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Nonalcoholic Fatty Liver Disease Impairs
the Liver—Alpha Cell Axis Independent of

Hepatic Inflammation and Fibrosis
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Nonalcoholic fatty liver disease (NAFLD) is associated with impaired hepatic actions of glucagon and insulin.
Glucagon and amino acids are linked in an endocrine feedback circuit, the liver—alpha cell axis, that may be disrupted
by NAFLD. We investigated how NAFLD severity affects glucagon and insulin resistance in individuals with obesity
and whether bariatric surgery improves these parameters. Plasma and liver biopsies from 33 individuals with obesity
(collectively, OBE) were obtained before and 12 months after bariatric surgery (Roux-en-Y gastric bypass [RYGB] or
sleeve gastrectomy [SG]). Nine healthy control individuals (collectively, CON) undergoing cholecystectomy were used
as a comparison group. The NAFLD activity score (NAS) was used to subdivide study participants into the follow-
ing groups: OBE-no steatosis, OBE+steatosis, and nonalcoholic steatohepatitis (NASH) and/or grade 2 fibrosis (Fib)
(OBE-NASH-Fib). Measurements of amino acids by targeted metabolomics and glucagon were performed. Glucagon,
amino acids (P < 0.05), and the glucagon-alanine index, a validated surrogate marker of glucagon resistance, were in-
creased in OBE by 60%, 56%, and 61%, respectively, when compared with CON but irrespective of NAFLD severity.
In contrast, markers of hepatic insulin resistance increased concomitantly with NAS. Hyperglucagonemia resolved in
OBE-no steatosis and OBE+steatosis but not in OBE-NASH-Fib (median, 7.0; interquartile range, 5.0-9.8 pmol/L),
regardless of improvement in insulin resistance and NAS. The type of surgery that participants underwent had no
effect on metabolic outcomes. Conclusion: Glucagon resistance to amino acid metabolism exists in individuals with
NAFLD independent of NAS severity. Patients with NASH showed persistent hyperglucagonemia 12 months after
bariatric surgery, indicating that a disrupted liver—alpha cell may remain in NAFLD despite major improvement in
liver histology. (Hepatology Communications 2020;4:1610-1623).

onalcoholic fatty liver disease (NAFLD)
affects one out of four adults worldwide”
and covers a broad histopathological spec-
trum, from simple steatosis (nonalcoholic fatty liver

[NAFL]) to steatosis plus necroinflammation (non-
alcoholic  steatohepatitis [NASH]) with/without
liver fibrosis to NAFLD cirrhosis.? Obesity and
type 2 diabetes (T2D), both characterized by insulin

Abbreviations: WEBWL, percentage excess body weight loss; AA, amino acid; ALT, alanine aminotransferase; ANOVA, analysis of variance; AST,
aspartate aminotransferase; BMI, body mass index; CON, control group; Fib, fibrosis; GGT,; gamma-glutamyltransferase; HbAIc, hemoglobin Alc;
HDL, high-density lipoprotein; HOMA-IR, Homeostatic Model Assessment for Insulin Resistance; IQR, interquartile range; LDL, low-density
lipoprotein; NAFL, nonalcobolic fatty liver; NAFLD, nonalcoholic fatty liver disease; NAS, nonalcoholic fatty liver disease activity score; NASH,
nonalcoholic steatohepatitis; OBE, obesity group; RYGB, Roux-en-Y gastric bypass; SG, sleeve gastrectomy; T2D, type 2 diabetes; VLDL, very low-

density lipoprotein.
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resistance and increased plasma concentrations of
glucagon (hyperglucagonemia),(3'5) have been linked
with NAFLD and vice versa. Little is known about
the relationship between hepatic metabolic alterations
and the severity of histopathological NAFLD changes
or about how bariatric surgery affects such parameters.

In recent years, disruption of the liver-alpha cell axis,
especially as it occurs in NAFLD, has received grow-
ing attention from researchers.*” The liver—alpha cell
axis refers to the physiological feedback loop between
circulating amino acids (AAs) and pancreatic alpha cell
(712 Under normal circumstances,
glucagon regulates hepatic AA turnover by increasing
ureagenesis, resulting in lowered plasma concentrations
of AAs. ) In turn, certain glucagonotropic AAs, like
alanine, stimulate glucagon secretion from the pancreas,
thereby completing the feedback loop.(ll)

secretion of glucagon.

Glucagon increases hepatic glucose production''®

and hyperglucagonemia contributes to the fasting
hyperglycemia observed in patients with T2D.7 % The
co-existence of hyperglucagonemia and hyperaminoac-
idemia has been linked to impaired effects of glucagon
on hepatic AA metabolism, ie., a disruption of the
liver-alpha cell axis.® Interestingly, hyperglucagonemia
and hyperaminoacidemia have also been documented in

patients with mild NAFLD but without T2D.“” The

View this article online at wileyonlinelibrary.com.
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latter finding supports the hypothesis that even mildly
impaired liver function resulting from hepatic steato-
sis and inflammation as seen in NAFLD could reduce
hepatic glucagon sensitivity, resulting in reduced ure-
agenesis, increased plasma concentrations of AAs, and
hyperglucagonemia. However, the impact of the sever-
ity of NAFLD on glucagon sensitivity and hepatic AA
metabolism or whether these alterations are reversed
after major weight loss induced by bariatric surgery and
improvement in NAFLD have yet to be investigated.
We investigated the relationship between plasma
glucagon and plasma AAs (by targeted metabolom-
ics) in participants with severe obesity with various
degrees of NAFLD and assessed the influence of his-
tologic severity on the liver—alpha cell axis and glu-
cagon resistance. Finally, we followed the metabolic
changes, including effects on the liver—alpha cell axis,
after a significant weight loss and improvement in

NAFLD induced by bariatric surgery.

Participants and Methods
SUBJECTS AND STUDY DESIGN

We recruited 33 adult individuals with obesity who
were scheduled for bariatric surgery at Copenhagen
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University Hospital Hvidovre (Hvidovre, Denmark)
and 9 healthy controls.

Study participants were required to fulfill the gen-
eral criteria for bariatric surgery (laparoscopic gastric
bypass [Roux-en-Y gastric bypass; RYGB] or lapa-
roscopic sleeve gastrectomy [SG]) according to the
Danish national bariatric guidelines, namely a body
mass index (BMI) greater than 35 kg/m2 and the
presence of at least one obesity-related comorbidity
(T2D, uncontrolled hypertension, polycystic ovarian
syndrome, documented sleep apnea, or arthrosis in the
lower extremities) or a BMI greater than 40 kg/rn2
in the absence of the aforementioned comorbidities.
In addition, eligible bariatric candidates must com-
plete an 8% mandatory weight loss before referral for
the RYGB or SG procedure in Denmark. Choice of
surgical procedure (RYGB or SG) was based on the
patients’ own preference, the endocrinologist’s recom-
mendation, and any relevant comorbidities. A further
study requirement was that participants be of North
European ethnicity. Exclusion criteria were former
or ongoing regular alcohol intake (2.5 units/day for
men and 1.5 units/day for women), former or ongo-
ing long-term use of medication known to induce
secondary NAFLD/NASH, known preexisting liver
disease (except preoperative NAFLD), disease in the
lipid metabolism, and/or acute or chronic inflamma-
tory disease.

Participants in CON consisted of 9 healthy adults
scheduled for planned (not acute) laparoscopic cho-
lecystectomy. CON participants were required to be
between 18 and 65 years old, have a BMI between
18.0 and 27.5 km/m?, and have a waist circumference
less than 88 cm for women and less than 102 cm for
men. Additionally, this group had to be healthy (apart
from gall bladder stones) and with zero intake of pre-
scribed medication other than allergy medicine, mild
pain killers, and/or oral contraceptives.

ETHICS

The study was conducted in accordance with the
Helsinki Declaration and approved by the Ethics
Committee for the Capital Region of Denmark
(H-16030784 and H-16030782). All participants
received oral and written information regarding the
experimental procedures and their potential risks. Oral
and written consent were obtained from all participants.
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STUDY DESIGN AND
ANTHROPOMETRICS

Study participants with obesity were assessed
twice: at baseline (on the morning of the day of bar-
iatric surgery) and 12 months after surgery (follow-
up). At both visits, we registered anthropometrics
and phenotypic data and collected fasting blood
samples.

At baseline, a wedged liver biopsy from the edge
of the right liver lobe was collected intraoperatively
immediately after trocar placement but before the
actual bariatric procedure. The same surgical team,
consisting of three senior bariatric surgeons, per-
formed all biopsies.

At the 12-month follow-up, an ultrasound-guided
TruCut percutaneous liver biopsy was sampled from
the right liver lobe in all 33 study participants with
obesity.

Participants in CON were studied once, on the day
of their planned cholecystectomy. Anthropometrics,
phenotypic data, blood samples, and an intraopera-
tively wedged liver biopsy were collected as described
above.

Three study subjects were enrolled before their
required 8% weight loss. Fasting blood samples were
collected and a liver biopsy was obtained by TruCut,
before the weight loss, at the time of surgery, and 12
months after surgery.

BIOCHEMICAL ANALYSES

Plasma alanine aminotransferase (ALT'), gamma-
glutamyltransferase (GGT), aspartate aminotrans-
ferase (AST), plasma-glucose, low-density lipo-
proteins (LDLs), very low-density lipoproteins
(VLDLs), high-density lipoproteins (HDLs),
and triglycerides were measured using the Roche/
Hitachi Cobas ¢ 8000 system (Roche Diagnostics
GmbH, Mannheim, Germany) and Cobas calibra-
tors and reagents according to the manufacturer’s
instructions. Serum insulin and C-peptide concen-
trations were measured by immunoassay with the
Cobas e 602.

Hemoglobin Alc (HbAlc) was measured in plasma
with the Tosoh TSKgel G8 Variant His on the Tosoh
Automated Glycohemoglobin Analyzer HLC-723G8
(Tosoh Corporation, Tokyo, Japan)
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PLASMA GLUCAGON AND
TARGETED METABOLOMICS

Plasma concentrations of glucagon were quan-
tified using a validated enzyme-linked immuno-
sorbent assay (catalog no. 10-1271-01; Mercodia,
Uppsala, Sweden).?" Plasma concentrations of
L-amino acids (termed total AAs) were quanti-
fied using the enzymatic L-Amino Acid Assay Kit
(catalog no. ab65347; Abcam, Cambridge, United
Kingdom). The assay was evaluated by recovery
experiments using pooled human plasma (n = 4)
with known amounts of AAs (catalog no. A6282;
Sigma Aldrich, Copenhagen, Denmark). Recovery
of AAs was on average (+ SD) 79 + 9% in human
plasma. The individual AAs were measured in a
targeted metabolomic approach (using retention
time and mass to charge) by mass spectrometry, as
described elsewhere.?”

LIVER BIOPSIES AND
HISTOLOGIC EXAMINATION

The liver biopsies were fixed in neutrally buffered
formalin at room temperature for 24-48 hours, pro-
cessed, and embedded in paraffin. Slides were cut at
3 pm and evaluated according to standard pathology
guidelines. The biopsies were examined independently
by three experienced liver pathologists who were
blinded to clinical details. Consensus was sought in
the event of disagreement among scores. Liver fibro-
sis (Fib) was staged from FO to F4 based on sirius
red staining, and the NAFLD activity score (NAS)
was calculated using standard guidelines for histologic
scoring of NAFLD.??

To identify how NAFLD severity affects metabo-
lism, we subdivided the group of study subjects with
(bariatric) obesity (OBE; n = 33) into three groups
(termed NAFLD groups) based on liver histology:
(1) OBE-no steatosis comprised 17 patients with-
out liver steatosis but with a median NAS of 2; (2)
OBE-+steatosis comprised 8 patients with liver ste-
atosis but an overall NAS of less than 5; (3) OBE-
NASH-Fib comprised 8 patients with a NAS of 5 or
above and/or fibrosis grade 2.

CON consisted of 9 healthy, normal weight/near
normal weight, control subjects without hepatic ste-
atosis and with NAS between 0.5 and 1.5

PEDERSEN, RYGG, ET AL.

CALCULATIONS

To generate a surrogate marker for the hepatic
actions of glucagon on ureagenesis, we calculated a
previously evaluated glucagon-alanine index using the
following formula: glucagon-alanine index = (fasting
plasma glucagon [pmol/L] x fasting plasma alanine
[pmol)/L]).(S)

Because C-peptide and insulin are secreted from
pancreatic beta cells in equimolar amounts while only
insulin binds to hepatic insulin receptors and hence is
subjected to first-pass metabolism in the liver, calcu-
lating the hepatic insulin extraction (insulin clearance)
can be used as a proxy for insulin sensitivity of the
liver. ) Hepatic insulin clearance is calculated as the
ratio between C-peptide and insulin. A higher ratio
indicates a higher clearance and a higher degree of
hepatic insulin sensitivity.

The Homeostatic Model Assessment of Insulin
Resistance (HOMA-IR) was calculated according
to the formula (fasting glucose [mg/dL] x insulin
[mU/L]/405), which primarily is an index of hepatic
insulin resistance.

At the 12-month follow-up visit, we calculated
percentage excess body weight loss (WEBWL)
as ([{baseline BMI - follow-up BMI}/{baseline
BMI-25}] x 100%).

STATISTICS

The criteria for normal distribution were not
met, therefore we carried out nonparametric testing.
Comparisons between more than two groups were
made using the Kruskal-Wallis one-way analysis of vari-
ance (ANOVA) test, and comparisons within groups
(baseline versus 12-month follow-up) were made using
the Wilcoxon signed-rank test for paired data. The
results of the Kruskal-Wallis tests were adjusted with
the Bonferroni correction for multiple comparisons in
cases of significant overall outcome. Correlations were
assessed using Spearman’s rank correlation.

Study participant characteristics are presented as
medians with interquartile range (IQR) or as frequen-
cies. P < 0.05 was considered statistically significant. All
statistical analyses were performed using IBM SPSS
Statistics 25 64-bit. Graphs and illustrations were made
using GraphPad Prism version 8.1.1 for Windows 10
(GraphPad Software, Inc., www.graphpad.com).
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Results

Anthropometric, clinical, and biochemical features
of the study population are summarized in Tables 1
and 2. Data on targeted metabolomics are shown in
Supporting Table S1.

PARTICIPANTS IN OBE

ARE CHARACTERIZED BY
HYPERGLUCAGONEMIA AND
HYPERAMINOACIDEMIA

OBE and CON were matched for age and sex.
Not surprisingly, participants in OBE were metabol-
ically deranged, reflected by significantly increased
fasting glucose, insulin, C-peptide, and HBA1c levels
compared with CON (Table 2; Fig. 1E). In total, 10
subjects in OBE had T2D; 6 were treated only with
metformin, 2 were treated only with liraglutide, and 2
were treated with a combination of metformin, liraglu-
tide, and long-lasting insulin. Liver histology in OBE
was characterized by a significantly higher NAS than
in CON, with median NAS scores of 3 (IQR, 2-4)
versus 1 (IQR, 0.5-1.5; P < 0.001) and driven by the
presence of steatosis and ballooning. Correspondingly,
ALT levels were higher in OBE (median, 32 U/L;
IQR, 24-39) than in CON (median, 19 U/L; IQR,
18-27; P < 0.05).

OBE was characterized by increased plasma con-
centrations of glucagon (60%), i.e., hyperglucagonemia,
compared to CON (Fig. 2A; P < 0.05). Similarly,
plasma concentrations of the AA pool (termed total
AAs) were 56% higher in OBE (Fig. 2C; P < 0.001).

SEVERITY OF NAFLD DOES NOT
WORSEN HYPERGLUCAGONEMIA
IN OBE

We found no significant difference in glucagon
concentrations between OBE-no steatosis (median,
8.0 pmol/L; IQR, 6.0-11.5), OBE+steatosis (median,
7.5 pmol/L; IQR, 6.0-9.8), and OBE-NASH-Fib
(median, 7.5 pmol/L ; IQR, 6.0-9.8; P = 0.195).

Insulin resistance was numerically higher in
OBE-NASH-Fib  (median HOMA-IR, 6.9;
IQR, 6.0-10.9) versus OBE-no steatosis (median
HOMA-IR, 4.0; IQR, 3.0-6.6; P = 0.118). Fasting
insulin secretion, evaluated from plasma C-peptide
levels, was not found to be different across NAFLD
groups (P = 0.486).
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The OBE-NASH-Fib group was, as expected, the
NAFLD group with the most pronounced metabolic
derangement, displaying simultaneous and significantly
elevated waist:hip ratio, HbAlc, fasting plasma glucose,

insulin, C-peptide, and HOMA-IR levels (Table 1).

HYPERAMINOACIDEMIA IS
INCREASED COMPARABLY
AMONG ALL NAFLD GROUPS

All NAFLD groups had marked hyperaminoacide-
mia, with 54% (P < 0.05), 59% (P = 0.01), and 60%
(P < 0.01) higher plasma concentrations of AAs in
OBE-no steatosis, OBE+steatosis, and OBE-NASH-
Fib, respectively. The presence of hepatic steatosis
and/or fibroinflammation did not appear to aggravate
the hyperaminoacidemia (Fig. 2C; P = 1.0 ).

LIVER-ALPHA CELL AXIS IS
DISRUPTED IN PATIENTS WITH
OBESITY AND NAFLD

The glucagon-alanine index was significantly increased
in all NAFLD groups (Fig. 2E) compared with CON,
but the severity of NAFLD did not significantly impact
the glucagon-alanine indexes (P = 0.109). Hepatic
insulin resistance, reflected by fasting HOMA-IR, was
increased and the hepatic insulin extraction ratio was
markedly lower in OBE (Fig. 1C; P < 0.05), worsening
in step with increasing NAFLD severity.

To investigate whether glucagon resistance toward
AA metabolism is associated with hepatic insulin resis-
tance, we correlated the glucagon-alanine index to fasting
HOMA-IR and found a positive correlation (Spearman’s
rank coefficient R = 0.165; P < 0.05) (Fig. 3).

HYPERAMINOACIDEMIA PERSISTS
IN ALL NAFLD GROUPS DESPITE
IMPROVEMENT IN NAFLD AND
METABOLIC DERANGEMENT

12 MONTHS AFTER BARIATRIC
SURGERY

Twelve months after bariatric surgery, all 33 OBE
subjects had experienced pronounced weight loss,
with a median reduction in %9EBWL of 50.3 (IQR,
38.7-90.2) in OBE-NASH-Fib to 57.7 (IQR, 42.8-
86.2) in OBE+steatosis (P = 0.850 among NAFLD
groups) (Table 1) and an overall decrease in median

BMI from 42 to 33 kg/m2 (Table 2).



PEDERSEN, RYGG, ET AL.

HEPATOLOGY COMMUNICATIONS, Vol. 4, No. 11, 2020

(-0t (€0 L (ot s(-D) L m@e (-0 L (-0 L apoib sisoiqi4
(000 {8000 [(Go0o ¢(G000 (zele (CERMA (-0t apoib Buluoo|jog
5(8'0:0)0 (1e0) L (o) L (50 L (-t (-t (-t 8poIb uoypWWOpY|
15(1-0) 0 {000 (000 §+(00) 0 {6t DL (000 8poib s1S0}08}3
Neal) RCRRA {10 L s4(G'160) L J(6€9)g ree (e0¢ SYN
(06°L-76'0) G20 {L6°0-1£°0) 060 1(60°1-99°0) 88°0 (96°1-69'0) 0’ L (Ly'z-09'0) 6¢'L w8 1-10'1) 92’ L (se 100 €Tt (1/10ww) seplsoA|Bul
(L0z0) €0 {r'0€0 v (G000 (L0€060 (€090 (6070 90 (05090 (1/10ww) 018181040 1ATA
GLrznrit LreDet LoreDsL LSrenet Erroet @180 L'l Lozt (1/10ww) 0118|040 1aH
®zrle 14006 L 9egve WJleto e (SerUee (Seree (eeTD 6T (1/10ww) |014s8]0Ud 1QT
®r60TY (R ARA GGve) Ly (LG8 9y Ov1e) L'y (ovge e (zsvy ey (1/10ww) |018}s8]0YD [040]
(69€°0-2220) 610 (vre0CLE0) L1€0  (LL£°0-1£2°0) LLEO (69£°0-€92°0) 6620  (££5°0:86€0) Lev'0  (GGV'0-£6T°0)G8E'0  (8¥Y'0-¥ZE0) 1980 (1/jowr) sujunyy
(§9¢'1-£66) ¥SO'L  (89€'L-¥£0L) ¢ve'L (S0£'1-££6) GEO'L sl 168Y8) 674 (1SY'1-6G0°L) £61°L  (LLy'1-200'L) v6L L (rze'1-L48) €S 1L (1/10w) syy pwsid Bulisny
(1/10wd)
(8606 0L (0s-0vm)Gv (G106 09 (0601 0§ (8609 6¢ (8609 6¢ (G109 08 uoBoon|f pwsoid Bulisny
§€66 11T (zes) L eenoe s0€91) 1T 60109 69 (S9vp) s (99-0¢) 0¥ AFYINOH
s(££1-88) 0/ (r6-2v) ¥§ (vi-1v) 19 §4(96°L7) 19 (zse-1z1) Lyl (€81-66) L7 L (£91-68) 901 (1/10wd) unsur Buyisnd
§(L66°6V0) 918 +086719) €18 (1£8-8v9) Ge/ s4(126-099) £98 (srozelzose’L  (865'1-086) 02T L (SvE'1-€56) 080°L (1/10wd) apydad-o
(L9768 LG {£9-1'6) 6'G (G616 ¥'g §(0976) €6 L1679 69 (7'89'6) 99 (1'996) 8'G (1/1owiw) esooniB Butisny
s(0v-ze) 9¢ H{evze) ve (Ge-1e) g¢ 5(G8-62) £¢ (zv-9¢) 68 (e6-¢8) 98 (8e-z8) ve (lowy/joww) o yaH
s(ze-02) ve J{go1) gl NCTARNA 11(8€-92) 82 (1v-62) 28 (8L-61) ¥ (6e-£1) 82 /) 199
9z 12 gt (ee-02) vz (8z-12) vz (9z-21) 02 (leLb gt (se-61) 9z (1e-02) 6z vn) 1sv
(ee-61) G (8e-v2) 62 (Lz9D L1 (Lz8) 6l (57-92) v¢ (rG-61) G¢ (1822) 6T vn) 1y
5(69-89) 19 H{6£-19) €9 (69-29) 09 (94-v9) 1L (9629) 18 (€6-10) 1L (18-99) 0L (Ndg) B}01 pDBH
(BHwW)
5(€8-89) 1£ +8£-69) v/ (68-29) 1L (78-04) §L (e6v1) 6L (88-82) €8 (z690) €8 ainssaid pooyq loisoiq
(zeleLD) £1L LozL-2oD) LLL (rel-tol) zzl (ocl-gol) gLl (seL-sL1) 9zl (Lv1-8LL) 2L (rel-ozL) 6zl (BHww) 8insseid poo|q O1|0ISAS
(z'06-L'88) £°0G (z98-8eh) L[S (§LL-9'L¥) 9'9G Mg3I%
11(00°1-06'0) £6°0 {06°0-18°0) ¥8°0 198°0-62°0) 180 (06°0:6£°0) 780 +{6071-96'0) €0'L (56°0-£80) 68°0 (56'0-08°0) ¥8°0 oD diy:isIopm
§(9°68-192) 6°6C {6°07-€°22) 07¢ (8ve-T62) 82 w144 (7'92-€722) ST (8or-1'ee) £'9¢ (626668 L'Gy (£'G7-G'88) §°E Gw/BY) Ing
s(£01-£8) 06 +801-£8) 96 001-€8) 06 b)54:4(08°29) £ (Lz1-000)SLL (orL-gLL) 9gl (seL-zLD) Lzt (B%) wybrom
9/2 L1 LL/0 §6/0 18/5 G/e Sl/e (ousseh) azl
/9 WY1 /gL (89A4/9S) Aiobins Jo adA|
oL 9/2 e/5 G/zL (elow/a|pway) X83
(ev-ve) 68 ¥S-1v) v (Sy-ze) zv (eG-28) vy (s1084) 8By
g=u) (g=u) (LL=U) (6=u) (8=u) (8=u) (LL=U)
Ql4-HSYN-390 $IS0}08IS+390 SISO}DB}S 0U-390 NOO ai4-HSYN-390 §IS0}08}S+390 $1S0}08}S ON-390
dn-moj|o4 auljasng

ANTTASVL LV SLOA(ANS AAN.LS

TOYLNOD ANV SdNOYDINS ATIVN NI dN-MOTTOA ANV ANITASVE LV VIVA TVOINAHOOI ANV DML LINOdOYH.LNV “TVOINITO ‘T ATIVL

1615



PEDERSEN, RYGG, ET AL. HEPATOLOGY COMMUNICATIONS, November 2020

- S é g2 NAS declined significantly in all three NAFLD
U R s 2 e groups (delta NAS baseline to 12 months: OBE-no
é’ N % § o § E steatosis, 1, IQR, 1-2, P < 0.001; OBE+steatosis, 2.5,
LS| o3 gég IQR, 1.3-3, P < 0.05; OBE-NASH-Fib, 3, IQR,
o o o g £7 3-4.8, P < 0.05). OBE-NASH-Fib had a larger reduc-
iEﬂ% tion in NAS compared to the OBE-no steatosis group
© R 3 é % (P < 0.001). Of the 17 study participants with steato-
N N = S5 sis at baseline, 13 had reached grade zero steatosis at 12
E % J < = ES k=) months and all three NAFLD groups saw a significant
RS = Tleg g%_@ reduction in ballooning grade. Furthermore, the OBE-
- = £z 5 NASH-Fib group achieved reduced inflammation
. = j (P < 0.05), whereas fibrosis did not decrease significantly
é T8 g %% (P = 0.096). Metabolically, all groups displayed signif-
85| o E o é - icant and comparable improvement in HOMA-IR,
g nze ; phgc C-peptide, and insulin (Table 1; Fig. 1B). Three partici-
L83 S £ 2 pants still had manifest T2D and needed treatment with
© = = %{ metformin (2 participants) and a combination of liraglu-
S& Z tide, metformin, and long-lasting insulin (1 participant).
5= D::i—%’ Interestingly, bariatric surgery and weight loss
= i E §E had no impact on total AA concentrations, which
§ n 2 § g% E" were elevated and unchanging in all NAFLD groups
~ “lge g % = (Table 1; Fig. 2D).
3 — © 0.8 8
S 8ES
S S o 2 HYPERGLUCAGONEMIA RESOLVES
; o g8 2{%‘2 AFTER BARIATRIC SURGERY IN
2 Io| 32 £ PATIENTS WITH NAFL BUT NOT
ISR B S
g RS Elly IN THOSE WITH NASH
3 N & B 5
g|° ol Eé 5 Plasma concentrations of glucagon were signifi-
3 ER % cantly reduced from a median of 8.0 pmol/L (IQR,
o0 - L
2 88 . .58% 6.0-10.0) to 5.0 pmol/L (IQR, 4.0-8.5; P < 0.01)
25 9= g ©o %z”ﬁ 3 12 months after bariatric surgery. The OBE-no ste-
D X o £ .85k Sz OS5 g . . . .
HllaR SEESIST E = atosis and OBE+steatosis group normalized their
= T3 5 5 Ei yv b = & g’ig plasma concentrations of glucagon relative to CON.
N o g—; s 52 3 % In contrast, glucagon concentrations did not change
A §* 2 5 g £ in OBE-NASH-Fib after 12 months compared with
% S5 é gof % &7 E% g their baseline (OBE-NASH-Fib 12-month median,
:9:, B S §§% §§ 5_'3 ggﬁ’ 7.0 pmol/L, IQR, 5.0-9.8 versus baseline median,
PR é §<Z: S §§§ ,gg 7.5 pmol/L, IQR, 6.0-9.8; P = 0.799) (Table 1;
i S o a LA TR e Fio. 2B).
2|82 BaggEdgsis & 28)
Z00 o QU [o)e) sl
5 EEEEES 28 < IMPROVEMENTS IN GLUCAGON
2 g TEEEE Eé 2 AND INSULIN RESISTANCE AFTER
2S5 38EE EE EEptah BARIATRIC SURGERY
2 2 Seos2ea i858
§s ¢ g g g g g g £ ig = Twelve months after bariatric surgery, the glucagon-
g 2z Efg 88881 § —é if% alanine index was significantly reduced in OBE-no
g é sSS<T<< Ry % g steatosis and OBE+steatosis but not in OBE-NASH-
532 AALSELAZETS Fib (Fig. 2F). The decreased glucagon-alanine index
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FIG. 1. HOMA-IR, hepatic insulin extraction, and fasting plasma glucose in OBE, NAFLD, and CON at baseline and follow-up.
HOMA-IR (A) before baseline and (B) 12 months after bariatric surgery follow-up are shown for individuals with obesity grouped by
liver histology in OBE-no steatosis, OBE+steatosis, OBE-NASH-Fib, or collectively OBE. CON is also depicted. (C-F) Hepatic insulin
extraction and fasting glucose are similarly illustrated at baseline and 12 months after surgery. Statistical comparisons between groups
were made using the Kruskal-Wallis one-way ANOVA test; HOMA-IR, n = 35; hepatic insulin extraction fraction, n = 35; fasting blood
glucose, n = 42. Data are median (horizontal line), interquartile range (boxes) and whiskers are Tukey’s. The arrows represent single data
points outside the Tukey interval.
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FIG. 2. Plasma glucagon and total plasma AAs in OBE, NAFLD, and CON at baseline and follow-up. Plasma concentrations of
glucagon (A) before baseline and (B) 12 months after bariatric surgery follow-up are shown for individuals with obesity grouped by liver
histology in OBE-no steatosis, OBE+steatosis, OBE-NASH-Fib, or collectively OBE. (C-F) Total AA concentrations and glucagon-
alanine index are similarly illustrated at baseline and 12 months after surgery. Statistical comparisons between groups were made using the
Kruskal-Wallis one-way ANOVA test; n = 42. Data are median (horizontal line), interquartile range (boxes) and whiskers are Tukey's. The
arrows represent single data points outside the Tukey interval.
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Glucagon-alanine index

HOMA-IR

FIG. 3. Relationship between HOMA-IR and the glucagon-
alanine index in OBE and CON at baseline. Correlation plot is
shown for HOMA-IR and the glucagon-alanine index. Correlations
were assessed using Spearman’s rank correlation; n = 35.

was driven by concomitant decreases in both glucagon
and alanine plasma concentrations.

Pronounced reductions in HOMA-IR were seen in
OBE-no steatosis (P < 0.01) and OBE-NASH-Fib
(P < 0.05), but only negligible reductions were seen in
OBE-+steatosis. Both C-peptide and insulin were sig-
nificantly lowered from baseline to 12 months; insulin
decreased by 52% and C-peptide by 35%, indicating a
significant increase in the hepatic insulin extraction in
OBE from median 9.51 (IQR, 7.86-11.42) at baseline
to 12.78 (IQR, 10.24-15.71) 12 months after surgery
(P < 0.01) (Fig. 1C,D).

NO DIFFERENCES WERE
OBSERVED IN THE EFFECT
ON BIOCHEMICAL,
ANTHROPOMETRIC, OR
CLINICAL PARAMETERS
BETWEEN RYGB AND SG
INDIVIDUALS

When comparing the effect of RYGB with SG, we
found no difference between the delta changes among
any of the parameters assessed (Table 2).

Discussion

We investigated the importance of NAFLD sever-
ity, evaluated by liver biopsies, as it relates to glucagon

1620
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resistance toward AA metabolism and insulin resis-
tance in patients with obesity before and after bariat-
ric surgery. Our primary aim was to characterize the
physiological crosstalk between the liver and pancreas,
focusing on the liver—alpha cell axis in individuals
with different severities of NAFLD. A secondary aim
was to determine whether hyperaminoacidemia and
hyperglucagonemia can be reversed following major
weight loss and whether NAFLD improved after bar-
iatric surgery.

Our primary findings were marked hyperamino-
acidemia and hyperglucagonemia as well as signifi-
cantly increased glucagon-alanine indices indicative
of hepatic glucagon resistance to AA metabolism in
individuals with obesity with NAFLD. However, the
severity of NAFLD did not worsen disruption of
the liver—alpha cell axis. Our study therefore expands
the understanding of how NAFLD may induce a
vicious cycle of diabetogenic hyperglucagonemia.®>*®)

Given that NAFLD is a disease with a wide his-
tologic spectrum of disease and with worsening met-
abolic consequences(27'29) as the disease progresses
from hepatic steatosis to the fibroinflammatory state,
as seen in NASH, it would seem fair to assume that
ureagenesis is affected in line with any escalation of
the disease. Interestingly, we found no such support
for this assumption as all NAFLD groups presented
with comparable hyperaminoacidemia and hyper-
glucagonemia at baseline. Instead, it could be that a
certain threshold must be passed before ureagenesis
becomes impaired, whether solely due to glucagon
resistance or due to a combination of this and other
factors, as discussed below. Once this threshold has
been met, the liver may not be able to regain control
over ureagenesis, as we observed in the individuals in
our study with NASH who had persistent hyperglu-
cagonemia 12 months after surgery despite otherwise
pronounced histologic as well as metabolic recovery.

Intrahepatocyte build-up of triglycerides is known
to interfere with several metabolic functions of the
liver. %% Hepatic steatosis has been hypothesized to
impact the development of glucagon resistance to ure-

@3 analogous to hepatic steatosis being a key

agenesis,
(3,31,32)

feature in hepatic insulin resistance.

Glucagon’s impact on ureagenesis includes tran-
scriptional changes in genes (such as carbamoyl-
phosphate synthase 1 [CPSI], glutamic-oxaloacetic
transaminase 1 [GOT1], and solute carrier family 25
member 18 [SLC25418]) that regulate hepatic nitro-
gen conversion in NAFLD, as has been shown in
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several studies.?***** Eriksen et al.®¥ found that the
genes most involved with urea cycle-related enzymes
were down-regulated in patients with both NAFL and
NASH compared to lean and obese controls without
NAFLD. The altered expression explains the decrease
observed in in vivo functional capacity for ureagenesis.
Eriksen et al. concluded that the gene down-
regulations seemed attributable to hepatic fat accu-
mulation rather than other metabolic factors ascribed
to obesity or evident hepatic necroinflammation/
NASH. Possible down-regulation of urea cycle-
related enzymes and/or glucagon receptors could play
a role in the hyperaminoacidemia observed in our
study, both at baseline and 12 months after surgery.
It could be speculated that metabolic memory per-
sists for at least 12 months (and is accompanied by
transcriptomic changes due to, for example, epigen-
etic factors) in the livers of subjects with NAFLD,
disabling hepatocytes to regain normal metabolic
functions (including ureagenesis) even after weight
loss and return-to-normal liver histology. The signif-
icant metabolic improvement indicated by a decrease
in HOMA-IR (i.e., hepatic insulin resistance) and
increased insulin extraction rates (i.e., improvement in
hepatic insulin sensitivity) point to an overall improve-
ment in insulin-mediated metabolic liver function. It
would therefore be rational to assume that hepatic sen-
sitivity to glucagon would also improve and ureagene-
sis occur unhindered. Nevertheless, in OBE, OBE-no
steatosis, and OBE+steatosis, glucagon levels declined,
and in all NAFLD groups the glucagon-alanine index
also decreased, indicating regained hepatic glucagon
sensitivity. Overall, our data point to hepatic glucagon
resistance and hepatic insulin resistance being only
partly parallel phenomena with different pathophys-
iological mechanisms.

Another finding in the present study was that total
plasma AA concentrations (but not individual plasma
AAs, including branched chain AAs [see Supporting
Table S1; Supporting Fig. S1]) were overall unaf-
fected by both the severity of NAFLD and prominent
weight loss induced by bariatric surgery. From our
study it appears that it is the obesity per se rather than
the presence and degree of hepatic steatosis and/or
accompanying fibroinflammation that primarily drives
hyperaminoacidemia in patients with obesity. Obesity
(and not solely NAFLD) may directly contribute to
hyperaminoacidemia, in line with what was reported by
Gaggini et al.®® In that study, 13 AAs were measured

PEDERSEN, RYGG, ET AL.

in subjects with and without obesity with biopsy-
proven NAFLD as well as in a lean control group.
Plasma levels of the individual AAs (including ala-
nine) tended to be increased in subjects with obesity
with NAFLD but not in those with NAFLD without
obesity. The authors concluded that these observa-
tions could be ascribed to worsened peripheral insulin
resistance and consequently increased protein catab-
olism, with an outcome of higher AA levels in those
with obesity.

The hyperaminoacidemia observed in our study
may partly be explained by increased proteolysis of
proteins (primarily muscle protein) due to peripheral
insulin resistance™*%¢) leading to the release of AAs,
with the circulation of glutamine and alanine being
the key transporters of amino groups between mus-
cles and the liver.***” Although we have no direct
measure of peripheral insulin resistance, individuals in
OBE were insulin resistant, as indicated by their mark-
edly increased HOMA-IR, and although primarily an
index of hepatic insulin resistance, HOMA-IR also
correlates with peripheral insulin resistance.®®

Furthermore, alanine was indeed significantly
increased in OBE when compared to CON, and ala-
nine concentrations were elevated according to esca-
lating NAFLD severity. Additionally, the highest
alanine values were found in OBE-NASH-Fib, which
displayed the highest levels of HOMA-IR. It may
therefore be that peripheral insulin resistance contrib-
uted to the observed hyperaminoacidemia at baseline.

Bariatric surgery had no effect on total AA con-
centrations after 12 months. Twelve months after sur-
gery, weight loss, although greatly decelerating, had
not yet plateaued. As loss of fat-free mass is a side
effect of weight loss induced by RYGB and SG,*"*"
it could be that the persistently elevated AA levels
are explained by a negative protein/nitrogen balance
resulting from muscle wasting.

Alterations in nutrient absorption after bariatric
surgery might also influence AA levels. In a previous
study by our group,*? protein absorption rates and
handling as well as whole-body protein balance were
measured during and after meal tests in individuals
who had had RYGB or SG. We observed increased
rates of protein absorption in subjects from RYGB
but not from SG when compared to controls. In con-
clusion, although the data point to increased protein
absorption in patients who had RYGB, the results
still do not explain the fasting hyperaminoacidemia
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observed in individuals who had SG. Taken together,
further studies are warranted to determine whether
the hyperaminoacidemia is explained primarily by
hepatic glucagon resistance or is modified by negative
protein balance during the major weight loss in the
first year after surgery or a change in AA metabolism
in the peripheral muscles.

The major strengths of this study are the prospec-
tive follow-up with paired and repeat liver biopsies in a
well-characterized study cohort and the gold-standard
techniques used to analyze glucagon and AAs.

The study also has limitations. Because all partici-
pants with obesity had gone through a mandatory 8%
weight loss before surgery (baseline visit), and hence
before the baseline liver biopsy was taken, it is possi-
ble that our study subjects had a worse degree of liver
steatosis and higher NAS than before the weight loss
occurred. It could be that the absence of marked dif-
ferences in glucagon, total AAs, and glucagon-alanine
index between OBE-no steatosis and CON groups
are due to obesity alone or due to previous or “conva-
lescent” NAFLD. The hypothesized improvement in
hepatic steatosis at baseline may already have caused
our participants with obesity to regain some glucagon
sensitivity. Nevertheless, we did measure glucagon and
plasma AAs before the 8% weight loss and at base-
line in 3 participants, and no differences were found
in glucagon or AA concentrations between preweight
loss and baseline numbers despite a worse liver histol-
ogy before the weight loss. Another important lim-
itation of this study is the relatively low number of
participants in each NAFLD group, which reduces
the statistical power of its results. Future studies with
a higher number of participants and a more mech-
anistic approach are required to address the changes
in the liver—alpha cell axis as well as hepatic glucagon
and insulin resistance and their mediation at a molec-
ular level.

The liver—alpha cell axis is disrupted in patients
with obesity with NAFLD; however, the severity
of NAFLD does not seem to increase glucagon
resistance to AA metabolism. Insulin and glucagon
resistance may develop in parallel, but their etiol-
ogy may not be identical as our results suggest that
major changes in body weight and insulin resistance
following bariatric surgery had only a minor effect
on hepatic glucagon resistance in patients with
NASH, despite significant improvement in their
liver histology.
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