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Abstract

Background/Objectives: Systemic levels of the adipokine adiponectin are elevated in
chronic liver disease including primary sclerosing cholangitis (PSC). Inflammatory bowel
disease (IBD) and PSC are closely associated diseases, but in IBD serum adiponectin levels
are near normal. Urinary and fecal biomarkers have been suggested to be superior to
the corresponding serum protein for disease diagnosis, but urinary and fecal adiponectin
have not been analyzed in PSC. The aim of this study was to evaluate the adiponectin in
human serum, urine, and feces as a potential diagnostic tool for PSC. Methods: Serum
and urine samples were collected from 74 IBD patients, 40 PSC patients (35 patients with
PSC and IBD (16 patients for urine) and 5 patients with PSC without underlying IBD), and
17 controls. Feces samples from 53 IBD patients and 11 PSC patients (8 of them with PSC-
IBD) were available for this study. Adiponectin levels were analyzed by enzyme-linked
immunosorbent assay. Results: Urinary and serum adiponectin levels in IBD patients
and controls were comparable. Urinary, fecal and serum adiponectin in patients with
ulcerative colitis and Crohn’s disease were similar and did not change, even with higher
fecal calprotectin, a marker of intestinal inflammation in IBD. The three IBD patients
with a high Gastrointestinal Symptom Rating Scale score as a marker for clinical activity
had highly elevated urinary adiponectin. Systemic adiponectin levels were significantly
elevated in the PSC-IBD cohort relative to the IBD-only group, suggesting its potential
utility in clinical screening. Urinary and fecal adiponectin levels were similar between
the cohorts. In PSC/PSC-IBD, serum adiponectin did not increase with higher fibrosis
scores. Serum, urine, and fecal adiponectin were not correlated in both patient cohorts,
except for a negative association of fecal and urine adiponectin in PSC. Conclusions: This
exploratory study revealed preliminary findings suggesting an association between urinary
adiponectin and severe gastrointestinal symptoms in IBD. In PSC-IBD, serum adiponectin
is higher compared to IBD patients and continuous measurement may be used for
PSC-IBD screening.
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1. Introduction

Inflammatory bowel disease (IBD), encompassing Crohn’s disease (CD) and ulcerative
colitis (UC), refers to a persistent inflammatory condition of the large and small bowel
that is increasingly prevalent [1-4]. Primary sclerosing cholangitis (PSC) is a severe liver
disease involving the inflammation, progressive fibrosis, and destruction of the biliary tree,
causing obstruction and secondary liver cirrhosis [5]. PSC often coexists with IBD, predom-
inantly UC. The exact molecular and immunological causes of both IBD and PSC remain
largely unidentified, and intensive research is underway to understand the underlying
pathophysiological mechanisms [6,7].

Adiponectin is classified as an adipokine. This protein protects against insulin re-
sistance, type 2 diabetes, and liver injury. Adiponectin also has properties related to the
regulation of the immune system [8-11]. Adiponectin is reduced in the bloodstream of obese
patients, and increased visceral fat mass is the main cause of hypoadiponectinemia [12].
Higher visceral fat mass has been associated with reduced levels of systemic adiponectin
and increased levels of fecal calprotectin [13]. Calprotectin in stool is a biomarker of in-
testinal inflammation, indicating a potential anti-inflammatory effect of adiponectin in
intestinal inflammation [13,14].

However, the role of adiponectin in IBD remains controversial. Fayad et al. provided
evidence for the pro-inflammatory role of adiponectin in both dextran sulphate sodium
(DSS)- and trinitrobenzene sulphonic acid (TNBS)-induced colitis [15]. In DSS-induced
colitis, adiponectin deficiency protected against colonic fibrosis [16]. This is consistent
with the positive correlation between colonic tissue adiponectin and the expression of
fibrosis markers in UC patients [16]. Conversely, Nishihara et al. showed a protective
role of adiponectin in the DSS model [17]. Sideri et al. observed more severe colitis when
adiponectin receptor 1 was knocked out in the colon of TNBS-treated mice [18]. Consistent
with this study, Obeid et al. reported that adiponectin protects against DSS colitis via the
adiponectin receptor 1 [19].

Creeping fat, a hallmark of CD, consists of mesenteric adipose tissue that migrates
towards the inflamed intestinal segments. The mucosa-associated gut bacterium Clostridium
innocuum stimulates adipogenesis and the growth of this adipose tissue, which is supposed
to limit the access of bacteria to the bloodstream [20]. Adiponectin secretion of creeping fat
is upregulated when compared to the non-creeping fat of CD patients, mesenteric fat from
colon cancer patients and patients with diverticulitis [21].

However, systemic adiponectin levels are not significantly different in IBD patients
compared to healthy controls. Patients with UC were shown to have higher serum
adiponectin levels compared to patients with CD, although levels in both disease entities
were similar to those of healthy controls [22].

Fecal biomarkers have become valuable tools in the diagnosis and assessment of
treatment response in IBD. Fecal calprotectin is commonly used to measure intestinal
inflammation and predicts disease recurrence in clinical settings [23,24]. This biomarker
is released by granulocytes and is therefore associated with intestinal inflammation. Its
presence is not an exclusive indicator of IBD [25,26]. In addition to fecal calprotectin, serum
calprotectin levels also increase in patients with active IBD. Serum calprotectin is more
closely associated with systemic than intestinal inflammation markers [27], and is also
induced in the serum of patients with infectious diseases [28]. Higher levels have also been
reported in patients with liver cirrhosis [29].

In the search for additional stool biomarkers of IBD, fecal adiponectin has been iden-
tified to discriminate between IBD patients and controls. Fecal adiponectin had high
specificity but low sensitivity for the diagnosis of UC and CD because it is related to mu-
cosal inflammation but not to the disease entities themselves. Validation via the stool of
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pediatric patients with IBD and healthy controls did not reveal any significant differences
between the cohorts [30].

Adiponectin can be detected in feces and urine indicating both renal and biliary excre-
tion [31]. Patients with renal dysfunction have increased urinary and circulating adiponectin.
The source of the higher urinary adiponectin is still unclear, but cannot be explained solely
by the increase in blood adiponectin levels [31]. Patients with chronic liver disease have
consistently been found to have significantly increased systemic adiponectin levels [32,33].
The reasons for this increase are still under discussion, with the possible involvement of
impaired biliary excretion as one of the pathological factors under consideration [32].

PSC must be understood as a chronic progressive bile duct disease. This rare disease
accounted for 15% of liver transplants in Nordic countries from 1982 to 2013 [34]. Between
15 and 20% of patients experience a recurrence of PSC in the transplanted liver [35]. A
causal therapy is not yet available [36]. A recent study by Wittek et al. found that in-
flammation of the colon mucosa could be detected at the molecular level in almost all
patients with PSC [37]. The recommended diagnostic test for PSC is magnetic resonance
cholangiopancreatography [38]. It is notable that the serum adiponectin levels of patients
with PSC are significantly higher than those of healthy controls [39].

Autoantibodies are commonly found in individuals with PSC. Anti-nuclear antibodies
have been reported in up to 77% of patients, smooth muscle antibodies in up to 83%, and
anti-neutrophil cytoplasmic antibodies in up to 96%. However, these antibodies are not
recommended for the diagnosis of PSC [38]. Antibodies to Saccharomyces cerevisiae have
been detected in patients with PSC, but they are also present in individuals with other
autoimmune liver diseases, such as autoimmune hepatitis and primary biliary cholan-
gitis [40]. These autoantibodies were also detected in patients with IBD and are highly
prevalent in patients with coeliac disease [41]. The diagnostic and prognostic values of more
recently described autoantibodies, including immunoglobulin A anti-gliadin antibodies,
anti-F-actin antibodies, anti-glycoprotein 2, and anti-neutrophil cytoplasmic antibodies
to serine proteinase 3 have to be evaluated in larger cohorts [42,43]. The same applies to
anti-integrin av(36 autoantibodies, which have been found to be highly specific for PSC
diagnosis [44]. Currently, no serological biomarkers are available for the early detection
and prognosis of PSC. Although clinical studies have analyzed biomarkers of different
cellular origins with the potential to diagnose PSC and predict its clinical course, none of
them are ready for use in clinical practice [45].

PSC is closely associated with IBD, a disease in which adiponectin levels are likely
to be normal [22]. Chronic liver injury in PSC is characterized by high adiponectin levels
compared to healthy controls [22,39]. Patients with autoimmune or biliary liver disease
had higher serum adiponectin levels compared to patients with viral or alcoholic liver
diseases [39]. The fact that adiponectin levels are normal in IBD patients [22] and strongly
increased in PSC patients [39] suggests that serum adiponectin levels may be useful in
discriminating between the two conditions. The main aim of the current study was therefore
to investigate whether serum, and possibly urine and/or fecal adiponectin, have the
potential to become non-invasive diagnostic biomarkers for PSC-IBD.

2. Materials and Methods
2.1. Patients

Patients were recruited from the inpatient and outpatient clinic of a German university
hospital from 6 December 2021 to 31 March 2023. Only patients able to give informed
consent were included in the study. PSC was diagnosed in patients with elevated cholestatic
liver enzymes and typical imaging via liver ultrasound, magnetic resonance cholangiopan-
creaticography (MRCP) and / or endoscopic retrograde cholangiopancreaticography (ERCP).
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Causes for secondary sclerosing cholangitis, such as those that are chronic obstructive,
ischemic, infectious, immune-mediated, hereditary, and related to toxic conditions, were
ruled out in advance using laboratory testing, autoimmune markers, and, in some patients,
liver biopsies and genetic analyses [38]. The diagnosis of IBD was based on typical clinical
findings such as abdominal pain, diarrhea, and elevated stool frequency, as well as on
laboratory tests including C-reactive protein, white blood cell count, and fecal calprotectin.
Patients underwent abdominal ultrasound, endoscopy of the upper and lower gastroin-
testinal tracts with staged biopsies, and, in some patients, additional magnetic resonance
imaging of the small intestine. Patients with a confirmed diagnosis of UC or CD were
subsumed under the term IBD. Other causes for intestinal inflammations such as infectious
causes (including clostridium difficile and cytomegalus virus), toxic, ischemic or other
immune-mediated conditions were ruled out [46,47].

Pregnancy and known coagulopathy were the exclusion criteria. Patients with cholan-
giocarcinoma were not included in this analysis.

Moreover, the serum and urine of 17 healthy controls were collected. The controls
comprised hospital staff, students, and the spouses of the patients. The 17 healthy controls
were matched for sex and age, and all had a normal body mass index.

All the patients with PSC were treated with ursodeoxycholic acid. Patients with IBD
were treated with corticosteroids (19 patients), mesalazine (20 patients), anti-interleukin
12/23 antibody therapy (18 patients), antitumor necrosis factor antibodies (22 patients),
and azathioprine (8 patients).

2.2. ELISA and Measurement of Urinary Protein Levels

ELISA, used to measure human adiponectin in serum and feces, was obtained from
R&D Systems (Wiesbaden, Nordenstadt, Germany; Cat # DY1065). For serum, the intra-
assay coefficient of variation (CV) was <6% and the inter-assay CV < 11%. R&D Systems
lists 31 papers that have used this assay for human plasma and 26 that have used it for
human serum.

Feces were homogenized in phosphate-buffered saline; this solvent is supposed to be
suitable for analysis by the adiponectin ELISA. For the feces, the intra-assay CV was <10%.
The inter-assay CV was determined from five fecal samples measured on two plates and
was 8.5%. Serum was diluted 1:500 fold for analysis, and feces was used undiluted.

Urinary adiponectin was measured in undiluted urine by an ELISA from Enzo Life
Sciences GmbH (ALX-850-377-KI01; Lorrach, Germany). This test is suitable for urinary
adiponectin analysis according to the manufacturer’s information. The intra-assay CV is
<5% and the inter-assay CV < 6.5%, and these data are provided by the company. The intra-
assay CV was <10% for our analysis. There are only a few studies on urinary adiponectin,
and levels of 1 to 10 ng/mg creatinine have been reported [48,49], which are comparable to
our analysis.

Creatinine in urine was measured by the creatinine parameter assay kit (Cat. No.:
KGE005; R&D Systems) in 1:20 fold diluted urine. Urinary adiponectin relative to urinary
creatinine was used for the calculations. Serum calprotectin (dilution 1:100) was determined
using the IDK® Calprotectin ELISA kit (Immundiagnostik AG, Bensheim, Germany; Cat
# K 6935). The intra-assay CV is <4% and the inter-assay CV < 9%, and these data are
provided by the company.

Pierce™ BCA Protein Assay Kit (Cat # 23225, Thermo Fisher Scientific, Waltham, MA,
USA) was used to determine the urinary protein concentration using 1:10 diluted spot
urine samples from our patients and controls.

Each urine, feces or serum sample was measured twice, and the mean value was used
for further calculations.
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The technician performing the ELISA assays and Pierce™ BCA Protein Assay was
blinded to the clinical data of the samples.

2.3. Isolation of Fecal Protein and Collection of Urine

Fecal samples were collected by the patients on the day of their hospital visit. Fecal
protein homogenates were prepared as described [50]. Feces (0.5 to 2.0 g) were homogenized
in phosphate-buffered saline supplemented with protease inhibitor (Protease Inhibitor
Cocktail cOmplete™ EDTA-free, Roche Diagnostics, Penzberg, Germany), in gentleMACS
M-tubes by the gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany).
One mL aliquots were dried in a vacuum concentrator overnight. The homogenate was
dissolved in phosphate-buffered saline with protease inhibitor to 2 mg dry weight/mL,
and stored at —80 °C. Urine was collected in tubes, aliquoted into appropriate portions and
stored at —80 °C.

2.4. Statistical Analysis

The data are presented as boxplots (minimum, maximum, first and third quartiles,
and the median). The Mann-Whitney U-test, receiver operating characteristic curve, and
Kruskal-Wallis test, as well as the Spearman correlation (IBM SPSS Statistics 26.0, released
by IBM Corp., Armonk, NY, USA in 2019) were used for analysis, and a value of p < 0.05
was regarded significant.

3. Results
3.1. Study Cohorts

This study included 17 healthy controls, 74 patients with IBD (22 patients with ulcer-
ative colitis (UC), and 52 patients with Crohn’s disease (CD)), 35 patients with PSC-IBD,
and 5 patients with PSC. The details of the cohorts are given in Table 1. The controls, IBD
patients, and PSC-IBD patients were comparable in terms of age and sex. The PSC patients
were older than patients with PSC-IBD. IBD, PSC-IBD, and PSC patients had a similar
body mass index (BMI), C-reactive protein level (CRP), creatinine level, and glomerular
filtration rate (GFR). The fecal calprotectin present in patients with IBD and PSC-IBD was
similar (Table 1). The aspartate aminotransferase (AST), alanine aminotransferase (ALT),
gamma glutamyltransferase (gamma GT), alkaline phosphatase (AP), and bilirubin levels
of PSC-IBD patients were higher compared to those of patients with IBD. The bilirubin, AP,
and gamma GT levels of patients with PSC were higher compared to patients with IBD.
The model for end-stage liver disease (MELD) score was only documented for the PSC and
PSC-IBD patients, and did not differ between these groups (Table 1).

Serum calprotectin levels were higher in patients with PSC-IBD than in patients with
IBD or controls, whose levels were similar (Table 1). The area under the receiver operat-
ing characteristic curve (AUROC) to discriminate IBD from PSC-IBD was 0.700 £ 0.060,
p =0.001. In patients with IBD, serum calprotectin levels positively correlated with fecal
calprotectin levels (r = 0.460, p < 0.001) and C-reactive protein (CRP) (r = 0.646, p < 0.001).

IBD patients with fecal calprotectin levels > 500 pug/g had higher serum calprotectin
levels than controls (p = 0.002) and IBD patients with normal fecal calprotectin levels
(<50 ug/g; p = 0.002).
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Table 1. Characteristics of IBD patients, PSC-IBD, and PSC patients, and controls for analysis of
serum adiponectin. The IBD cohort did not include PSC patients. Due to a shortage of serum,
serum calprotectin could not be measured in all samples. The number of patients in whom serum
calprotectin was determined is 68 patients with IBD, 33 patients with PSC-IBD, 5 patients with PSC
and 15 controls. The fecal calprotectin levels of 13 PSC patients were known. Data are presented
as median, minimum and maximum values. The statistical test used was the Kruskal-Wallis test
(alanine aminotransferase (ALT), alkaline phosphatase (AP), aspartate aminotransferase (AST), body
mass index (BMI), gamma glutamyltransferase (gamma GT), glomerular filtration rate (GFR), and

model for end-stage liver disease (MELD)); * p < 0.05, 1, e p <0.01, and *** p < 0.001.

Characteristics IBD PSC-IBD PSC Controls
Number (females/males) 74 (37/37) 35(13/22) 5(2/3) 17 (10/7)
Age (years) 41 (19-67) 43 (18-67) * 54 (37-63) * 42 (23-78)
BMI (kg/ m?) 24.6 (15.5-44.3) 24.1 (16.3-41.8) 21.8 (21.3-21.8) not determined
C-reactive protein (mg/L) 2 (0-144) 3 (0-26) 0 (0-0) not determined
Creatinine (mg/dL) 0.81 (0.51-1.18) 0.83 (0.60-1.43) 0.89 (0.60-1.43) not determined
GFR (mL/min) 101 (67-136) 99 (56-135) 72 (70-72) not determined
Fecal calprotectin (ug/g) 55 (0-3402) 41 (0-999) not determined not determined
Serum calprotectin (ng/mL) 1016 (323-3207) ** 1704 (434-19,300) *** 1071 (893-1531) 936 (265-1956) tt
AST (U/L) 25 (10-41) *** 44 (17-161) *** 26 (15-70) not determined
ALT (U/L) 20 (7-63) *** 43 (8-205) *** 25 (5-61) not determined
Gamma GT (U/L) 24 (8-74) *** 50 (10-1700) ** 101 (11-234) * not determined
AP (U/L) 65 (38-142) **** 127 (35-587) *** 151 (70-426) * not determined
Bilirubin (mg/dL) 0.40 (0.15-1.90) ***-** 0.70 (0.30-4.30) *** 0.80 (0.60-1.50) ** not determined
MELD Score not determined 6 (6-15) 6 (6-9) not determined
Urine protein/creatinine 0.06 (0-14.89) 0.11 (0-1.48) 0.05 (0.02-0.43) not determined

3.2. Adiponectin of IBD, PSC-IBD, and PSC Patients and Controls

Consistently with previous reports [22], serum adiponectin levels in CD
(4.0 (1.2-15.3) pg/mL) and UC (3.5 (1.6-23.8) ng/mL) patients were comparable to healthy
controls (3.3 (1.2-5.1) ug/mL; p = 0.194). Patients with CD and UC had a comparable BMI
(p = 0.508), and CRP (p = 0.557), fecal calprotectin (p = 0.275), and serum calprotectin level
(p = 0.443). However, there were more males in the UC cohort (p = 0.045).

The BMI of the control group was not documented in this study (Table 1). In a different
control group comprising 12 females and 14 males with a median age of 55 years, serum
adiponectin was 3.5 (1.5-18.5) pg/mL and BMI was 25.4 (18.0-38.1) [51]. The BMI and
serum adiponectin levels of this cohort [51] were similar to those of the patients analyzed
in the current study (p > 0.05). However, urine from the control subjects with known BMI
had not been collected.

Urinary adiponectin was measured in 74 patients with IBD, 16 patients with PSC-IBD,
5 patients with PSC, and 17 controls. The details of these cohorts are summarized in
Table S1. Urinary adiponectin normalized to urinary creatinine (p = 0.422) did not differ
between healthy controls, patients with CD, or UC (Figure 1).

The adiponectin in the serum of controls was 3.3 (1.2-5.1) pg/mL, approximately
3000-fold higher than in urine, where the concentration was 0.9 (0.5-21.5) ng/mL.

The patients with PSC and those with PSC-IBD had a higher serum adiponectin level
compared to healthy controls (p = 0.014 and p = 0.002, respectively). The serum adiponectin
of patients with PSC-IBD was higher compared to patients with IBD (p = 0.024) (Figure 2A).
The area under the ROC curve for discrimination between IBD and PSC-IBD was
0.629 £ 0.053 (p = 0.015). Serum adiponectin levels of 2.9 ng/mL discriminate patients with
IBD from patients with PSC-IBD with a sensitivity of 97% and a specificity of 35%.

https:/ /doi.org/10.3390/1ivers6020015


https://doi.org/10.3390/livers6020015

Livers 2026, 6, 15 7 of 20

600
500
400
300 ) .

200 . : T
100 é é

HC CD ucC

Figure 1. Urinary adiponectin (APN) normalized to urinary creatinine of healthy controls (HC),
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patients with Crohn’s disease (CD), and patients with ulcerative colitis (UC). Outliers are indicated
by small circles and asterisks in the figures.
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Figure 2. Serum and urinary adiponectin (APN) of healthy controls (HC), patients with inflammatory
bowel disease (IBD), patients with primary sclerosing cholangitis (PSC), and patients with PSC-IBD.
(A) Serum APN; (B) urinary APN normalized to urinary creatinine. Outliers are indicated by small
circles and asterisks in the figures. * p < 0.05, ** p < 0.01.

Urinary adiponectin was similar in patients with IBD, PSC, and PSC-IBD, and the
healthy controls (p = 0.581) (Figure 2B).

Urinary and serum adiponectin levels were not correlated. The Spearman correlation
coefficient of IBD patients was r = 0.201, p = 0.087, and that of PSC-IBD patients was
r=0.190, p = 0.410; for the controls, it was r = 0.077, p = 0.768.

3.3. Adiponectin in Relation to Sex, Age, BMI, Laboratory Measures of Liver and Kidney Function,
and Fecal Calprotectin

A sex-specific analysis showed that in IBD, females had higher serum adiponectin
(p = 0.025) whereas urinary adiponectin (p = 0.287) was similar between males and females.
Sex differences were not significant in PSC-IBD patients for serum (p = 0.052) and for
urinary adiponectin (p = 0.610) and controls (p = 0.625 for serum and p = 0.283 for urine).

In IBD, serum and urine adiponectin did not correlate with age, BMI, CRP, AST, ALT,
bilirubin, or serum calprotectin. In IBD, serum and urine adiponectin were negatively
correlated with serum creatinine. Urinary adiponectin positively correlated with GFR and
the urinary protein/creatinine ratio. Serum adiponectin negatively correlated with gamma
GT, and urinary adiponectin with AP (Table 2). In PSC-IBD, only the negative correlation
between serum adiponectin and GFR was significant (Table 2).
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Table 2. Spearman correlation coefficients for the correlation of serum and urinary adiponectin with
the age, BMI, and laboratory values of IBD and PSC-IBD patients. The statistical test used was the
Spearman correlation (alanine aminotransferase (ALT), alkaline phosphatase (AP), aspartate amino-
transferase (AST), body mass index (BMI), gamma glutamyltransferase (gamma GT), glomerular
filtration rate (GFR), and model for end-stage liver disease (MELD)); * p < 0.05 and ** p < 0.01.

Characteristics IBD PSC-IBD
Serum APN Urine APN Serum APN Urine APN
Age (years) 0.094 —0.087 0.401 % 0.152
BMI (kg/m?) —0.230 —0.102 —0.037 0.364
C-reactive protein (mg/L) —0.068 0.153 0.392 0.215
Creatinine (mg/dL) —0.266 * —0.318 ** 0.231 0.143
GFR (mL/min) —0.007 0.304 * —0.554 * —0.338
Urinary protein/creatinine 0.004 0.298 * 0.359 0.412
Fecal calprotectin (ug/g) —0.133 0.108 —0.039 0.196
Serum calprotectin (ng/mL) —0.155 —0.052 —0.072 —0.009
AST (U/L) —0.118 —0.118 —0.196 —0.027
ALT (U/L) —0.076 —0.076 —0.270 0.196
Gamma GT (U/L) —0.300 * —0.067 —0.280 0.221
AP (U/L) 0.037 —0.260 * —0.099 —0.012
Bilirubin (mg/dL) —0.001 —0.030 0.038 0.053
MELD Score not determined not determined —-0.119 0.070

The stratification of IBD patients for their fecal calprotectin levels revealed that serum
(p = 0.515) and urinary adiponectin (p = 0.589) did not significantly vary between these
groups. Here, 36 patients had fecal calprotectin levels <50 ug/g, 16 patients had levels
<150 pg/g, 11 patients had levels >150 ug/g, and 9 patients had levels >500 ug/g (data of
two patients were not documented) (Figure 3A,B).

A B 600
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Q 2
) B
= = 2 400
£ £ 2 300
< 10 < g
- | -
= 5 [ ] =
|3} =0 100
<50 <150  >150  >500 <50 <150 >150  >500
Calprotectin (ng/g) Calprotectin (ng/g)

Figure 3. Serum and urinary adiponectin (APN) in relation to fecal calprotectin. (A) Serum APN;
(B) urinary APN normalized to urinary creatinine. Outliers are indicated by small circles and asterisks
in the figures.

The Gastrointestinal Symptom Rating Scale (GSRS) for the assessment of general well-
being, abdominal pain, and the number of stools per day was not associated with serum
adiponectin levels (Figure 4A). Urinary adiponectin was highest in IBD patients with strong
complaints (3 patients) in comparison to patients with minor complaints (45 patients), and
moderate complaints (22 patients) (2 patients had no complaints; data of 2 patients were
not recorded) (Figure 4B). Fecal calprotectin levels tended to increase with a higher GSRS
score (p = 0.075) and CRP was significantly elevated (p = 0.038). The GFR and creatinine
in serum did not significantly change (p = 0.145 and p = 0.091, respectively). The urinary
protein/creatinine ratio in patients with a high GSRS score was higher compared to patients
with lower GSRS scores (p = 0.048 compared to patients with minor and p = 0.005 compared
to patients with moderate complaints).
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Figure 4. Serum and urinary adiponectin (APN) of patients with IBD in relation to the Gastrointestinal
Symptom Rating Scale (GSRS). (A) Serum APN; (B) urinary APN normalized to urinary creatinine.
Outliers are indicated by small circles and asterisks in the figures. * p < 0.05 and ** p < 0.01.

3.4. Adiponectin in Relation to Disease Localization, Extraintestinal Manifestations, and
Liver Fibrosis

In total, 9 patients with CD had ileocecal disease, 40 patients had ileocecal disease
with other parts of the gastrointestinal tract affected, and 3 patients had diseases not in-
volving the ileocecal region. There were no significant differences in the serum adiponectin
levels between these groups (p = 0.277). Urinary adiponectin was lower in patients with
multilocular disease compared to patients with diseases not involving the ileocecal region
(Figure 5A). It should be noted that the diseases’ localization was not associated with
changes in the GSRS score (p = 0.312), GER (p = 0.592), creatinine levels (p = 0.634), and
urinary protein/creatinine ratio (p = 0.162).

400 .
% 125

300 10.0

200

75— _
100 % e = 3(5) % g - H
0 = 0

IC IC+Other  Other 0 1 2 3 4
Fibrosis Score

Serum APN pg/mL

Urinary APN ng/mg

Figure 5. Disease localization and fibrosis stages. (A) Urinary adiponectin (APN) normalized to
urinary creatinine of patients with Crohn’s disease with ileocecal inflammation (IC), inflammation
in the ileocecal region and further parts of the gastrointestinal tract (IC + other) and patients where
inflammation was not located in the ileocecal region (other); (B) serum APN of patients with PSC
or PSC-IBD in relation to fibrosis scores. Outliers are indicated by small circles and asterisks in the
figures. * p < 0.05.

In the UC group, one patient had proctitis, three had proctosigmoidosis, four had
left-sided colitis and fourteen had pancolitis. No patient with UC had backwash colitis.
No statistically significant differences were observed in the serum (p = 0.637) and urinary
(p = 0.560) adiponectin levels of UC patients with different disease localizations.

In IBD, 36 patients had extraintestinal manifestations. The prevalence of arthralgia
was 20.2%, skin involvement was 12.2% and ocular involvement prevalence was 10.8%.
Serum (p = 0.290) and urinary (p = 0.200) adiponectin levels were similar in patients with
and without extraintestinal manifestations.

The fibrosis grade of the patients with PSC or PSC-IBD (which were analyzed together)
determined by FibroScan was as follows: eleven PSC/PSC-IBD patients had no fibrosis,
thirteen patients had grade 1 fibrosis, eight patients had grade 2 fibrosis, one patient had
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grade 3 fibrosis and two patients had grade 4 fibrosis. Serum (Figure 5B) and urinary
adiponectin were similar in these groups (p = 0.662 and p = 0.501 respectively). The data of
four PSC-IBD and one PSC patient were not documented.

3.5. Adiponectin in Feces

Because it was suggested that higher serum adiponectin in chronic liver disease is
due to impaired biliary excretion [32], we also measured adiponectin in fecal samples
of 64 patients (53 IBD, 8 PSC-IBD, and 3 PSC patients without underlying IBD). Fecal
adiponectin was similar between UC and CD (p = 0.120), and between PSC, PSC-IBD and
IBD patients (p = 0.260) (Figure 6A).
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Figure 6. Fecal adiponectin (APN) of patients with IBD, PSC-IBD, and PSC. (A) Fecal APN of IBD,
PSC and PSC-IBD patients. Outliers are indicated by small circles; (B) correlation of fecal and urinary
APN in PSC/PSC-IBD patients. The black circles represent individual data points, and the green line
is the correlation line. Outliers are indicated by small circles and asterisks in the figures ** p < 0.01.

In IBD, fecal adiponectin did not correlate with BMI, CRP, calprotectin, creatinine,
GFR, serum or urinary adiponectin, or laboratory measures of liver health such as amino-
transferase levels (p > 0.05 for all). The disease localization of patients with CD (p = 0.763)
and UC (p = 0.816) was not related to their fecal adiponectin level. The patients with and
without extraintestinal manifestations had similar fecal adiponectin levels (p = 0.080). Fecal
adiponectin did not change with the GSRS score (p = 0.565).

However, in PSC-IBD, fecal adiponectin was negatively correlated with urinary
adiponectin (r = —0.738, p = 0.037). In patients with PSC or PSC-IBD the correlation
coefficient was r = —0.800 (p = 0.003) (Figure 6B). The patients without fibrosis (five pa-
tients), with fibrosis stage 1 (four patients), and fibrosis stage 2 (one patient) had similar
fecal adiponectin levels (p = 0.088).

3.6. Adiponectin and Current Medication

Patients with IBD were treated with antitumor necrosis factor antibodies, anti-
interleukin 12/23 antibodies, mesalazine, corticosteroids, or azathioprine. These med-
ications were not related to changes in serum, urinary, and fecal adiponectin levels with the
exception of corticosteroids, which were associated with higher serum adiponectin levels
compared to patients without this medication (Table 3).

Excluding patients with IBD who were on corticosteroid therapy did not change
the result that patients with IBD and controls had similar serum (p = 0.400) and urinary
(p = 0.859) adiponectin levels.
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Table 3. Adiponectin levels in serum, urine, and feces of patients with and without antitumor necrosis

factor, anti-interleukin 12/23, mesalazine, corticosteroid or azathioprine therapies.

Serum Urine Feces
ug/mL ng/mg pg/mL
Anti-TNF No Yes No Yes No Yes
Adiponectin 3.5 45 17.4 29.5 27.7 139
P (1.2-23.8) (1.4-15.3) (0-304.2) (2.5-503.3) (0-300.2) (0-461.8)
p-value 0.235 0.179 0.685
Anti-
Interleukin No Yes No Yes No Yes
12/23
Adiponectin 3.6 41 26.9 17.4 25.1 17.0
P (1.2-23.8) (1.6-15.3) (0-503.3) (0-304.2) (0-461.8) (0-102.0)
p-value 0.229 0.845 0.541
Mesalazine No Yes No Yes No Yes
Adiponectin 4.0 3.4 30.4 15.0 16.6 51.6
P (1.2-15.3) (1.6-23.8) (0-267.2) (0-503.3) (0-461.8) (0-350.2)
p-value 0.324 0.267 0.080
Corticosteroid No Yes No Yes No Yes
Adiponectin 3.3 4.8 21.8 34.3 16.1 36.8
p (1.2-9.9) (2.4-23.8) (0-503.3) (0-345.9) (0-256.9) (0-461.8)
p-value 0.014 0.176 0.184
Azathioprine No Yes No Yes No Yes
Adiponectin 3.5 4.0 22.8 43.0 17.0 28.0
P (1.4-23.8) (1.2-8.2) (0-503.3) (0-218.0) (0-461.8) (2.2-77.9)
p-value 0.378 0.587 0.697

4. Discussion

To our knowledge, this is the first study to measure serum, urine and fecal adiponectin
in patients with IBD, PSC-IBD, and PSC. Serum adiponectin is elevated in PSC and PSC-IBD
compared with healthy controls, and is higher in PSC-IBD than IBD, consistent with higher
levels of this adipokine in patients with chronic liver disease [39]. Urinary adiponectin is
strongly induced in IBD patients with severe gastrointestinal symptoms.

Adiponectin was shown to exert a causal effect on the estimated GFR, and a higher
adiponectin level was related to an increased estimated GFR [52]. Serum adiponectin was
not associated with the GFR in our IBD cohort, and negatively correlated with serum
creatinine, suggesting a relation with kidney function. However, a negative correlation
between serum adiponectin and GFR was observed in PSC-IBD patients. Accordingly,
serum adiponectin was negatively correlated with estimated GFR in diabetic patients [53].
The GFR and serum creatinine of our IBD and PSC patients were similar, suggesting that
associations of serum adiponectin with measures of kidney function are related to under-
lying diseases rather than being an indicator of renal function. In the general population,
adiponectin added little to the prediction of kidney damage [54]. However, the relatively
large increase in serum adiponectin in patients with chronic kidney disease seems to be a
feature of severe renal dysfunction [55].
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In our cohorts, urinary and serum adiponectin did not correlate. In human systemic
lupus erythematosus, urinary adiponectin correlated positively with plasma adiponectin
levels [56]. However, the urinary and serum adiponectin levels of the renal disease cohort
controls were not correlated [56]. In diabetic patients with normoalbuminuria, there
was no significant correlation between urinary adiponectin levels and serum adiponectin
levels [57]. This shows that in patients with almost normal renal function, serum and
urinary adiponectin levels are not correlated.

Fecal adiponectin revealed a strong negative correlation with urinary adiponectin
in PSC patients. Metabolomics in serum, urine, and feces identified mostly positive cor-
relations between metabolite levels in blood and urine or feces samples. The metabolite
levels in urine and feces were mostly negatively correlated, which may reflect the fact that
metabolites are excreted in either feces or urine [58]. The daily fecal adiponectin excre-
tion is approximately 300 ng (30 g stool dry weight per day [59]; 10 pg adiponectin/mg
dry weight), and the daily renal excretion 1.5 pg (1 ng adiponectin/1 mL urine; 1.5 L
urine per day [59]). Considering the large variation in stool weight and urine volume [59]
as well as urinary and fecal adiponectin concentrations, urinary and fecal excretion of
adiponectin may not be that different. Although a negative correlation between urinary
and fecal adiponectin is plausible [58], it is unclear why this association was only observed
in PSC-IBD.

Adiponectin is quite stable, so it is unlikely that degradation in the blood regulates
its circulating levels. It has a half-life of around 75 min in circulation, and coordinated
and continuous production is required to maintain stable levels of this adipokine in the
blood [60]. The liver is the main site of adiponectin clearance, while the kidney appears
to excrete degraded adiponectin released by the liver [60]. In obese individuals, low
serum adiponectin levels are associated with reduced clearance, indicating that adiponectin
production is the primary regulatory mechanism [60]. The lack of correlation between
adiponectin levels in blood, urine and feces may be explained by this.

Serum adiponectin was similar in the controls and IBD patients, consistent with the
literature [22], and urinary adiponectin did not differ between the IBD patients and controls.
It has been shown that serum adiponectin levels increase in inflammatory diseases such
as rheumatoid arthritis [9]. However, patients with severe SARS-CoV-2 infection had
significantly lower serum adiponectin levels than those with moderate disease or healthy
controls, whose levels were comparable [51]. Plasma adiponectin levels were similar in
male patients with sepsis and in the control group. However, levels were lower in female
patients with sepsis than in the female control group [61]. The injection of LPS to healthy
volunteers did not change adiponectin levels [9]. This suggests that inflammation alone
does not affect adiponectin levels in the blood [9]. Furthermore, a sex-specific analysis
would also be important, but our cohorts were mostly too small for such calculations. The
liver plays a key role in adiponectin metabolism. Higher systemic levels may be caused
by inflammation, a reduced hepatic uptake of adiponectin by the liver and decreased
biliary excretion [62]. In patients with PSC-IBD, serum adiponectin did not correlate with
markers of inflammation, liver disease or biliary disease. Our observational study cannot
provide evidence for any of these supposed underlying mechanisms. Studies analyzing the
production of adiponectin in PSC-IBD are essential for finally evaluating the mechanisms
that regulate its serum levels.

Serum adiponectin was not associated with measures of IBD severity. However,
urinary adiponectin was the highest in patients with high calprotectin, although this was
not significant. Interestingly, there was a strong increase in urinary adiponectin in patients
with a high GSRS score who had elevated calprotectin and CRP levels. As there were only
three patients, these results need to be confirmed in a larger cohort.
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Neither fecal nor serum adiponectin levels changed in patients with a higher GSRS
score, and the source of increased urinary adiponectin remains unclear. In patients with
diabetic nephropathy, urinary adiponectin increased ten-fold, and serum adiponectin
increased by approximately 1.5-fold. This shows that factors other than elevated systemic
adiponectin account for the increased urinary adiponectin concentrations [50]. Adiponectin
is expressed in kidney tubular cells, and its expression is increased in inflammation [63].
Notably, the increased fecal calprotectin levels and high GSRS scores represent an IBD
group with marked disease activity. Our results suggest that this subgroup is characterized
by high urinary adiponectin levels. The urine protein-to-creatinine ratio in spot urine is
used to assess proteinuria [64], and this ratio was induced in patients with high GSRS
scores, indicating impaired renal function. In patients with diabetes, elevated urinary
adiponectin levels were observed despite normal urinary albumin levels, suggesting that
urinary adiponectin could serve as an early marker for renal dysfunction [65]. Therefore,
high urinary adiponectin may be related to increased renal synthesis and impaired kidney
function in patients with high GSRS scores. As there were only three patients with a high
GSRS score, further study is needed to confirm this finding and to evaluate whether high
urinary adiponectin levels are an early indicator of renal impairment.

Although we do not recommend urinary adiponectin for the diagnosis of severe IBD,
as this is already established in daily clinical practice [66,67], its pathophysiological role may
provide further insights into the mechanisms contributing to severe disease. This may also
apply to the CD patients with a disease that was not localized in the ileocecal region, who
had elevated urinary adiponectin. The renal function of these patients was normal, but as this
group included only three patients, further confirmation of this observation is needed.

Negative correlations between serum adiponectin and gamma GT, and urinary
adiponectin with alkaline phosphatase were observed in IBD but not in PSC-IBD patients.
The PSC-IBD cohort included 35 patients and should be large enough for the identifica-
tion of significant correlations. The negative correlations of adiponectin with gamma GT
have been described previously [68], which could not be identified in another cohort of
patients [69]. Positive correlations of systemic adiponectin with measures of liver disease
severity have been observed in patients with liver cirrhosis [32,70]. This suggests that the
relationship between adiponectin and measures of liver injury is influenced by the severity
of the underlying liver disease. However, in the PSC-IBD cohort, serum adiponectin levels
did not increase with higher fibrosis stages. In patients with non-alcoholic fatty liver disease
(NAFLD), the serum adiponectin levels in patients with fibrosis stages 0-2 and 3—4 were
comparable [71]. Another study reported a decrease in serum adiponectin with higher
fibrosis stages in patients with NAFLD [72]. Liver stiffness also negatively correlated with
plasma adiponectin levels in patients with NAFLD and type 2 diabetes [73]. In hepatitis
B virus infection, serum adiponectin levels increased in parallel with fibrosis stages [74].
High serum adiponectin levels in patients with liver cirrhosis were reported in viral, au-
toimmune, alcoholic, and primary biliary cirrhosis, with no differences between disease
aetiologies [74], whereas others reported the highest levels in biliary diseases [39]. In our
PSC/PSC-IBD cohort, only three patients had advanced fibrosis, showing that associations
of serum adiponectin with fibrosis stages in PSC/PSC-IBD patients need to be evaluated in
larger cohorts. Increased adiponectin levels were observed in patients with autoimmune
diseases [75], raising the question of whether higher adiponectin levels in PSC-IBD or PSC
are associated with autoimmunity rather than liver disease severity.

The current analysis has revealed that a serum adiponectin level of 2.9 ug/mL can
identify PSC with high sensitivity, but very poor specificity. Moreover, serum adiponectin
levels show a high interindividual variations. However, after adjusting for changes in BMI,
individual blood adiponectin concentrations remained relatively stable over the course of
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one year [76]. The patients are scheduled for follow-up investigations at three-to-six-month
intervals, at which point serum adiponectin levels are to be monitored. An increase of
about 1.5-fold (i.e., the difference between the median serum adiponectin levels in patients
with IBD and PSC) could indicate the onset of PSC and prompt specific diagnostic testing.
It is necessary to consider confounding factors such as BMI and corticosteroid therapy,
which may change over time.

Patients with PSC or PSC-IBD were all treated with ursodeoxycholic acid, a hy-
drophilic bile acid, that reduces the absorption of lipophilic bile acids, thereby exerting
anti-inflammatory and cytoprotective effects [77]. In patients with intrahepatic cholestasis
of pregnancy, therapy with ursodeoxycholic acid did not alter serum adiponectin levels [78].
Interestingly, the serum adiponectin levels of patients with and without cholestasis were
comparable [78]. This study suggests that ursodeoxycholic acid treatment does not affect
systemic adiponectin levels [78].

Similarly, commonly used drugs for the treatment of IBD did not affect serum, urinary
or fecal adiponectin levels. However, patients given corticosteroids had higher serum
adiponectin levels than those not receiving this treatment. Previous studies of control
cohorts and patients with type 2 diabetes have shown that glucocorticoids increase blood
adiponectin levels [79]. It should be noted, however, that other studies have reported a
decrease in adiponectin levels in controls and patients given corticosteroids. In accordance
with our observation in adult patients with IBD, an increase in serum adiponectin has pre-
viously been described in pediatric patients with IBD [80]. Treatment with corticosteroids
has also been linked to elevated adiponectin levels in male patients with CD [81]. However,
Theocharidou et al. found no difference in serum adiponectin levels in patients treated with
corticosteroids [82]. The reasons for these conflicting findings may lie in the dosage or type
of corticosteroids [79]. Consistent with our analysis, anti-TNF therapy and azathioprine
did not alter the serum adiponectin levels of IBD patients [82].

Recent studies have indicated that serum calprotectin levels, which are an indicator of
systemic inflammation, increase in patients with active IBD [27]. Serum calprotectin levels
were higher in our patients with active IBD than in those with the inactive disease or in
healthy controls, whose levels were similar. There was no difference in serum calprotectin
levels between IBD patients with inactive disease and controls [83]. The comparatively
small number of patients with an active disease in our cohort (20 of 74 patients) meant
that significant differences between the entire patient cohort and the controls could not
be identified. It should be noted that the difference in fecal calprotectin levels between
the control subjects and patients with inactive IBD is comparatively small and may not be
significant in smaller cohorts that include a high proportion of patients with the inactive
disease [83].

Interestingly, patients with PSC-IBD had the highest serum calprotectin levels, al-
though fecal calprotectin and CRP levels were similar in patients with IBD and PSC-IBD. A
previous study has shown that the serum calprotectin levels of patients with PSC (73% had
PSC-IBD) and patients with bile duct stones are comparable [84]. Serum calprotectin is also
increased in patients with liver cirrhosis [29]. Therefore, the potential of serum calprotectin
levels as a marker of PSC-IBD should be further evaluated.

This study has several limitations. In our cohort, the autoantibody profiles of patients
with IBD and/or PSC were not recorded. This meant that the diagnostic performance
of adiponectin in relation to autoantibody levels could not be compared. Urine, serum,
and feces samples were not collected at a single time point, with up to 24 h between the
preservation of serum/urine and feces samples. Despite the IBD population being large
overall, the number of PSC patients was very limited, so meaningful comparisons of PSC
patients only are not possible. PSC is a rare disease [6] and previous studies attempting to
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identify markers for PSC have included 7, 20, 30 or 66 patients [37,85-87]. The apparent low
number of cases is due to limitations of the single center and the prevalence of the disease. It
should be noted that previous studies have not always distinguished between patients with
PSC and PSC-IBD [39,86]. Moreover, only three IBD patients had severe symptoms, and the
high urinary adiponectin levels in these patients is a preliminary finding. Urine samples
were collected from spontaneous urine, and blood samples were not collected under fasting
conditions. Serum adiponectin is associated with adiposity, metabolic diseases such as
type 2 diabetes, and renal function [8,10,55], and these may be confounders. Moreover, this
was a single-center study, and patients were from the hospital catchment area, which is
mostly the eastern part of Bavaria. Laboratory measures and the BMI of the controls were
not documented, but none of our controls were obese. Adiponectin levels in the feces of
controls were not analyzed.

5. Conclusions

In conclusion, our exploratory study shows elevated serum adiponectin in patients
with PSC-IBD. Therefore, monitoring adiponectin levels continuously can be a valuable
way of screening for PSC-IBD in patients with IBD. Furthermore, our analysis highlights a
significant increase in urinary adiponectin levels among patients with severe IBD and CD
patients with extra-ileocecal disease localization, suggesting potential pathophysiological
relevance. A large, multi-center study with diverse patient populations is necessary to
validate the role of adiponectin as a diagnostic biomarker for PSC.
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Abbreviations

The following abbreviations are used in this manuscript:

ALT Alanine aminotransferase

AP Alkaline phosphatase

AST Aspartate aminotransferase

BMI Body mass index

CD Crohn’s disease

CRP C-reactive protein

DSS Dextran sulphate sodium
Gamma GT Gamma glutamyltransferase
GFR Glomerular filtration rate

GSRS Gastrointestinal Symptom Rating Scale
IBD Inflammatory bowel disease
MELD Model for end stage liver disease
NAFLD Non-alcoholic fatty liver disease
PSC Primary sclerosing cholangitis
TNBS Trinitrobenzene sulphonic acid
ucC Ulcerative colitis
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