups significantly corre-
lated with portal insulin during infection (ρ = 0.45, p = 0.016 
& ρ = 0.48, p = 0.0089, respectively) (Fig. 6A) but did not 
after SVR (portal: ρ = 0.12, p = 0.60; peripheral: ρ = −0.14, 
p = 0.53) (Fig. 6B). Orotate, N6-carbamoylthreonyladeno-
sine (t6A), 7-methylguanine, and N2,N2-dimethylguanosine 
(M22G) all significantly correlated with portal insulin during 
infection (portal orotate: ρ = 0.38, p = 0.042; peripheral 
orotate: ρ = 0.38, p = 0.042; portal t6A: ρ = 0.47, p = 
0.010; peripheral t6A: ρ = 0.48, p = 0.0085; portal 7-meth-
ylguanine: ρ = 0.40, p = 0.032; peripheral 7-methylguanine: 
ρ = 0.54, p = 0.0024; portal M22G: ρ = 0.37, p = 0.047; 
peripheral M22G: ρ = 0.42, p = 0.023) (Fig. 6C). Portal and 
peripheral t6A and portal orotate were reduced during infec-
tion, while portal and peripheral 7-methylguanine were in-
creased during infection (portal t6A: p = 0.0002; peripheral 
t6A: p = 0.021; portal orotate: p < 0.0001). Portal and pe-
ripheral M22G and peripheral orotate did not differ across 
infection status (portal M22G: p = 0.1045; peripheral M22G: 
p = 0.7530; peripheral orotate: p = 0.3447) (Fig. 6D).

Discussion
Previous investigations have demonstrated that HCVi is as-
sociated with a multitude of extrahepatic manifestations, one 
being IR.4 Through the administration of DAAs, we were able 
to evaluate paired values of portal and peripheral insulin and 
glucose in HCVi and after SVR. Our findings of reduced portal 

insulin with unchanged systemic glucose and insulin suggest 
reduced β-cell insulin release and decreased hepatic insulin 
extraction during HCVi.

We aimed to study insulin metabolism and homeostasis 
in HCV and uncovered previously unrecognized alterations in 
insulin secretion. In the context of our study, portal insulin 
represents the amount of insulin secreted by the pancreas, 
while peripheral insulin represents the amount of insulin re-
maining in the circulation following hepatic extraction. The 
liver extracts the majority, approximately 80%, of endog-
enous insulin secreted in the blood under normal physiologi-
cal conditions.7 There is a close relationship between hepatic 
insulin extraction in response to finite numbers of insulin re-
ceptors in hepatocytes and the amount of insulin presented 
to the liver. With decreased portal insulin, we expected to 
find proportionally decreased peripheral insulin following 
hepatic extraction; however, values of peripheral insulin did 
not change between HCVi and SVR. This finding suggests 
decreased hepatic extraction of insulin during HCVi, main-
taining insulin homeostasis in the periphery. Viral infection 
and impaired insulin homeostasis or IR are well-established 
phenomena.25–27 HCVi is associated with the development of 
IR,26 resulting in hyperglycemia in some patients; however, 
there were equivalent amounts of peripheral glucose during 
and after HCVi in our cohort. This points to an HCV-mediated 
pathway differing from classical hyperglycemia and IR, lead-
ing to reduced hepatic insulin extraction.

Previous studies have shown the Warburg effect of inflam-
matory immune cells, switching from oxidative phosphoryla-
tion to glycolysis for energy production in the setting of in-

Fig. 2.  Relationships between portal insulin and genotype. Insulin levels measured in portal and peripheral blood during HCV infection in patients infected with 
genotype 1 HCV and non-genotype 1 HCV. Levels of significance: *p < 0.05; **p < 0.01; ns > 0.05 (2-sided Mann-Whitney (MW) U test). HCVi, Hepatitis C infected 
patients; SVR, sustained virologic response.
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flammation or infection.28,29 This demonstrates a potential 
adaptive response by the liver in response to decreased por-
tal insulin while conserving glucose for utilization by inflam-
matory immune cells rather than hepatocytes. Relationships 
between immune markers and portal insulin were much 
more robust during HCVi vs. SVR. Thus, we might conclude 
that HCVi-associated immunologic responses are either in-
fluenced by portal insulin and/or influence portal insulin. The 
percentage of NK cells (CD3-/CD56+) correlated positively 
with portal insulin during infection and after SVR and did not 

change in number across infection status, suggesting that 
this population of natural killer cells may have an innate re-
lationship with portal insulin beyond the context of HCVi. The 
percentage of CD8/CD62L/CD45RA/CD3 cells, conversely, 
negatively correlated with portal insulin during infection and 
had no correlation after SVR. These results suggest that this 
specific population of cytotoxic T cells may be associated with 
reduced portal insulin during infection.

We also wondered if virus genotype may have an effect 
on observed insulin alterations. Infection with HCV genotype 

Fig. 3.  Correlation of portal insulin with hepatic transcriptomics. Correlation of portal insulin during HCV infection with hepatic differentially expressed genes 
with FDR p-value < 0.1 mapped to the KEGG pathway database using R software. Pathways graphed are the KEGG pathways with FDR p-value < 0.1. FDR, false dis-
covery rate; HCVi, Hepatitis C infected patients; IL, interleukin; KEGG, Kyoto Encyclopedia of Genes and Genomes; SVR, sustained virologic response.
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Fig. 4.  Relationships between portal insulin and proinflammatory and vascular damage cytokines. (A) Correlation heatmap of portal and peripheral insulin and 
glucose measurements (x-axis) and cytokines measured in portal and peripheral blood during HCV infection (y-axis). Levels of significance: +p < 0.1; *p < 0.05; **p < 0.01; 
***p < 0.001 (two-tailed Spearman correlational test). (B) Correlation heatmap of portal and peripheral insulin and glucose measurements (x-axis) and cytokines measured 
in portal and peripheral blood after SVR (y-axis). Levels of significance: +p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed Spearman correlational test). (C) Positive 
linear correlations between portal insulin (x-axis) and measurements of proinflammatory cytokines (y-axis) during HCV infection. HCVi portal IL-17 was identified to have an 
outlier based on a Grubbs’ test (α = 0.0001, G = 4.046), so this point was excluded from analysis (n = 28) (two-tailed Spearman correlational test). (D) Positive linear correla-
tions between portal insulin (x-axis) and measurements of vascular injury markers (y-axis) during HCV infection (two-tailed Spearman correlational test). bFGF, basic fibroblast 
growth factor; CRP, c-reactive protein; HCVi, Hepatitis C infected patients; IFN, interferon; IL, interleukin; LPS, lipopolysaccharide; LTA, lipotechioic acid; MCP, monocyte at-
tractant protein; MDC, macrophage-derived chemokine; MIP, macrophage inflammatory protein; PDGF, platelet-derived growth factor; PlGF, placental derived growth factor; 
SAA, serum amyloid A; sICAM, soluble intercellular adhesion molecule; sVCAM, soluble vascular adhesion molecule; SVR, sustained virologic response. TGF, transforming growth 
factor; TNFα, tumor necrosis factor alpha; TNFβ, tumor necrosis factor beta; VEGF, vascular endothelial growth factor.
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3 is associated with an increased rate of hepatic steatosis 
and a quicker progression to cirrhosis,21 but does not induce 
changes to peripheral insulin, glucose levels, nor HOMA-IR.30 
In this study, HCV genotype 1 infection was associated with 
higher levels of portal insulin compared to non-genotype 1 
HCVi. While these findings suggest a relationship between 
HCV genotype and severity in the reduction of portal insulin, 
further studies with a larger sample size are required to ana-
lyze the role of specific genotypes.

Insulin signaling is tightly associated with immune path-
ways, as both innate and adaptive immune cells express in-
sulin receptors at various stages of activation.31,32 From liver 
transcriptomics, we uncovered a positive linear relationship 
between portal insulin and multiple immune pathways, such 
as Th1, Th2, Th17 cell differentiation, Toll-like receptor sign-
aling, T-cell receptor signaling, IL-17 signaling, NF-κB signal-
ing pathways, etc., which supports immune-mediated insulin 
signaling during HCVi. Additionally, activation of O-GlcNAc 
regulation of IR as well as upregulation of key IR genes, in-
cluding JNK1, PI3K, and IKKB, during HCVi demonstrates 
involvement of infection-induced IR-like pathways despite 
the absence of hyperglycemia. During normal physiological 
conditions, insulin is anabolic, inhibiting protein catabolism 
and reducing the availability of circulating amino acids while 
stimulating protein synthesis and amino acid uptake in the 
liver.33,34 We observed a negative correlation between amino 
acid metabolism, both anabolic and catabolic pathways, and 
portal insulin during HCVi, but how these pathways are regu-
lated by portal insulin remains unclear.

One potential confounder in the reduction of portal insulin 
during HCVi is spontaneous porto-systemic shunting, result-
ing in blood bypassing the liver and directly delivering portal 

insulin to the periphery, which could potentially dilute insu-
lin measured in the portal vein. Spontaneous porto-systemic 
shunting occurs at higher rates in cirrhosis, most likely due 
to elevated portal venous pressure.35 We did not measure 
porto-systemic shunting directly, but portal insulin did not 
differ across cirrhosis status in our cohort. These results sug-
gest that the reduction in portal insulin is most likely not due 
to spontaneous shunting and further support the hypothesis 
of reduced insulin secretion in HCVi. Another potential con-
founder in portal insulin levels is BMI, as changes in BMI can 
be associated with changes in insulin levels.36 However, BMI 
was not significantly different across infection status, negat-
ing the effects of BMI on portal insulin levels. Furthermore, 
increased hepatic steatosis is associated with increased lev-
els of fasting serum peripheral insulin.37 While steatosis was 
significantly reduced after SVR compared to during HCVi, the 
degree of steatosis did not correlate with portal insulin either 
during infection or after SVR. Together, these results suggest 
that the reduction of portal insulin was not due to the effects 
of spontaneous shunting, BMI, or steatosis.

HCV-mediated infection in the pancreas has already been 
reported in other studies, but no one has correlated this with 
reduced insulin secretion into the portal vein. Here, we ob-
served correlations of the Th1 and Th2 cell differentiation 
KEGG pathway and CD8/CD62L/CD45RA/CD3 cells with 
portal insulin during HCVi, suggesting that HCV induces im-
munological changes that trigger pancreatic dysfunction and 
decreased insulin secretion.

Portal insulin positively correlated with vascular markers 
sICAM-3, sICAM-1, thrombomodulin, and soluble vascular 
cell adhesion molecule 1. Insulin signaling exerts both direct 
and indirect actions on vascular cells38; therefore, alterations 

Table 2.  Significant Correlations of Portal and Peripheral Serum Markers with Portal Insulin

Correlations with portal insulin

Marker Class HCVi rho (p) SVR rho (p) Wilcoxox Rank Sum

Portal Serum Markers

    IL-17 Proinflammatory 0.56(0.0019) 0.24 (0.26) 0.17

    sICAM-3 Vascular injury marker 0.52 (0.0039) 0.20 (0.36) 0.54

    Thrombomodulin Vascular injury marker 0.49 (0.0068) −0.16 (0.46) 0.075

    TNFα Proinflammatory 0.49 (0.0070) 0.14 (0.51) 0.0043

    bFGF Growth factor −0.48 (0.0086) 0.030 (0.89) 0.87

    Eotaxin Chemokine −0.48 (0.0089) −0.071 (0.75) 0.60

Peripheral Serum Markers

    sICAM3 Vascular injury marker 0.48 (0.0081) 0.33 (0.13) 0.0048

    sICAM1 Vascular injury marker 0.47 (0.011) 0.29 (0.18) 0.42

    LTA Microbial products −0.46 (0.011) −0.11 (0.62) 0.068

    sVCAM1 Vascular injury marker 0.44 (0.017) −0.092 (0.67) 0.29

    MCP-4 Chemoattractants 0.44 (0.018) Not measured after SVR

    TNFα Proinflammatory 0.43 (0.019) 0.16 (0.46) 0.00015

    Thrombomodulin Vascular injury marker 0.42 (0.025) −0.067 (0.76) 0.065

    MIP-1b Chemoattractants 0.41 (0.029) 0.18 (0.40) 0.11

    IL10 Regulatory cytokines 0.40 (0.030) −0.35 (0.10) <0.000001

    IL-12p40 Proinflammatory 0.38 (0.043) 0.075 (0.7334) <0.000001

bFGF, basic fibroblast growth factor; IL, interleukin; LTA, lipoteichoic acid; MCP, monocyte attractant protein; MIP, macrophage inflammatory protein; sICAM, soluble 
intercellular adhesion molecule; sVCAM, soluble vascular adhesion molecule; TNFα, tumor necrosis factor alpha.
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in insulin secretion may affect the secretion of vascular inju-
ry markers. Additionally, portal insulin negatively correlated 
with basic fibroblast growth factor, eotaxin, and lipoteichoic 
acid. While these three serum markers vary in mechanism 
of action, they are connected via their ability to stimulate 
an immune and inflammatory response. The correlations be-
tween portal insulin and important serum cytokines such as 
TNFα, IL17, and IL12p40 demonstrate their connections to 
mechanisms of insulin dysfunction. TNFα, IL17, and IL12p40 
are known for their roles in metabolic disorders such as obe-
sity, diabetes, IR, and hepatic steatosis. For example, neu-
tralization of TNFα led to improved glucose metabolism in 
animal models of metabolic disease and obesity.39 Polymor-
phisms in TNFα alter susceptibility to IR, metabolic-dysfunc-
tion-associated steatotic liver disease, and steatohepatitis.40 
IL17 is associated with hepatic steatosis41 and moderates 
glucose metabolism in mice.42 IL12p40 polymorphisms are 
also known to be associated with type 1 diabetes in Cauca-

sians.43 The significant correlations between these cytokines 
and portal insulin suggest a shared mechanism associated 
with HCV-mediated decreased hepatic extraction and IR. This 
mechanism also appears to affect β-cell functionality despite 
a lack of hyperglycemia, a standard clinical marker of IR.

Neither HOMA-IR, QUICKI, nor HOMA-β differed signifi-
cantly across infection status, indicating that despite a re-
duction in portal insulin levels during HCVi, neither periph-
eral IR nor β-cell function was attributable directly to HCVi.44 
However, IR pathways were significantly upregulated in the 
hepatic transcriptome, suggesting the presence of hepatic 
IR. Certain hepatokines, such as selenoprotein P,45 fibroblast 
growth factor 21,46 and adropin,47 are all involved in the 
regulation of insulin secretion. We posit that HCVi may alter 
the secretion of specific hepatokines, allowing the liver to 
communicate to the pancreas its insulin resistance, which in 
turn reduces the insulin required for secretion, as evidenced 
by decreased insulin in the portal vein. Due to the liver’s 

Fig. 5.  Correlational analysis of portal insulin with immune cells in portal and peripheral blood. (A) Negative linear correlations between portal insulin (x-
axis) and the percentage of CD3+ cells in portal and peripheral blood (y-axis) during infection, but no correlation after SVR (two-tailed Spearman correlational test). 
(B) Negative linear correlations between portal insulin (x-axis) and the percentage of CD8/CD62L/CD45RA/CD3 cells in portal and peripheral blood (y-axis) during 
infection, but no correlation after SVR (two-tailed Spearman correlational test). (C) Positive linear correlations between portal insulin (x-axis) and the percentage of 
CD3-/CD56+ cells in portal and peripheral blood (y-axis) during infection, and in portal blood after SVR (two-tailed Spearman correlational test). (D) Negative linear 
correlations between portal insulin (x-axis) and the percentage of CD5+ cells in portal and peripheral blood (y-axis) during infection and in peripheral blood after SVR 
(two-tailed Spearman correlational test). HCVi, Hepatitis C infected patients; SVR, sustained virologic response.
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Fig. 6.  Relationships between portal insulin and nucleotides. (A) Correlation heatmap of portal and peripheral insulin and glucose measurements (x-axis) and 
metabolite supergroups measured in portal and peripheral blood during HCV infection (y-axis). Levels of significance: +p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001 
(two-tailed Spearman correlational test). (B) Correlation heatmap of portal and peripheral insulin and glucose measurements (x-axis) and metabolite supergroups 
measured in portal and peripheral blood after SVR (y-axis). Levels of significance: +p < 0.1; *p < 0.05; **p < 0.01; ***p < 0.001 (two-tailed Spearman correlational 
test). (C) Significant linear correlations between portal insulin (x-axis) and concentrations of individual nucleotides and nucleotide groups in portal (top) and peripheral 
(bottom) blood during HCV infection. Levels of significance: *p < 0.05; **p < 0.01 (two-tailed Spearman correlational test). (D) Concentrations of individual nucleotides 
during HCV infection and after SVR significantly correlated with portal insulin during infection (Wilcoxon rank-sums test). Levels of significance: +p < 0.1; *p < 0.05; 
**p < 0.01; ***p < 0.001; ****p < 0.0001. HCVi, Hepatitis C infected patients; SVR, sustained virologic response.

selective IR, less insulin is cleared from the portal circulation 
as it enters the peripheral circulation. Thus, we speculate 
that there is a reduction in insulin secretion into the portal 
vein, but the liver clears less insulin, resulting in normal lev-
els of insulin in the periphery. However, further research is 
required to elucidate specifically which hepatokines may be 
involved.

Three metabolites that correlated with portal insulin are 
nucleotides not traditionally found in the genetic code: oro-
tate, t6A, and 7-methylguanine. Portal insulin is a regula-
tor of hepatic nucleotide flux, RNA turnover, and mitochon-
drial–immune stress. Orotate and 7-methylguanine are free 
nucleobases, while t6A is a modified nucleoside. Orotate is 
a known precursor in de novo biosynthesis of pyrimidines 
with cardioprotective and neuroprotective roles.48 Orotate 
is utilized to induce fatty liver in mouse models and was 

recently discovered to induce the activation of SREBP-1 in 
cell culture,49 demonstrating its function as a transcriptional 
regulator. Moreover, orotic acid ameliorates p53 activation 
in MIN6 β cells and maintains pancreatic β-cell function in 
db/db mice.50 Reduced orotate levels in portal blood during 
HCVi compared to SVR also support its role in maintaining 
pancreatic functionality in this study. Significant changes in 
portal t6A and 7-methylguanine during and after HCVi in-
dicate involvement of universal transcriptional regulation in 
our cohort of HCV patients, but further research is needed 
to support their role in pancreatic functionality and hepatic 
insulin extraction. All three of these nucleotides are sensi-
tive to immune activation, regulated by mTOR/insulin, and 
are markers of metabolic flux. The association of portal in-
sulin with non-canonical nucleotides such as orotate, t6A, 
and 7-methylguanine suggests that insulin signaling in HCVi 
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modulates hepatic nucleotide flux and RNA turnover rather 
than DNA synthesis per se. These metabolites likely reflect 
immune-driven translational and epitranscriptomic repro-
gramming that becomes disinhibited when portal insulin 
signaling is reduced.

The finding that lower portal insulin in HCV reflects al-
tered β-cell signaling and impaired hepatic insulin extraction, 
most likely driven by immune-mediated mechanisms, has a 
number of direct clinical implications. The first is that lower 
portal insulin may suppress hepatic gluconeogenesis and gly-
cogen synthesis, which may contribute to early dysglycemia 
before overt diabetes develops. This suggests that patients 
with HCV (even pre-cirrhotic) warrant earlier and closer glu-
cose monitoring, especially in the setting of significant in-
flammation. The second is that treatments improving hepatic 
function and decreasing inflammation (e.g., viral eradication, 
inflammation control) may improve insulin dynamics inde-
pendently of weight loss. The improvement in insulin dynam-
ics may delay or prevent the development of dysglycemia 
and even IR with diabetes. These findings, if reproduced in 
other liver diseases, will allow for therapeutic management 
of metabolic derangements even in the face of difficult-to-
treat underlying liver diseases.

This is a hypothesis-generating correlational study; 
therefore, corrections for multiplicity were not performed. 
All the findings are from a small sample size, observational 
and associative, and would need to be further studied in a 
controlled experiment to validate the results. Although the 
sample size is appropriate for a clinical investigation involv-
ing invasive procedures, it limits the ability to perform de-
tailed subgroup analyses. Regardless, the validity of these 
results was supported by the consistency of findings across 
biological compartments, patient subsets, and previously 
published literature. Another limitation of this study is the 
lack of more robust measures of β-cell function. Serum li-
pase values were examined, but no differences were found 
across infection and SVR (not published). Pancreatic tissue 
would have been an important source and support for the 
hypothesis, but pancreatic biopsies were not collected in 
the current study. Another limitation is the lack of C-peptide 
data, which can be used to calculate the amount of hepatic 
insulin extraction. However, through comparison of the rela-
tive abundance of insulin in the portal and peripheral blood, 
we are able to make conclusions about hepatic insulin ex-
traction without C-peptide.

Conclusions
We demonstrated that during HCVi, there was a decrease in 
portal insulin while peripheral insulin remained unchanged. 
This is the first time portal insulin has been measured in the 
context of HCVi, highlighting the potential for HCV to im-
pact insulin secretion and hepatic insulin extraction. This re-
duction in portal insulin correlated with changes in immune 
cells, cytokines related to vascular injury and inflammation, 
activation of immune pathways, and specific non-standard 
nucleotides. These findings reveal an association between 
immune-metabolic pathways and pancreatic insulin secre-
tion and hepatic insulin extraction in HCV, which may have 
implications in the pathogenesis of liver disease in HCV and 
other hepatic etiologies and certainly warrants further inves-
tigation. As further attention is given to the emerging field 
of immunometabolism in aging, inflammatory, and infec-
tious diseases, it is likely that insulin metabolism and ho-
meostasis will have immediate practical relevance, and that 
the presented data will allow for further insight into disease 
management. Of particular importance is the relationship be-

tween an inflamed liver, insulin extraction in the liver, and 
systemic insulin levels, a concept perhaps not fully appreci-
ated previously and worthy of further study.
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