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LYSYL OXIDASE AS A BIOMARKER OF LIVER FIBROSIS IN SEVERELY OBESE PATIENTS WITH OSA

Lysyl Oxidase as a Serum Biomarker of Liver Fibrosis in Patients with Severe
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Study Objectives: Obstructive sleep apnea (OSA) is associated with the progression of nonalcoholic fatty liver disease (NAFLD). We hypothesized
that the hypoxia of OSA increases hepatic production of lysyl oxidase (LOX), an enzyme that cross-links collagen, and that LOX may serve as a
biomarker of hepatic fibrosis.

Design: Thirty-five patients with severe obesity underwent liver biopsy, polysomnography, and serum LOX testing. A separate group with severe
OSA had serum LOX measured before and after 3 mo of CPAP or no therapy, as did age-matched controls. LOX expression and secretion were
measured in mouse hepatocytes following exposure to hypoxia.

Setting: The Johns Hopkins Bayview Sleep Disorders Center, and the Hypertension Unit of the Heart Institute at the University of S&o Paulo
Medical School.

Measurements and Results: In the bariatric cohort, the apnea-hypopnea index was higher in patients with hepatic fibrosis than in those without
fibrosis (42.7 £ 30.2 events/h, versus 16.2 + 15.5 events/h; P = 0.002), as was serum LOX (84.64 £ 29.71 ng/mL, versus 45.46 + 17.16 ng/mL;
P <0.001). In the sleep clinic sample, patients with severe OSA had higher baseline LOX than healthy controls (70.75 ng/mL versus 52.36 ng/mL,
P =0.046), and serum LOX decreased in patients with OSA on CPAP (mean decrease 20.49 ng/mL) but not in untreated patients (mean decrease
0.19 ng/mL). Hypoxic mouse hepatocytes demonstrated 5.9-fold increased LOX transcription (P = 0.046), and enhanced LOX protein secretion.
Conclusions: The hypoxic stress of obstructive sleep apnea may increase circulating lysyl oxidase (LOX) levels. LOX may serve as a biomarker
of liver fibrosis in patients with severe obesity and nonalcoholic fatty liver disease.
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INTRODUCTION

Obstructive sleep apnea (OSA) is a disease of recurrent
upper airway closure during sleep. One cardinal manifestation
of OSA is chronic intermittent hypoxia (IH)." It has been sug-
gested that the IH of OSA may play a role in the progression
of nonalcoholic fatty liver disease (NAFLD).2 NAFLD is a dis-
ease of the liver related to insulin resistance and the metabolic
syndrome, and is characterized by hepatic steatosis without an
identifiable secondary cause such as drug toxicity or chronic
alcohol use.® In some patients with NAFLD, the disease phe-
notype will progress to one of liver injury, inflammation, and
fibrosis, termed nonalcoholic steatohepatitis (NASH). Several
associative studies have noted that markers of liver injury and
fibrosis are more pronounced in patients with more severe
OSA, and that this worsening appears related to the burden
of nocturnal hypoxia experienced by a patient with OSA.*#
Moreover, chronic IH mimicking the oxygen profile of pa-
tients with severe OSA in mice on a high-fat diet also induces
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progression of hepatic steatosis to liver fibrosis and worsened
hepatocellular injury.>!°

Despite the prevalence of NAFLD and the risks posed by its
progression, there is no single noninvasive diagnostic test to
identify early hepatic fibrosis among patients with hepatic ste-
atosis. Several serum biomarkers, when used in concert, have
been validated to detect advanced liver fibrosis,!! but none has
been linked to the pathogenesis of liver fibrosis.'? There is also
little understanding of the mechanisms that trigger the evolu-
tion of NAFLD and its relation to OSA.

A number of recent publications have demonstrated that
tissue hypoxia, among other stimuli, increases expression of
the fibrogenic enzyme lysyl oxidase (LOX),'>! regulated by
hypoxia inducible factor-1 (HIF-1).*!5!¢ LOX is a secreted
amine oxidase that catalyzes the formation of covalent cross-
links between collagen fibers in the extracellular matrix."”
Several lines of evidence suggest that IH and hepatic steatosis
may interact to increase LOX. Fatty liver in mice leads to liver
tissue hypoxia, which is then exacerbated by IH." Fatty liver
is also associated with increased expression of HIF-la, the
oxygen sensitive subunit of HIF-1."2° Furthermore, we have
previously shown that IH exposure results in liver fibrosis in
mice on a high-fat diet.'”

Based on these observations, we hypothesized that the
hypoxic stress of OSA might contribute to the progression
of NAFLD to liver fibrosis by increasing LOX levels. To test
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our hypothesis, we performed a set of experiments. First, we
obtained polysomnograms, examined intraoperative liver bi-
opsies, and measured serum and liver LOX levels in bariatric
patients with severe obesity who routinely undergo liver bi-
opsy during the surgery. Second, we examined whether OSA
can independently affect LOX by measuring serum levels of
this enzyme in patients with severe OSA who underwent a
randomized clinical trial of CPAP versus no treatment for 3
mo. Finally, we employed a mouse model of IH and primary
cell culture of hepatocytes, and examined LOX expression and
activity in response to hypoxia.

METHODS

Enroliment and Evaluation of the Bariatric Cohort

Thirty-five consecutive patients of the Johns Hopkins Bay-
view Medical Center Bariatric Surgery Clinic (BMI > 35
kg/m?) were prospectively enrolled from August 2005 through
May 2010, as in one of our previous studies.” Participants un-
derwent intraoperative liver biopsy at the time of bariatric
surgery, and had a polysomnogram and pulmonary function
tests 1-2 mo prior to surgery date. Exclusion criteria included
a known diagnosis of OSA or chronic obstructive pulmo-
nary disease; use of nasal continuous positive airway pres-
sure (CPAP); recent weight loss of 10% body weight or more;
diabetes mellitus requiring insulin; history of alcohol abuse,
any known liver disease, or human immunodeficiency virus;
current use of systemic steroids; unstable cardiovascular dis-
ease; or supplemental oxygen use. This study was approved
by the Johns Hopkins University Institutional Review Board
(protocol number NA 00048965), and written informed con-
sent was obtained from each study participant as a prerequi-
site of study enrollment. Polysomnography was performed
at the Center for Interdisciplinary Sleep Research and Edu-
cation at the Johns Hopkins Bayview Medical Center, as de-
scribed previously.” Disordered breathing events were scored
by apnea-hypopnea index (AHI) according to criteria from the
American Academy of Sleep Medicine,” where apnea was de-
fined as a cessation of airflow for at least 10 sec, and hypopnea
was defined as a significant decrease in flow as measured by
nasal pressure monitor with either a > 3% oxygen desaturation
or a respiratory arousal. At the termination of the sleep study,
a fasting venous blood sample was obtained. Pulmonary func-
tion testing was completed at the Johns Hopkins University
Asthma and Allergy Center.

Evaluation of the Sleep Clinic Group

We retrospectively analyzed fasting samples of serum,
which had been stored at —80°C, from among male patients
who had been previously enrolled in a randomized trial com-
paring the effect of CPAP versus no therapy on blood pres-
sure.”? Briefly, all patients recruited for this previous study
were men with severe OSA (n = 15, AHI > 30 events/h). We
also used stored samples of fasting serum from a subset of
healthy controls without OSA (n = 7, AHI < 5 events/h) in-
volved in a similar study.”® Patients were excluded from the
studies if they had hypertension; diabetes mellitus; cardiovas-
cular disease including any history of heart failure, valvular
heart disease, or arrhythmias; renal failure; morbid obesity
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(body mass index [BMI] > 40 kg/m?); any history of smoking;
a history of regular alcohol intake; or were taking any medica-
tions at all. All patients with OSA were age matched to control
patients without OSA, were naive to treatment, and were ran-
domized to receive therapy with CPAP for 3 mo (n = 8) or no
therapy (n = 7) for 3 mo. Healthy controls had baseline levels of
LOX and glucose measured, and patients with OSA had these
same data measured both before and after 3 mo of either no
therapy or CPAP. CPAP adherence was objectively assessed by
downloading stored data from each patient’s machine.

Serum Markers and Liver Biopsy

Insulin and LOX levels were checked using enzyme-linked
immunosorbent assay kits for human insulin (Alpco, Salem,
NH, USA) and LOX (USCN Life Science, Wuhan, China) per
manufacturer guidelines. Liver tissue was sampled intraopera-
tively with wedge biopsy, and part of each liver biopsy spec-
imen was quick frozen in liquid nitrogen and stored at —80°C
for later messenger RNA (mRNA) extraction. Biopsy speci-
mens were stained with hematoxylin and eosin, and Masson
trichrome stain, and were analyzed by a liver pathologist
(M.S.T)) in a blinded fashion according to the NASH Clinical
Research Network Scoring System, based on the NAFLD ac-
tivity score (NAS), the sum of individual scores for steatosis,
lobular inflammation, and ballooning. Fibrosis was scored per
published guidelines* on a scale ranging from FO (none) to F4
(cirrhosis).

Mice

For hepatocyte isolation, 8-w-old C57BL/6 mice fed a chow
diet were obtained from The Jackson Laboratory (Bar Harbor,
ME, USA). Animal studies were approved by the Institutional
Animal Care and Use Committee of the Johns Hopkins Uni-
versity School of Medicine (permit number MO12M309). All
mouse surgery and euthanasia was performed with isoflurane
anesthesia (1-2%), and all efforts were made to minimize
suffering.

Hepatocyte Isolation and Hypoxia Exposure

Hepatocytes were isolated from adult mice (n = 3) using a
two-step perfusion process,” then plated onto dishes with Dul-
becco Modified Eagle Medium containing high glucose, L-glu-
tamine, and phenol red (Life Technologies, Grand Island, NY,
USA), with 10% fetal bovine serum. The media was replaced
with serum-free media the following day, with or without 100
UM of B-aminopropionitrile (BAPN, Sigma-Aldrich, St. Louis,
MO, USA), an irreversible LOX inhibitor. The cells were
placed for 24 h into airtight chambers containing 5% CO, and
either 1% or 16% O,. After exposure, cell media was collected
and cells were recovered and stained with 0.4% Trypan Blue
solution (Life Technologies, Rockville, MD, USA) to quantify
hepatocyte survival.

Reverse Transcription Polymerase Chain Reaction and Western
Blot

Total RNA was isolated from hepatocytes exposed to
hypoxia and from historic liver samples of IH-exposed
B6129PF2/] mice fed a chow diet for 4 w, as previously de-
scribed.” [Briefly, mice 6—8 w of age were exposed to IH, with
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oxygen concentrations cycling from 20.9% to 6.5% (or 20.9% to
20.9% for the control intermittent air group) 60 times/h during
the light phase, 09:00 to 21:00.] RNA was extracted from livers
using Trizol reagent (Life Technologies, Rockville, MD, USA),
and complementary DNA was synthesized using an Advan-
tage RT for PCR kit (Clontech, Palo Alto, CA, USA). Real-time
reverse transcription polymerase chain reaction (RT-PCR) was
performed with primers from Invitrogen (Carlsbad, CA, USA),
and Tagman probes from Applied Biosystems (Foster City, CA,
USA). LOX mRNA level was normalized to 18s ribosomal
RNA, using the formula: LOX/18s = 2Ct(18) - C{LOX) Western
blotting on in vitro samples was performed with the primary
antibody to LOX (rabbit polyclonal, 1:2000, Novus Biologicals,
Littleton, CO, USA).

Collagen Assay

A stock solution of type I rat tail collagen at 3 mg/mL (Life
Technologies, Grand Island, NY) was diluted to a final con-
centration of 1.2 mg/mL with 300 uL of concentrated culture
media from hepatocytes and double distilled water at neutral
pH, then plated onto coverslip-bottom plastic dishes (MatTek
Corp., Ashland, MA, USA), and incubated at 37°C for 16 h.
The resulting collagen matrix was examined using confocal
reflection microscopy with a Leica TCS SP5 microscope and
the accompanying Leica Application Suite software (Wetzlar,
Germany).

Statistical Analysis

Patient characteristics in the bariatric cohort were compared
based on the presence (histologic stage F1 and above) or ab-
sence (histologic stage FO) of hepatic fibrosis, by calculating
P values for differences using #-tests for continuous variables
and y* tests for categorical variables. Serum LOX was com-
pared between groups using f-tests, in both patient groups.
Results were confirmed using unadjusted logistic regression,
with the outcome being presence of fibrosis and the exposure
of interest being serum LOX level, scaled by 10 for ease of
interpretation. Odds ratios and 95% confidence intervals were
calculated, and then repeated after adjusting for BMI or age
and waist circumference, where appropriate. Receiver operator
characteristic (ROC) curves were constructed, and the area
under the curve was calculated to understand the discrimina-
tive performance of serum LOX as a true predictor of fibrosis
based on an optimum cutoff for reported sensitivity and speci-
ficity. Differences in the mean hepatic LOX mRNA were cal-
culated between groups using #-tests. The difference in AHI
between groups was assessed using #-tests, and confirmed
using logistic regression with risk of fibrosis as the outcome
and the exposure of interest being AHI scaled by 5, both un-
adjusted and adjusted for BMI or age and waist circumference,
where appropriate. 7-tests were used to compare differences
in experimental values (hepatic LOX mRNA expression in
mice, and hepatocyte mRNA expression in isolated cells). For
supplemental analyses of serum LOX versus NAS and hepatic
fibrosis stage, P values for trend were calculated using unad-
justed linear regression analysis with serum LOX as the out-
come and NAS or hepatic fibrosis as the categorical variable
of interest. For all statistical comparisons, P < 0.05 was the
threshold used for statistical significance; however, we report
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numeric P values throughout this manuscript unless very small
(i.e., below 0.001). Data are reported as mean + standard devia-
tion unless otherwise noted. Stata 12 software (StataCorp, Col-
lege Station, TX, USA) was used for all analyses.

RESULTS

Bariatric Patient Characteristics

Patient characteristics from the bariatric cohort are pre-
sented in Table 1. Among those with hepatic fibrosis (n = 16),
most patients (81%) had histologic stage F1 (six with stage 1la,
three with stage 1b, and four with stage 1c), with the remainder
having stage F2 or F3. There was a higher prevalence of OSA,
and evidence of more severe disease, among those with fibrosis.
Pulmonary function parameters were not different between
groups. There was no difference in liver enzymes or insulin
levels between the two groups. Patients with hepatic fibrosis
had more steatosis, ballooning, and lobular inflammation, each
contributing to a higher NAS. There was no difference in BMI,
but those with fibrosis were older and had larger waist circum-
ference. There were no differences in the prevalence of self-
reported illnesses except for hypertension.

AHI Correlates with the Prevalence of Hepatic Fibrosis

AHI was higher in patients with fibrosis (42.7 + 30.2 events/h,
versus 16.2+ 15.5 events/h, P=0.002, Figure 1A). Each increase
in AHI of 5 events/h was associated with a 30% increased risk
of hepatic fibrosis (odds ratio [OR] 1.30, 95% confidence in-
terval [CI] 1.06—1.60, P = 0.012), which was unchanged when
corrected for age and waist circumference (OR 1.31, 95% CI
1.01-1.71, P = 0.041). In sensitivity analysis, we confirmed that
the association was robust regardless of the measure of obe-
sity used for adjustment (BMI versus waist circumference),
and also after additionally adjusting for sex (Table Sl1, supple-
mental material). In the entire cohort, there was no difference
in the mean nocturnal oxygen saturation, the nadir oxygen
saturation, the percentage of sleep time with oxygen saturation
less than 90%, or the oxygen desaturation index (using a cutoff
value of either 3% or 4% from baseline) between groups. How-
ever, when patients were instead dichotomized by mean nadir
SpO, during episodes of apnea or hypopnea (< 90%, n = 13;
or > 90%, n = 22), we found that hepatic fibrosis was more
prevalent (69%) among those with more severe oxygen desatu-
ration, compared to those who exhibited milder desaturations
(32% in this group, P = 0.035). There was no difference in BMI
or sex between these two groups, but waist circumference was
higher in patients with more severe nadir oxygen desatura-
tions (137.2 £ 11.7 cm versus 125.8 + 16.0 cm, P = 0.032), and
these patients were also older (53.5 + 8.9 y, versus 46.1 £ 9.6 y,
P =0.030).

Performance of Serum LOX as a Biomarker of Fibrosis

Serum LOX levels were higher in patients with evidence of
hepatic fibrosis (84.64 + 29.71 ng/mL versus 45.46 + 17.16 ng/
mL in those without, P <0.001; Figure 1B), and serum LOX in-
creased with worsening hepatic fibrosis (P < 0.001 for the trend,
Figure S1, supplemental material). Each 10 ng/mL increase in
LOX level was associated with a 2.3-fold increased risk of he-
patic fibrosis (OR 2.30, 95% CI 1.31-4.05, P = 0.004), and this
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Table 1—Clinical characteristics of the bariatric patient cohort.
Fibrosis (n = 16) No Fibrosis (n = 19) P
Age, y (SD) 53.1(7.5) 452 (10.4) 0.014
Female sex, n (%) 11 (69) 15(79) 0.511
Race
White, n (%) 10 (63) 15(79) 0.305
African American, n (%) 6 (37) 4(21) 0.305
Height, cm (SD) 167.8 (9.6) 168.4 (10.3) 0.865
Weight, kg (SD) 142.1 (6.2) 133.5(6.4) 0.348
BMI, kg/m? (SD) 50.2 (5.4) 46.7 (6.7) 0.100
Waist, cm (SD) 136.9 (12.3) 124.3 (15.6) 0.012
Comorbidity
Hypertension, n (%) 9 (56) 4(21) 0.036
Asthma, n (%) 7 (44) 3 (16) 0.072
Hyperlipidemia / history of statin use, n (%) 2(13) 5 (26) 0.323
Hypothyroidism, n (%) 3(19) 1(5) 0.223
Previous stroke, n (%) 1(6) 0(0) 0.282
Type 2 diabetes mellitus, n (%) 1(6) 1(5) 0.904
Liver histology scores
Steatosis, score (SD) 1.6 (1.0) 0.9(0.7) 0.039
Lobular inflammation, score (SD) 1.1(0.7) 0.6 (0.5) 0.045
Ballooning, score (SD) 0.7(0.9) 0.1(0.3) 0.038
Total NAFLD Activity Score (SD) 34(22) 1.6(1.2) 0.017
Prevalence of OSA, n (%) 16 (100) 14 (74) 0.021
Mild (AHI 5-15/h), n (%) 3(19) 6 (32) 0.395
Moderate (AHI 15-30/h), n (%) 4 (25) 5 (26) 0.932
Severe (AHI > 30), n (%) 9 (56) 3 (16) 0.014
Pulmonary function test parameters
FEV,, L (SD) 25(0.8) 3.1(1.0) 0.072
FVC, L (SD) 3.3(1.0) 39(1.2) 0.097
FEV,/FVC, % 77.2 79.5 0.219
TLC, L (SD) 5.0 (1.0) 5.3 (1.6) 0.605
DL¢o, mL CO/min/mm Hg (SD) 26.1(7.0) 26.6 (7.7) 0.834
Fasting serum laboratory values
Insulin, pmol/L (SD) 97 7(67.0) 101 .0(53.3) 0.879
Glucose, mmol/L (SD) .8(1.8) 0(1.1) 0.157
AST, U/L (SD) 23 8 (12.0) 23 8 (13.0) 0.993
ALT, U/L (SD) 6 0(28.0) 29 9 (43.4) 0.775
TB, umol/L (SD) 4(3.9) 7(2.7) 0.593
AP, U/L (SD) 65 6 (23.3) 83 5(33.1) 0.101
This table is divided into those with evidence (histologic stage F1 and above) and without evidence (histologic stage F0) of hepatic fibrosis. AHI, apnea-
hypopnea index; ALT, alanine aminotransferase; AP, alkaline phosphatase; AST, aspartate aminotransferase; BMI, body mass index; DLy, diffusing
capacity for carbon monoxide; FEV,, forced expiratory volume in 1 sec; FVC, forced vital capacity; NAFLD, nonalcoholic fatty liver disease; OSA, obstructive
sleep apnea; TB, total bilirubin; TLC, total lung capacity.

association held after adjustment for waist circumference and
age (OR 2.44, 95% CI 1.16-5.12, P = 0.018). Again, these as-
sociations held regardless of the measure of obesity used for
adjustment (BMI versus waist circumference), and after ad-
ditionally adjusting for sex (Table S2, supplemental material).
Serum LOX levels did not correlate with the NAS or any of the
individual components of this score (Table S3, supplemental
material), with BMI, or with liver enzyme levels. Figure 1C
shows the ROC curve in which serum LOX level was used to
detect hepatic fibrosis in our patient cohort. The area under
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the ROC curve is 0.891 (95% CI, 0.789-0.994; P < 0.001). AHI
correlated with serum LOX (Figure 1D), and each increase in
LOX of 10 ng/mL was associated with an increase in AHI of
4.44 events/h (95% CI 1.79-7.09, P = 0.002).

Hepatic LOX is Increased in Fibrosis and is Associated with
Serum LOX

Hepatic LOX mRNA levels were 6.7-fold higher in pa-
tients with evidence of fibrosis (26.2 + 37.4 x 107%/18s versus
3.9 £ 11.5 x 107%/18s, P = 0.019). Fourteen of the 16 patients
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Figure 1—(A) Box plots of apnea-hypoxia index (AHI) in patients with or without hepatic fibrosis. Upper and lower tick marks in each group represent high and
low values among each patient cohort; lower and upper bounds on boxes represent first and third quartiles, and midline represents median values. (B) Box plots
of serum lysyl oxidase (LOX) in patients with or without histologic evidence of hepatic fibrosis. (C) Receiver operating characteristic (ROC) curve demonstrating
the performance of serum LOX. The area under the ROC curve when serum LOX is used as a biomarker of hepatic fibrosis in patients with severe obesity is
0.891 (95% confidence interval, 0.789-0.994). (D) Correlation between AHI and serum LOX levels among all patients studied. R = 0.51, P = 0.002.

Table 2—Clinical characteristics of the sleep clinic patient cohort.

No OSA OSA on CPAP OSA Untreated
Age, y (SD) 40.1 (8.0) 42.0(6.9) 46.9 (6.1)
Race
White, n (%) 6 (86) 6 (75) 7(100)
Other, n (%) 1(14) 2 (25) 0(0)
AHI, events/h (SD) 2.6 (1.8) 54.7 (15.8) 66.2 (28.1)
CPAP adherence, h/night (SD) N/A 5.2 (0.6) N/A
CPAP pressure, cm H,0 (SD) N/A 10.2 (1.0) N/A

Initial Final Initial Final

BMI, kg/m? (SD) 27.4 (2.5) 304 (2.7) 30.4 (2.6) 306 (2.7) 30.3 (2.6)
Fasting serum glucose, mmol/L (SD) 5.1(0.2) 5.0(0.4) 5.0(0.3) 5.0(0.7) 5.1(0.5)

The table is divided into those without obstructive sleep apnea, with obstructive sleep apnea on continuous positive airway pressure, and with untreated
obstructive sleep apnea. For patients with obstructive sleep apnea, body mass index and fasting blood glucose are shown before and after 3 mo of
continuous positive airway pressure or no treatment. AHI, apnea-hypopnea index; BMI, body mass index; CPAP, continuous positive airway pressure;
OSA, obstructive sleep apnea; SD, standard deviation.

Serum LOX is Increased in Patients with OSA

Patient characteristics of the sleep clinic sample are shown
in Table 2. Patients with OSA were age matched to control pa-
tients, although control patients had slightly lower BMI than

(88%) with hepatic fibrosis had detectable hepatic LOX levels,
whereas only four of the 19 patients (21%) without fibrosis had
detectable levels. Serum LOX levels also correlated with he-
patic LOX mRNA levels (R = 0.485, P =0.003).
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LOX among patients with OSA who received CPAP. R = 0.64, P = 0.084.
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Figure 2—(A) Comparison of initial and final serum lysyl oxidase (LOX) values in patients with severe obstructive sleep apnea (OSA) who went untreated
(left) and received continuous positive airway pressure (CPAP) therapy (right). Patients who received CPAP had a decline in serum LOX. Mean differences
between initial and final values were 20.49 ng/mL (CPAP) and 0.19 ng/mL (control). (B) Correlation between mean nightly CPAP use and decrease in serum
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Figure 3—Hepatic mRNA expression of lysyl oxidase (LOX) in
B6129PF2/J mice. Mice were fed a chow diet, exposed either to
intermittent hypoxia (IH) or IA for 4 w. LOX is increased 5.2-fold in IH.
*P =0.031 between groups.

those with OSA (27.4 + 2.5 kg/m? in the control group versus
30.5 + 2.6 kg/m? in the OSA group, P = 0.020). Patients without
OSA had a mean serum LOX of 52.36 + 18.26 ng/mL, and
those with OSA had a mean serum LOX of 70.75 + 17.79 ng/mL
(P =10.046). Patients with OSA who used CPAP had an average
nightly use of 5.2 + 0.6 h, at a mean pressure of 10.2 + 1.0 cm
H,0. Among OSA patients, initial serum LOX was not dif-
ferent between those who received CPAP and those who did
not. Patients with OSA who did not receive CPAP saw no sig-
nificant change in their serum LOX over 3 mo (75.78 + 17.77
ng/mL to 72.38 + 18.81 ng/mL, P = 0.726), whereas patients
with OSA who received CPAP had decreased serum LOX over
the duration of therapy (65.73 + 17.44 ng/mL to 45.24 + 10.38
ng/mL, P =0.015, Figure 2A). Patients with OSA who received
CPAP, as a group, had a mean decline in serum LOX of 20.49
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ng/mL during study duration, whereas patients with OSA not
on CPAP had a decline of only 0.19 ng/mL (P = 0.088). Among
those patients receiving CPAP, there was not a statistically sig-
nificant correlation between mean CPAP use and net decrease
in serum LOX over the study duration (R = 0.64, P = 0.084,
Figure 2B).

IH in B6129PF2/J Mice Induces Hepatic LOX Expression

To test whether IH exposure increases transcription of LOX
in vivo, we retrospectively examined LOX mRNA levels from
a previous experiment in which B6129PF2/J mice on a regular
chow diet were exposed to IH or intermittent air for 4 w.*
Under these conditions, hepatic LOX was increased 5.2-fold in
mice exposed to IH (P = 0.031, Figure 3).

Hypoxia Induces LOX Expression and Secretion in Mouse
Hepatocytes, and Collagen Cross-links

To test whether hypoxia directly increases LOX transcription
in vitro, we exposed isolated mouse hepatocytes to hypoxia (1%
0,) or normoxia (16% O,) for 24 h. Hypoxia increased LOX
mRNA expression 5.9-fold in isolated hepatocytes (P = 0.046,
Figure 4A), and resulted in secretion of LOX to the media,
which was undetectable in normoxia (Figure 4B). Moreover,
culture media from hepatocytes exposed to hypoxia caused
more robust cross-linking of type I rat tail collagen, whereas
minimal cross-linking was observed when media from nor-
moxic hepatocytes was used (Figures 4C and 4D). The hypoxia-
induced increase in cross-linking was prevented by BAPN, a
LOX inhibitor. There was no significant change in hepatocyte
survival with hypoxia or BAPN administration (69.3% survival
in normoxia, 63.7% survival in hypoxia, and 60.7% survival in
hypoxia with BAPN, P = 0.831 for the group comparison).

DISCUSSION
In this study, we examined the mechanism by which OSA
modulates the progression of NAFLD to liver fibrosis. We
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Figure 4—Profile of isolated hepatocytes exposed to hypoxia and normoxia. Hepatocytes isolated from C57BL/6 mice express and secrete lysyl oxidase
(LOX) in response to hypoxia, resulting in more active collagen cross-linking. (A) Results of reverse-transcriptase polymerase chain reaction demonstrating
that expression of LOX messenger RNA from hepatocytes exposed to hypoxia for 24 h is increased (5.9 times normoxia value; *P = 0.046). (B) Results of
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found that (1) OSA severity correlated with liver fibrosis, cor-
roborating several earlier studies; (2) serum LOX was a sen-
sitive and specific biomarker of liver fibrosis in patients with
severe obesity and sleep apnea; and (3) LOX is elevated in OSA
and is reduced with CPAP use. We also demonstrated that in
vivo or in vitro hypoxia increases hepatocyte LOX mRNA ex-
pression in mice, thereby accelerating collagen cross-linking
in vitro. Thus, we provide a biologically plausible mechanism
by which OSA might contribute to the development of liver
fibrosis in NAFLD.

Several studies have implicated LOX in the development
of liver fibrosis of various etiologies. More than 30 y ago,
Siegel et al. showed that hepatic LOX activity was increased
in a rat model of hepatic fibrosis,”” and LOX activity was also
increased in a cohort of human patients with chronic active
hepatitis, cirrhosis, and hepatocellular carcinoma.”® More re-
cently, hepatic LOX expression was found to be increased in
patients with primary biliary cirrhosis and Wilson disease.”” In
rats, hepatic LOX was upregulated prior to the development of
liver fibrosis.’® However, to our knowledge, no previous study
has examined the role of LOX as a serum biomarker of hepatic
fibrosis in any liver disease.

LOX may have particular utility in detecting liver fibrosis
in NAFLD associated with OSA. Our mouse data suggest
that hepatic LOX is induced by hypoxia. There is additional
evidence to support this hypothesis in various tissue types.
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The LOX promoter region has a hypoxia response element to
which HIF-1 binds,”® and LOX is known to be highly regu-
lated by HIF-1 in embryonic kidney cells.’’ LOX is also an
important regulator of hypoxia-induced tumor progression, via
HIF-1.2" Constitutive expression of HIF-1a in adipose tissue
caused LOX overexpression and tissue fibrosis.*? Expression of
LOXL2, another in the family of lysyl oxidases, was increased
in renal interstitial fibrosis, and HIF-1 was crucial in this devel-
opment." Additionally, in the current study, CPAP decreased
serum LOX in patients with OSA. Thus, it is conceivable that
the systemic hypoxia of OSA may augment liver tissue hypoxia
in NAFLD to increase hepatic LOX, leading to the progression
of liver fibrosis. We have also shown that hypoxia increased
LOX expression and secretion by mouse hepatocytes, and led
to more robust collagen cross-linking. However, the roles of
hypoxia and HIF-1 in the progression of hepatic fibrosis in hu-
mans have not been proven.

Our study suggests that LOX may be useful as a biomarker
of liver fibrosis in sleep apnea. Liver biopsy remains the di-
agnostic gold standard, but other noninvasive tests exist to
detect hepatic fibrosis. Transient elastography is a method by
which ultrasound or magnetic resonance imaging is used to
characterize liver tissue stiffness by gauging response to the
application of a mechanical vibration.** FibroSure and similar
panels comprise serum biomarkers that predict hepatic fibrosis
in chronic liver disease.'”>** Although LOX appears to have
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promise as a serum biomarker in this limited trial, and may
also provide a mechanistic link to the pathogenesis of liver fi-
brosis, further testing will be required to validate its use in the
routine management of patients with NAFLD.

In our bariatric patient group, the precise origin of the ex-
cess serum LOX among patients with fibrosis is unknown.
LOX can be overexpressed in many tissue types. Halberg et
al. found that LOX is overexpressed in adipose tissue in mice
with obesity, and treatment with BAPN led to an improved
metabolic phenotype and less adipose fibrosis.*® LOX expres-
sion is also increased by hypoxia in malignancy*® and hy-
poxia-induced metastasis," in renal tubular epithelial cells,"
and in other cell types. There are data in our study, however,
to hint that this excess may be hepatic in origin: Patients with
fibrosis had higher hepatic LOX mRNA levels, which corre-
lated with higher serum LOX levels. Also, we also observed
increased expression of LOX in hypoxic mouse hepatocytes
in our in vitro model, suggesting that hepatocytes may ac-
count for some of the elevation in serum LOX among bar-
iatric patients with fibrosis. Even if the liver is implicated as
the source of some of the LOX overexpression in the bariatric
cohort, this does not necessarily single out the hepatocyte
as the sole site of origin. Hepatic LOX levels in our patients
were determined in homogenates of liver tissue. Hepatic
stellate cells, pericytes that undergo transdifferentiation to
myofibroblast-like cells, are known to express LOX and may
contribute to the increased hepatic LOX mRNA levels.?” Fur-
ther complicating the issue is the fact that among our sleep
clinic patients, we saw increased LOX in those with severe
OSA but substantially lower BMI; these patients were un-
likely to have NAFLD or significant liver fibrosis. We specu-
late that hypoxia—whether systemic as in IH and OSA, or
tissue specific as in obesity—causes increased LOX, at least
partly due to overexpression in hepatocytes, but this para-
digm is not yet proven.

There are several limitations to our findings. The first and
main limitation of our studies revolves around small sample
sizes. Our bariatric patient cohort was small and comprised
solely patients with severe obesity, but this population was
chosen for two reasons. A major practical advantage is that
liver biopsy specimens are easily obtained during bariatric
surgery. Moreover, in understanding the validity of a serum
biomarker of liver fibrosis, it seems appropriate to select a pop-
ulation in which the pretest probability of NAFLD and OSA
are both high, as in those with severe obesity. Nonetheless, the
generalizability of our findings showing a correlation between
liver fibrosis and increased serum LOX remains to be demon-
strated. Indeed, a recent study has shown that an independent
association between nocturnal hypoxia and markers of liver
injury was present only in patients with severe obesity.*® Our
sleep clinic cohort was also small and comprised only male
patients, and so the same limitation of generalizability applies
here. However, we are intrigued by certain findings that did
not meet statistical significance, such as the change in serum
LOX as a function of mean CPAP use among our sleep clinic
patients. Small sample sizes in the current study may also have
hindered our ability to replicate findings that others have re-
ported, such as a clear association between hypoxic burden
and hepatic fibrosis. Clearly in this context we would advocate
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cautious interpretation of our data and further study of these
findings in larger cohorts.

A second limitation is that our bariatric cohort study is
cross-sectional and therefore cannot establish causal links
between IH, LOX, and liver fibrosis, although we attempted
an initial investigation of this with retrospective analysis of
the sleep clinic patient sample. Third, our data in the bariatric
cohort provide only a single measure of the enzyme level, so
we lack insight about the time course of LOX change. LOX
is known to cross-link only freshly made collagen fibers,** so
the observation of higher LOX levels in patients with fibrosis
suggests active collagen cross-linking. Fourth, data from our
sleep clinic cohort showing a serum LOX decrease with CPAP
use does not necessarily imply that LOX is increased in OSA
due to systemic hypoxia, as CPAP is known to have myriad
effects. Fifth, our cell culture system relies on sustained hy-
poxic exposure, which does not precisely mimic the chronic
IH that is characteristic of OSA. However, we have previously
shown in an animal model that obesity resulting in fatty liver
causes sustained liver hypoxia, which is exacerbated with IH
exposure.’® Centrilobular hepatocytes from mice with obesity
demonstrated positive pimonidazole staining, indicating se-
vere hypoxia (< 10 mm Hg) in this zone of the hepatic lobule.
Thus, the hypoxic exposure to the liver during OSA may be
quite severe, and our cell culture system probably recapitulates
this effect to a large degree. Finally, in our sleep cohort we
did not investigate the presence of liver disease. Based on the
lower BMI of these patients, we would estimate that the preva-
lence of NAFLD in this group would be considerably less than
in our bariatric cohort.** The purpose of retrospective anal-
ysis of LOX levels in the sleep clinic cohort was primarily to
lend support to the idea that OSA can independently increase
serum LOX, and to investigate the effect of CPAP on serum
LOX levels. However, despite our initial investigations in our
clinic cohorts, a true definition of “normal” serum LOX levels
remains unknown.

In conclusion, our findings suggest that hepatic fibrosis
and serum LOX are related to the severity of OSA in patients
with severe obesity, and that serum LOX may predict hepatic
fibrosis in this population. We also provide evidence that OSA
increases serum LOX levels, and that this increase is reversible
by CPAP. Finally, our animal and in vitro data demonstrate
that IH causes hepatic LOX overexpression and that sustained
hypoxia induces LOX secretion by hepatocytes, resulting in
collagen cross-linking, a crucial step in the progression of fi-
brosis. We propose that LOX should be tested as a biomarker
of liver fibrosis in a larger cohort of patients with NAFLD and
OSA, across a range of BMI, and that the effect of OSA treat-
ment on the progression of liver fibrosis should be assessed.
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SUPPLEMENTAL MATERIAL

Table S1—Sensitivity analysis for apnea-hypopnea index (scaled by 5) and risk of fibrosis models.

OR for association of AHI

and risk of fibrosis 95% ClI P
Model 1: AHI alone 1.30 1.06, 1.60 0.012
Model 2: AHI, age, BMI 1.36 1.05,1.77 0.019
Model 3: AHI, age, waist circumference 1.31 1.01,1.71 0.041
Model 4: AHI, age, sex, BMI 1.35 1.03,1.77 0.031
Model 5: AHI, age, sex, waist circumference 1.32 1.01, 1.71 0.040

AHI, apnea-hypopnea index; BMI, body mass index; Cl, confidence interval; OR, odds ratio.

Table S2—Sensitivity analysis for serum LOX (scaled by 10) and risk of fibrosis models.

OR for association of serum

LOX and risk of fibrosis 95% CI P
Model 1: LOX alone 2.30 1.31,4.05 0.004
Model 2: LOX, age, BMI 2.39 1.19,4.82 0.015
Model 3: LOX, age, waist circumference 2.44 1.16, 5.12 0.018
Model 4: LOX, age, sex, BMI 341 1.27,9.20 0.015
Model 5: LOX, age, sex, waist circumference 3.21 1.27,8.10 0.014

BMI, body mass index; Cl, confidence interval; LOX, lysyl oxidase; OR, odds ratio.

Table S3—Number of patients and mean serum lysyl oxidase measures in patients with each histologic stage of steatosis, lobular inflammation, and
ballooning, and in patients without or with nonalcoholic steatohepatitis (NASH) (as determined by nonalcoholic fatty liver disease (NAFLD) activity
score < 5 or = 5, respectively).

Histologic Stage
0 1 2 3

Steatosis

Patients per group, n (%) 9(26) 13 (37) 10 (29) 3(9)

Serum LOX, ng/mL (SD) 64.2 (21.1) 51.1(27.9) 74.7 (38.7) 76.2 (29.5)
Lobular inflammation

Patients per group, n (%) 10 (29) 21 (60) 4 (1) 0

Serum LOX, ng/mL (SD) 52.7 (20.3) 68.3 (34.8) 64.2 (27.7) N/A
Ballooning

Patients per group, n (%) 27 (77) 4 (11) 4(11)

Serum LOX, ng/mL (SD) 59.7 (27.0) 54.5(29.3) 97.2 (41.4)
NASH Absent (NAS < 3) Borderline (NAS 3-4) Present (NAS 2 5)

Patients per group, n (%) 22 (63) 7(20) 6 (17)

Serum LOX, ng/mL (SD) 56.5 (25.7) 70.2 (32.8) 80.8 (40.9)

There was no difference in LOX levels with increasing NAS (P = 0.124 for trend). LOX, lysyl oxidase; NAS, NAFLD activity score; SD, standard deviation.
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Figure S1—Serum lysyl oxidase (LOX) for each stage of hepatic fibrosis
among all bariatric patients. P < 0.001 for the trend in serum LOX.
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