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ARTICLE INFO ABSTRACT

Keywords: Mammalian carboxylesterase 1 enzymes can hydrolyze many xenobiotic chemicals and endogenous lipids. We
Cesl enzymes here identified and characterized a mouse strain (FVB/NKI) in which three of the eight Ces1 genes were spon-
Irinote_can‘ taneously deleted, removing CesIc and Cesle partly, and Ces1d entirely. We studied the impact of this CesIc/d/e
gizzfs;abme deficiency on drug and lipid metabolism and homeostasis. CesIc/d/e”" mice showed strongly impaired con-
Acute phase response version of the anticancer prodrug irinotecan to its active metabolite SN-38 in plasma, spleen and lung. Plasma
Inflammation hydrolysis of the oral anticancer prodrug capecitabine to 5-DFCR was also profoundly reduced in Ceslc/d/e”"

mice. Our findings resolved previously unexplained FVB/NKI pharmacokinetic anomalies. On a medium-fat diet,
Ceslc/d/e”” female mice exhibited moderately higher body weight, mild inflammation in gonadal white adipose
tissue (§WAT), and increased lipid load in brown adipose tissue (BAT). Cesl c/d/e”’” males showed more pro-
nounced inflammation in gWAT and an increased lipid load in BAT. On a 5-week high-fat diet exposure, Ces1c/d/
e deficiency predisposed to developing obesity, enlarged and fatty liver, glucose intolerance and insulin resis-
tance, with severe inflammation in gWAT and increased lipid load in BAT. Hepatic proteomics analysis revealed
that the acute phase response, involved in the dynamic cycle of immunometabolism, was activated in these
Ceslc/d/e”” mice. This may contribute to the obesity-related chronic inflammation and adverse metabolic dis-
ease in this strain. While CesIc/d/e deficiency clearly exacerbated metabolic syndrome development, long-term
(18-week) high-fat diet exposure overwhelmed many, albeit not all, observed phenotypic differences.

The mouse carboxylesterase 1 (Ces1) gene locus harbors eight indi-
vidual Ces1 genes (Cesla to Ces1h). These genes show quite broad tissue

1. Introduction

Mammalian carboxylesterase 1 (Cesl/CES1) enzymes are serine
hydrolases which can hydrolyze carboxylic acid ester, amide, and
thioester bonds in many substrates. Cesl/CES1 enzymes detoxify
various drugs, nerve agents, and environmental pollutants, and activate
some prodrugs [1]. Endogenous lipids such as triglycerides, cholesteryl
and retinyl esters can also be hydrolyzed by Ces1/CES]1, thus influencing
lipid homeostasis [2].

distributions and distinct functions [3]. For example, mouse CesIc is
highly expressed in liver and predominantly secreted into plasma due to
lack of an endoplasmic reticulum (ER) retention sequence. This presents
an important species difference between mouse and human as the
essentially single human CES1 protein contains an ER retention signal
and is retained in liver. The mouse plasma Ceslc enzyme impacts hy-
drolysis of the anti-cancer prodrug irinotecan to its active metabolite
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SN-38 [4,5]. In earlier studies, we demonstrated that mouse Ceslc in-
creases cabazitaxel and everolimus plasma exposure, likely by tightly
binding and stabilizing these drugs in blood [6,7]. Cesld has been
shown in vitro to stimulate fatty acid efflux from adipocytes [8], and
global knockout of Cesld in mice has been reported to reduce blood
lipids and improve glucose tolerance compared with wild-type (WT)
controls [9]. Adding to its functional complexity, Cesld appears to have
distinct functional effects in different tissues: liver-specific Cesld
knockout mice showed decreased blood lipids without fatty liver [10];
but adipose-tissue-specific deficiency of Cesld led to obesity-related
metabolic disorders (liver steatosis, type 2 diabetes) [11]. The less
well-studied Cesle is a potent retinyl ester hydrolase which is highly
expressed in liver and plays a role in retinoid metabolism in vitro [12].

Obesity-related metabolic diseases (nonalcoholic fatty liver disease,
type 2 diabetes mellitus, cardiovascular disease, etc.) are increasingly
becoming a global health issue [13,14]. Chronic inflammation in
metabolic tissues is a well-recognized and widely accepted feature of
obesity, which plays crucial roles in the genesis of obesity-related
metabolic disease [15,16]. In the initial stage, various triggers (ER
stress, mitochondrial dysfunction, hypoxia, and lipotoxicity) can acti-
vate proinflammatory pathways in lipid-metabolizing organs. Both
innate and adaptive immune cells are attracted by sensing chemokines
secreted from these inflamed tissues, and further exacerbate metabolic
inflammation [17]. As part of the innate immune system, the acute
phase response (APR) is an early-defense system which is triggered by
different stimuli (infection, trauma, stress and inflammation). The liver
then produces many acute phase proteins (serum amyloid A (SAA),
hemopexin and complement factors) aiming to reestablish physiological
homeostasis [18]. However, if this homeostasis is not achieved, a
continued APR can also induce chronic and/or more severe inflamma-
tion. This can play key roles in the development of several diseases. For
example, SAA promotes Th17-mediated inflammatory diseases [19],
stimulates pulmonary allergen-driven type 2 immunity [20], and helps
to establish a pro-metastatic niche in the liver [21]. Evidence supporting
the important role of the APR in the genesis of metabolic disorders has
also emerged [22,23]. Hepatic overexpression of mouse Saal further
directly aggravates hepatitis development in a mouse model [24].

In this study we identified a natural genomic deletion covering part
of CesIc, the whole of Ces1d, and part of CesIe in an FVB(NKI) substrain
previously considered wild-type. To understand the impact of this mu-
tation on pharmacological and physiological processes in vivo, phar-
macokinetic studies of two anticancer prodrugs (irinotecan and
capecitabine) were performed. We also investigated lipid metabolism
and several metabolic-syndrome related phenotypes in Cesc/d/e”” mice
under medium- and high-fat diet conditions, respectively.

2. Material and methods
2.1. Animals

The mice were fed with a medium-fat diet with 24% kcal from fat
(801228, Special Diets Services, Essex, UK) or with a high-fat diet with
60% kcal from fat (820349, Special Diets Services, Essex, UK). They
were housed in 12-hour light/12-hour dark cycle under controlled
temperature. Wild type (FVB/NRj) and Ceslc/d/e”’” (FVB/NKI) mice
with comparable genetic strain background (FVB) were used in this
study (3-24 weeks).

2.2. Historical reconstruction of the Ces1c/d/e deletion in FVB/NKI mice

Insights from the current study have allowed us to reconstruct what
must have occurred in our animal facility, although we lack the histor-
ical mouse samples to prove all elements of this reconstruction. The
original FVB/N (subsequently called FVB/NKI) strain obtained some 30
years ago must have been Ceslc/d/e proficient. Over the years, two
separate breeding stocks of this strain were maintained, one, the central
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breeding stock, primarily by brother-sister crossings, the other by
random breeding. At some time, perhaps 10 or 15 years ago, the spon-
taneous Ceslc/d/e deletion must have occurred in the central breeding
stock. It was then coincidentally fixed to homozygosity by the systematic
brother-sister crossings. The other random breeding population
remained Ces1c/d/e proficient. This proficient FVB/NKI population was
used to cross back most of the various knockout and transgenic strains
for other detoxifying genes we generated over the years, and thus nearly
all of these strains are homozygously Ces1c/d/e proficient. The random-
bred wild-type population, however, was at several points later in time
replenished from the inbred central breeding stock, and thus developed
into a genetically heterogeneous population with mostly homozygous,
and some heterozygous Ceslc/d/e deletion mice. The homozygous
deletion WT mice are everolimus “low”, and the heterozygous deletion
WT mice are everolimus “high” mice.

2.3. Plasma and tissue pharmacokinetic experiments

Irinotecan hydrochloride trihydrate (20 mg/ml, obtained from Fre-
senius Kabi, Cheshire, United Kingdom) was diluted with 0.9% w/v of
NaCl/water to 5 mg/ml. For oral and i.v. experiments, 4 pl of prepared
irinotecan solution per gram of body weight was administered to male
mice (n = 4-5). Blood samples were collected from the tail vein at
different time points (oral experiment: 7.5 min, 15 min, 30 min, 60 min,
120 min, 240 min; i.v. experiment: 7.5 min, 15 min, 30 min, 60 min,
120 min respectively), using heparinized capillary tubes (Sarstedt,
Germany). At 8 h (oral) or 4 h (i.v.), blood was collected by cardiac
puncture under isoflurane anesthesia, followed by cervical dislocation.
Tissues were harvested and rapidly frozen at —30C. Blood samples were
centrifuged at 2700 g for 6 min at 4 °C, and the plasma fraction was
collected and stored at —30 °C until analysis. Tissues were homogenized
in 4% (w/v) BSA in water for analysis. Samples were deproteinized by
adding a mixture of the organic solvents acetonitrile and methanol (1:1,
v/v), using a 4-fold (v/v) solvent excess, followed by vigorous mixing,
centrifugation, and collection of supernatants. HPLC-fluorescence was
applied to measure irinotecan and SN-38 concentrations in the mouse
samples as described previously [25].

The concentration of capecitabine (Carbosynth, Berkshire, UK)
working solution was 50 mg/ml, with 3% (v/v) DMSO, 4% Tween 80/
ethanol (1:1; v/v) and 40 mM NaAc (pH 4.2). This drug solution was
orally gavaged to female mice (n = 4-5) at a volume of 10 pl/g body
weight to obtain a dose of 500 mg/kg. The further experimental pro-
cedure was as described above for the irinotecan oral experiment.
Samples were deproteinized by adding a mixture of the organic solvents
acetonitrile and methanol (1:1, v/v), using a 3-fold (v/v) solvent excess,
followed by vigorous mixing, centrifugation, and collection of super-
natants. HPLC-MS/MS was used to analyze levels of capecitabine and its
4 metabolites (5-DFCR, 5-DFUR, 5-FU and FBAL), as described previ-
ously [26].

2.4. Irinotecan/SN-38 toxicity experiment

30 mg/kg irinotecan hydrochloride trihydrate was daily adminis-
tered to male mice by i.v. injection (n = 4-8) for 6 days. Mouse body
weight change and general appearance were monitored daily. For he-
matologic analysis, blood samples were harvested from the tail vein at
day 0 and day 7 (one day before the first irinotecan injection, and 24 h
after the last administration), then analyzed by Beckman Colter
analyzer. At day 7, mouse thymus, jejunum and sternum were collected
for histological assessment.

2.5. Analysis of triglyceride secretion in vivo
Mice were fasted for 16 h, followed by intraperitoneal injection of

the lipase inhibitor Poloxamer-407 (Sigma-Aldrich, Steinheim, Ger-
many) in 0.9% NaCl at 1 g/kg body weight to block metabolism of
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released triglycerides. Aliquots of tail vein blood were collected at
different times, plasma was prepared and triglyceride levels were
determined by LabAssay Triglyceride Kit (Wako Chemicals, Osaka,
Japan).

2.6. Measurement of plasma and hepatic parameters

Plasma triglyceride, alkaline phosphatase and alanine aminotrans-
ferase concentrations were measured by Roche Cobas analyzer. Plasma
glycerol and free fatty acid levels were determined by appropriate kits
(Products No. 2913 and 3055, Instruchemie, Delfzijl, The Netherlands).
To measure hepatic triglyceride level, we first isolated hepatic lipid by
Lipid Extraction Kit (PK-CA577-K216, PromoCell, Heidelberg, Ger-
many), and then the hepatic triglyceride concentration was determined
by LabAssay Triglyceride Kit (Wako Chemicals, Osaka, Japan).

2.7. Glucose and insulin tolerance tests

Glucose tolerance test was performed by oral administration of
glucose monohydrate (Merck, Darmstadt, Germany) (1 g/kg body
weight) to mice after a 16-h fast. Blood glucose level was assessed before
(t = 0 min) and after oral glucose administration at different time points
(15, 30, 60, 90, and 120 min) by ACCU-CHEK Performa glucose meter
(Roche Diagnostics, Mannheim, Germany). For the insulin tolerance
test, insulin (Sigma-Aldrich, Steinheim, Germany) (0.5 U/kg body
weight) was intraperitoneally injected to mice after a 6-h fast, then
blood glucose was measured as described for the glucose tolerance test.

2.8. Quantitative Real-time PCR and histologic analysis

We first extracted total RNA from mouse liver and small intestine
using RNeasy Mini Kit (QIAGEN GmbH, Hilden, Germany). RNA from
mouse white adipose tissue was isolated by RNeasy Lipid Tissue Mini Kit
(QIAGEN GmbH, Hilden, Germany). This was followed by cDNA syn-
thesis with Maxima First Strand cDNA Synthesis Kit (Thermo Scientific,
Vilnius, Lithuania). Specific primers for mouse Ces1, Ces2, Ces3 genes
and inflammatory genes were purchased (QIAGEN GmbH, Hilden,
Germany), and RT-PCR was performed as described previously [27].
Hematoxylin and eosin (H&E) and lipid staining (Oil Red O) were
applied for tissue pathologic analysis as previously described [28].

2.9. Mouse liver proteomics

Mouse liver tissue specimens (n = 6) were homogenized and lysed by
the T-PER Tissue Protein Extraction Reagent with Pierce™ Protease and
Phosphatase Inhibitor Mini Tablets (Thermo Scientific, Waltham, MA,
USA). Lysate aliquots comprising 40 ug protein were taken for reduction
with 20 mM DTT (20 min, at 55 °C) and alkylation with 40 mM
iodoacetamide (30 min, at RT in the dark), after which proteins were
digested overnight with trypsin (Sigma-Aldrich; enzyme/substrate ratio
1:10) on S-Trap Micro spin columns according to the manufacturer’s
instructions (ProtiFi, NY, USA). Peptides were eluted, vacuum dried and
stored at —80 °C until LC-MS/MS analysis. LC-MS/MS was performed by
nanoLC-MS/MS on an Orbitrap Exploris 480 mass spectrometer
(Thermo Scientific, Waltham, MA, USA) connected to a Proxeon
nLC1200 system. Peptides were directly loaded onto the analytical
column (ReproSil-Pur 120 C18-AQ, 1.9 um, 75 um x 500 mm, packed in-
house) and eluted in a 90-minutes gradient containing a non-linear in-
crease from 6% to 30% solvent B (solvent A was 0.1% formic acid/water
and solvent B was 0.1% formic acid/80% acetonitrile). The Exploris 480
was run in data-independent acquisition (DIA) mode, with full MS res-
olution set to 120,000 at m/z 200, MS1 mass range was set from 350 to
1400, normalized AGC target was 300% and maximum injection time
was 45 ms. DIA was performed on precursors from 400 to 1000 in 48
windows of 13.5 Da with an overlap of 1 Da. Resolution was set to
30,000 and normalized collision energy was 27.
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RAW files were analyzed with DIA-NN (version 1.8) [29] using
standard settings. Fragment spectra were searched against the Swissprot
human database (version 2022_02; 20,375 entries) by selecting ‘FASTA
digest for library-free search’; Trypsin/P was specified as protease
specificity allowing a maximum of 1 miscleavage; N-terminal excision
(M) and carbamidomethylation (C) were selected as fixed modifications
and match between runs was applied. Protein group abundances were
extracted from the DIA-NN result files, imported into Perseus (1.6.15.0)
[30] and Log2-transformed. Values were filtered for presence in at least
4 out of 6 samples of either the Ceslc/d/e mutant or wild-type
(FVB/NRj) mouse group. Missing values were replaced by an
imputation-based normal distribution using a width of 0.3 and a
downshift of 2.4. Differentially expressed proteins were determined
using a multiple testing-corrected t-test with sO value 0.2 and FDR 0.05
as cutoff values.

2.10. Statistics

Two-tailed unpaired Student’s t test was used to assess the signifi-
cance of differences between 2 sets of data. Data are presented as mean
=+ SD, differences were considered to be statistically significant when P
was less than 0.05.

2.11. Study approval

The Animal Experiments Review Board of the Netherlands Cancer
Institute (complying with Dutch Legislation) approved all mouse experi-
ments (Project numbers: AVD301002016595; AVD3010020174487).

3. Results

3.1. Characterization of a natural deletion covering Ceslc/d/e in FVB/
NKI mice

In a separate mouse Cesl cluster (Cesla to Ceslh) knockout project
[31], we checked whether all eight mouse CesI genes were successfully
deleted in the knockout strain. FVB/NKI genomic DNA was used as
wild-type (WT) positive control in this PCR genotyping. Unexpectedly,
we found that the mouse Ces1d gene was negative in FVB/NKI mice,
whereas a PCR product of Ces1d was present in another commonly used
WT FVB substrain, FVB/NRj (Fig. 1A, primers shown in Supplemental
Table 1). These results suggested that the mouse Ces1d gene was possibly
lost in the FVB/NKI substrain by natural mutation. Natural DNA muta-
tion (genetic drift) is commonly observed in wild conditions [32], but
especially also in inbred laboratory mouse lines [33,34]. To precisely
delineate the lost DNA region, we performed DNA sequencing across the
mutant allele, and identified the exact location and size of the deletion.
This revealed that an approximately 87-kb DNA fragment was homo-
zygously lost in this substrain, containing the entire Ces1d gene, part of
Ces1c (exons 6-1, encoding 265 amino acids) and part of Cesle (exons
14-12, encoding 125 amino acids) (Fig. 1B). As in these Ces1 genes, one
catalytic active-site residue, serine, is encoded in exon 5, and another,
histidine, in exon 12 [35], it is reasonable to assume that this FVB/NKI
substrain completely lacks the enzymatic activities of CesIc, Ces1d and
Cesle. We therefore hereafter identify this FVB/NKI substrain as
Ceslc/d/e”” mice, with global knockout of the three affected CesI genes.
Real-time PCR analysis of RNA expression of the mouse CesI gene family
in this substrain in liver revealed markedly downregulated expression of
the Ceslb, Ceslc, Cesld and Cesle genes. Because Ceslb RNA is
extremely similar to CesIc RNA, it is likely that the RT-PCR primers
cross-recognize these two genes. It is therefore possible that the reduced
Ces1b signal to a large extent reflects the reduced level of (truncated)
Ces1c RNA. Meanwhile, CesIf and Ces1g were moderately upregulated in
the liver of Ceslc/d/e”” mice compared with WT (FVB/NRj) controls
(Supplemental Table 2). The expression levels of the functionally and
structurally related Ces2 (Ces2a to Ces2h, except for the pseudogene
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Biomedicine & Pharmacotherapy 164 (2023) 114956

Ceste Cesif Cesl1g Cest1h

A Ces1a Ces1b Cesi1c
Ay AN N
@\& %\\gl- \\gl-
Mo WT Y WT 3
600 bp-
300 bp-

B ATCCCACAGAATCACAAAAAGATG

Ces1c: 554 AA

265 AA lost

ATCCCACAGAAT....cu... CACAAAAAGATG
L ~8T Kb .

Ces1d: 565 AA Ceste: 562 AA

Exon 6-1 Exon 14-1

565 AA lost

Exon 14-12
125 AA lost

Fig. 1. Characterization of CesIc/d/e natural mutation in FVB/NKI mice. (A) Genomic PCR analysis of all 8 CesI genes in wild type (WT: FVB/NRj) and FVB/NKI
mice. (B) DNA sequence across the junction in the mutant allele (between middle T and C), and the profile of the deleted region (red box) in FVB/NKI mice. AA:

amino acid.

Ces2d), and Ces3 (Ces3a and Ces3b) gene families were also checked:
Ces2b, Ces2c and Ces3b were slightly upregulated (Supplemental
Table 2). The expression profiles of CesI, Ces2 and Ces3 genes were also
assessed in small intestine, where roughly similar changes were detected
(Supplemental Table 2). Ceslc/d/e”" mice showed a normal life span
and no obvious anatomic abnormalities. Physiological studies of this
strain mainly focusing on lipid metabolism will be discussed below.
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3.2. Mutation of CesIc/d/e decreases the conversion of irinotecan to SN-
38

The anticancer prodrug irinotecan can be hydrolyzed by esterases to
its active metabolite, SN-38 [36] (Fig. S1), and is commonly used to treat
small cell lung cancer and metastatic colorectal cancer [27]. In a single
Ceslc mutant mouse model obtained after alkylating agent-mediated
mutagenesis, Potter et al. demonstrated that mouse plasma esterase
Ceslc (which is abundant in mouse plasma) is responsible for the
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Fig. 2. CesIc/d/e”’” mice show impaired conversion of irinotecan to SN-38 in plasma. Pharmacokinetics of irinotecan and SN-38 after oral or i.v. administration of
irinotecan (20 mg/kg) to male WT and Ces1 ¢/d/e”" mice. Plasma concentration versus time curves and AUCs of irinotecan and SN-38 after oral (A-B) or i.v. (C-D)
administration. Data are presented as mean =+ SD (n = 4-5; *P < 0.05; ***P < 0.001; ****P < 0.0001 when compared with WT mice; the statistical calculation was

performed after log-transformation of data; two-tailed unpaired Student’s t test).
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hydrolysis of irinotecan to SN-38 in plasma [4,5]. In contrast, in humans
carboxylesterase 1 (CES1) is efficiently retained in cells by an endo-
plasmic reticulum (ER) retention signal, the C-terminal tetrapeptide
HXEL [37], which is absent from Ceslc. This species difference makes
that WT mice are not an ideal model for pharmacokinetic studies of
drugs hydrolyzed by Ces/CES enzymes.

To investigate the pharmacokinetic profile of irinotecan and SN-38
in CesIc/d/e”” mice, irinotecan (20 mg/kg) was administered orally or
i.v. to male WT (FVB/NRj) and mutant mice. HPLC-fluorescence was
applied to measure concentrations of irinotecan and SN-38 [25]. The
plasma AUGs of irinotecan in CesIc/d/e”” mice were 5.3- and 1.4-fold
higher than those in WT mice (526+296.2 vs < 99.2
+ 99.2 ng*h/ml; P < 0.001 and 8167 + 1303 vs 5754 + 945 ng*h/ml;
P < 0.05) after oral and i.v. administration, respectively (Fig. 2A, C and
Supplemental Table 3). After oral dosing, irinotecan plasma concen-
trations were always below the limit of detection (12.5 ng/ml) in WT
mice (Fig. 2A), suggesting effective hydrolysis of irinotecan. Ces1c/d/e””
mice appeared to have markedly reduced hydrolysis of irinotecan, and
hence increased irinotecan and reduced SN-38 plasma levels. In
Ceslc/d/e” mice, plasma AUCs of SN-38 were at most 44% or even 10%
of those seen in WT controls (132.5 + 43.1 vs 304.1 + 238.7 ng*h/ml;
P < 0.05 and 177.1 + 35.9 vs 1776 + 747 ng*h/ml; P < 0.0001) after
oral and i.v. dosing, respectively (Fig. 2B, D and Supplemental Table 3).
Systemic plasma SN-38 was moderately but significantly lower after oral
dosing in Ceslc/d/e”’” compared to WT mice (Fig. 2B), and a more
pronounced decrease was seen after i.v. dosing (Fig. 2D). This suggests
that both intestine and a non-intestinal compartment participate in iri-
notecan hydrolysis. When the plasma irinotecan and SN-38 concentra-
tions after i.v. dosing were added up, there was no significant difference
between the two strains at any time point (Fig. 2C, D and data not
shown). This suggests that the main cause of the differences in the i.v.
experiment was the hydrolysis of irinotecan to SN-38, likely primarily in
plasma.

Mouse Ceslc/d/e enzymes are also present in several pharmacoki-
netically relevant organs [3]. To better understand the impact of
Ces1c/d/e mutation on the distribution and metabolic fate of irinotecan,
we analyzed WT and CesIc/d/e”” male mice 8 h after oral, and 4 h or
10 min after i.v. administration of irinotecan. Irinotecan and SN-38
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levels in liver, kidney, spleen, lung, small intestine, small intestinal
content and colon were measured. In liver or kidney, we did not observe
significant differences in absolute concentrations of irinotecan and
SN-38, nor for SN-38-to-irinotecan ratios 8 h after oral and 4 h after i.v.
administration between WT and Ceslc/d/e”” mice (Fig. S2A-D). How-
ever, significantly lower SN-38 concentration were seen in liver and
kidney from CesIc/d/e”” mice 10 min after i.v. dosing (Fig. S2E, F). This
suggests a moderate effect of Ceslc/d/e enzymes on the irinotecan and
SN-38 disposition in these two tissues at an early time point. Eight hours
after oral dosing, spleen showed higher irinotecan and a reduced
SN-38-to-irinotecan ratio in CesIc/d/e”" mice, but no difference in lung
(Fig. S3A, B). However, in the two i.v. experiments (4 h and 10 min),
spleen and lung SN-38 concentrations and SN-38-to-irinotecan ratios in
Ceslc/d/e’” mice were markedly reduced (Fig. 3A-D), similar patterns
were seen in lung (Fig. 3B and D). However, because of the pronounced
influence of Ceslc/d/e ablation on the plasma levels of irinotecan and
SN-38 (Fig. S4), discriminating the tissue-specific and plasma-specific
contribution of Ceslc/d/e to the conversion from irinotecan to SN-38
is challenging. We also analyzed levels of irinotecan and SN-38 in the
small intestine, small intestinal content (SIC) and colon after the oral
and i.v. administrations. No significant differences in absolute concen-
trations of irinotecan and SN-38, nor for SN-38-to-irinotecan ratios were
observed between WT and CesIc/d/e”” mice (Fig. S5A-H). Only in the
10 min i.v. experiment, the concentration of SN-38 in colon was
significantly decreased (Fig. S5I). Four hours after i.v. administration,
we detected high concentrations of both irinotecan and SN-38 in the SIC
of WT and CesIc/d/e”” mice (Fig. S5E), demonstrating that these com-
pounds are actively excreted into the intestinal lumen in both mouse
strains.

Dose-limiting toxicities of irinotecan restrict its therapeutic use in
the clinic [38,39]. To assess and compare irinotecan/SN-38-induced
toxicity between Ceslc/d/e’” and WT mice, irinotecan (30 mg/kg) was
administered for 6 days (i.v. once daily). Both mouse strains showed a
roughly similar drop in bodyweight (Fig. S6A). When comparing the
white blood cell (WBC) count between day 0 and day 7, we noticed that
Ceslc/d/e”” mice exhibited a comparable reduction of WBC as WT mice
(Fig. S6B). Histopathological analysis on day 7 revealed that WT and
Ceslc/d/e’" mice both showed marked thymus atrophy (reduction of
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thymus size), and lymphocytes were severely depleted with extensive
thinning of primarily cortex but also medulla compared with WT un-
treated control (Fig. S6C). In contrast, jejunum structure and sternal
bone marrow cell density were relatively similar in these 3 groups
(Fig. S6D, E). These results together indicate that loss of Ceslc, 1d and
le enzymes in mice did not directly affect irinotecan/SN-38 toxicity at
this dose, possibly because other Ces enzymes can take over the role of
SN-38 formation in these tissues.

3.3. Mutation of Ceslc/d/e decreases the metabolite-to-capecitabine
ratios in plasma

Capecitabine, an oral fluoropyrimidine (5-FU) carbamate prodrug, is
prescribed for metastatic breast and colorectal cancer [26]. The carba-
mate bond in capecitabine can be hydrolyzed both by human CES1 and
CES2, yielding the first metabolite, 5-DFCR, with roughly equal effi-
ciency [40], after which other enzymes catalyze formation of further
metabolites, including 5-FU (Fig. S7). We therefore tested whether the
conversion from capecitabine to its 4 metabolites (5-DFCR, 5-DFUR,
5-FU and FBAL) may be different in CesIc/d/e”” mice. Capecitabine
(500 mg/kg) was orally administered to female WT and CesIc/d/e”
mice, and HPLC-MS/MS was applied to quantify the plasma levels of
capecitabine and its metabolites over 8 h [26]. The plasma AUC of
capecitabine in CesIc/d/e”’” was 45-fold higher than in WT controls
(61417 + 18969 vs 1365 + 543 ng*h/ml; P < 0.0001) (Fig. 4A, B and
Supplemental Table 4). Correspondingly, the plasma AUC for the first
metabolite, 5-DFCR, was 29% lower than that in WT mice (154421
+ 25494 vs 217117 + 24764 ng*h/ml; P < 0.01) (Fig. 4C, D and Sup-
plemental Table 4). This demonstrates that loss of CesIc/d/e enzymes in
mice has a substantial impact on the absolute concentrations of cape-
citabine and 5-DFCR in plasma. In contrast, the plasma AUCs for the
other 3 metabolites (5-DFUR, 5-FU and FBAL) were quite similar be-
tween these two strains (Fig. 4E-J). We further calculated the plasma
metabolite-to-capecitabine ratios. The plasma AUC ratio of 5-DFCR-to--
capecitabine of Ceslc/d/e”’” was 98.5% lower than that in WT mice (2.7
+ 0.8 vs 185.4 +91.8; P < 0.0001) (Fig. S8A, B and Supplemental
Table 4). The metabolite-to-capecitabine ratios of the other three me-
tabolites showed similar profiles of differences, although they were
primarily caused by the difference in plasma concentrations of capeci-
tabine (Fig. S8C-H, Supplemental Table 4). Together, these data illus-
trate that mouse Ces1c/d/e enzymes can influence the pharmacokinetics
of capecitabine and related metabolites in plasma.

We also measured capecitabine and metabolite concentrations in
various tissues (liver, kidney, spleen, lung, SI, SIC and colon) at 8 h. At
this relatively late time point, where most compounds had been cleared
from plasma, no significant differences in most tissue concentrations
were detected (Fig. S9). It should be noted that, in spite of the strong
influence of Ceslc/d/e enzymes on plasma levels of capecitabine and 5-
DFCR, the 5-FU concentrations in plasma and tissues were not markedly
changed in the Ceslc/d/e” strains (Fig. 4G, H and Fig. S9). It thus ap-
pears that there are adequate alternative conversion routes from cape-
citabine to DFCR to still generate similar amounts of 5-DFUR and 5-FU in
the body.

3.4. Ceslc/d/e mutation disrupts lipid homeostasis in adipose tissues
under a medium-fat diet

It has been reported that loss of CesId in mice can decrease blood
lipids and upregulate energy expenditure [9]. To further study the
physiological functions of mouse Cesl enzymes, we analyzed WT and
Ceslc/d/e’” mice kept on a medium-fat diet (24% energy from fat). At
12-13 weeks, both strains showed comparable body weights
(Fig. S10A). When body weight development was monitored from 6 to
15 weeks, Ceslc/d/e”” female mice displayed mildly but significantly
higher body weights compared with WT controls (Fig. 5A). This corre-
sponded with significantly elevated weights of mesenteric white adipose
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tissue (mWAT), retroperitoneal white adipose tissue (rWAT), and
perhaps perigonadal white adipose tissue (§WAT), and inguinal white
adipose tissue (iWAT), but not interscapular brown adipose tissue
(iBAT) (Fig. 5C) [41]. Male Ceslc/d/e’” mice showed similar body
weight development and adipose tissue weights as WT controls (Fig. 5B,
D). For both females and males, other organ weights (liver, kidney,
spleen, lung, heart) were comparable (Fig. S10B-C). Histological anal-
ysis (haematoxylin and eosin (H&E) staining) indicated that average
gWAT adipocyte size was markedly increased, with mild immune cell
infiltration in CesIc/d/e”" females. In CesIc/d/e”’” males, even though
the average gWAT adipocyte size was only slightly increased, there was
markedly increased inflammation in gWAT (steatitis) compared to WT
mice (Fig. 5E). Moreover, H&E staining of iBAT revealed somewhat
increased lipid deposition primarily by an increased number of cyto-
plasmic large lipid vacuoles in CesIc/d/e”” compared to WT mice in both
females and males (Fig. 5F).

Both global and liver-specific ablation of Ces1d can reduce plasma
triglyceride levels by attenuating VLDL (very low-density lipoprotein)
secretion from liver to blood [9,10]. However, plasma triglyceride levels
were not markedly changed in Ceslc/d/e”” mice compared to WT con-
trols (Fig. S11A), nor was the dynamic process of triglyceride secretion
from liver to blood (Fig. S11B-C). Also the liver morphology as assessed
by H&E staining, and neutral lipid staining level with Oil Red O were
very similar between WT and CesIc/d/ ¢”’" mice (Fig. S11D and E). Taken
together these data indicate that, under a medium-fat diet, mouse
Ces1c/d/e deficiency affects the regulation of lipid homeostasis in adi-
pose tissues, but does not have a detectable impact on triglyceride ho-
meostasis in blood and liver.

3.5. Ceslc/d/e mutation predisposes mice to developing obesity with
severely disrupted lipid homeostasis under a high-fat diet

Deficiencies in lipid homeostasis often become only apparent upon
challenging with a high-fat diet. To explore whether CesIc/d/e”” mice
will develop obesity-related metabolic disease, we fed mice a high-fat
diet (HFD - 60% energy from fat) between 6 and 24 weeks of age, so
for 18 weeks. CesIc/d/e”” female mice exhibited markedly higher body
weights than the WT controls between 7 and 14 weeks, however, body
weight curves then tended to merge between 15 and 24 weeks of age
(Fig. S12A). We dissected the 24-week old mice and weighed different
adipose tissues and organs. The weight of gWAT from Ceslc/d/e”"
compared to WT female mice was markedly decreased, and this was
accompanied by severely increased inflammation, as evident from the
marked infiltration of lymphocytes (Fig. S12B-C). However, iBAT from
Ceslc/d/e”’” female mice was heavier than that of WT mice, and showed
a clearly higher lipid load (Fig. S12B-C). Liver weights between both
strains were similar but a pronounced fatty liver aspect was observed in
mutant compared to WT female mice (Fig. S12B-C).

A parallel experiment was performed in males on a high-fat diet.
From 6-12 weeks also CesIc/d/e”” male mice developed a higher body
weight than WT mice. However, the body weight curves then merged
over the next 3 weeks, and then the body weight trend even reversed, as
shown by a lower body weight of mutant male mice compared to WT
controls from 16 to 24 weeks (Fig. S13A). The weights of gWAT, mWAT
and rWAT in 24-week old mutant compared to WT mice were markedly
reduced, whereas iWAT weight was unchanged (Fig. S13B). In spite of
these differences, both male strains showed similarly severe inflamma-
tion in gWAT, quite high lipid load in BAT and severe fatty liver
(Fig. S13C). These results from the 18-week HFD study suggest that in
females mutation of CesIc/d/e can heavily disrupt lipid homeostasis in
adipose tissues and liver compared with WT. However, they also show
that treating FVB/NRj background male mice for 18 weeks with an HFD
may perhaps overwhelm initial phenotypic differences caused by Ces1c/
d/e deficiency.

As the initial body weight differences developed between 7 and 12
weeks of age, we designed a HFD experiment starting at 6, and
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Fig. 4. Plasma concentrations and AUCs of cape-
citabine and related metabolites between WT and
Ceslc/d/e”’” mice. Pharmacokinetics of capecita-
bine and its 4 metabolites (5-DFCR, 5-DFUR, 5-FU
and FBAL) after oral administration of capecita-
bine (500 mg/kg) to female WT and Ceslc/d/e””
mice. (A-B) Plasma capecitabine concentration
versus time curves and AUCs. (C-D) Plasma 5-
DFCR concentration versus time curves and
AUGs. (E-F) Plasma 5-DFUR concentration versus
time curves and AUCs. (G-H) Plasma 5-FU con-
centration versus time curves and AUCs. (I-J)
Plasma FBAL concentration versus time curves and
AUCs. Data are presented as mean + SD (n = 4-5;
**P < 0.01; ****P < 0.0001 when compared with
WT mice; the statistical calculation was performed
after data were log-transformed; two-tailed un-
paired Student’s t test).
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(n = 9-16). (C-D) Weight of different adipose tissue depots (n = 11-12, 12-13 weeks). (E-F) Haematoxylin and eosin staining of perigonadal white adipose tissue

(gWAT) and brown adipose tissue (BAT, n = 11-12, 12-13 weeks). Scale bars: 200
with WT mice; two-tailed unpaired Student’s t test).

terminating at 11 weeks of age, aiming to study the influence of CesIc/
d/e deficiency on lipid and glucose homeostasis in the phase where
phenotypic differences emerged. At the end of this 5-week HFD expo-
sure, Ceslc/d/e”” female mice displayed higher body weights accom-
panied by heavier iWAT, mWAT and iBAT but reduced rWAT and
unchanged gWAT (Fig. 6A, C). We also observed that the body weight of
Ceslc/d/e”” males increased faster than WT from 6 weeks of age, but at
11 weeks the statistical difference appeared to narrow down (Fig. 6B).
These weight development profiles were very similar to what we pre-
viously observed in the 24-week HFD experiment (Fig. S13A). Like in
females, iWAT, mWAT, and iBAT weights were increased, whereas
rWAT, but in this case also gWAT, weights were decreased relative to
WT controls (Fig. 6D). As shown in Fig. 6E, even upon general autopsy it
was evident that gWAT of CesIc/d/e”” vs WT male mice was noticeably
reduced. Apparent inflammation in gWAT was more severe in both fe-
male and male mutant than in WT mice (Fig. 6F), and this was further
supported by upregulated expression of inflammatory markers such as
TNF-alpha and F4/80 (Fig. 6G, H). Additionally, in male gWAT IL-6, IL-
1b, and MCP1 were markedly upregulated, suggesting more advanced
inflammation and possibly correlated with the reduced gWAT mass
(Fig. 6D, G, H). The apparent lipid load in iBAT was also much higher in
female and male Cesc/d/e”” mice, consistent with the increase in iBAT
weight (Fig. 6C, D, and F).

Previous in vitro and in vivo work by another group has demon-
strated that mouse Cesld can stimulate glycerol and fatty acid release
from adipocytes, thus impacting triglyceride mobilization [8].

um. Data are presented as mean =+ SD (*P < 0.05; **P < 0.01 when compared

Moreover, lower plasma glycerol and fatty acid levels were reported in
Ces1d KO mice [9], suggesting that triglyceride mobilization in WAT is
hampered when Cesld is lacking. We also tested plasma levels of glyc-
erol and fatty acid and found that in Ceslc/d/e”" male mice these two
parameters were clearly reduced compared with WT controls. However,
in female mice we found no significant alteration in these parameters
(Fig. 61, J). It should be noted, however, that female mutant mice had
overall markedly increased WAT mass (5.54 vs 4.36 g), whereas mutant
male mice had roughly similar WAT mass compared to WT controls
(4.67 vs 4.84 g, Fig. S14A). Normalized for the WAT mass, plasma
glycerol and free fatty acid levels were therefore significantly decreased
in the mutant strain in both sexes (except for the female plasma FFA to
WAT mass ratio, P = 0.052, Fig. S14B-C).

3.6. Ceslc/d/e mutation leads to fatty liver and type 2 diabetes in mice
on a high-fat diet

Nonalcoholic fatty liver disease (NAFLD) is closely associated with
obesity [42,43]. In the 5-week HFD experiment, we noticed markedly
heavier livers with pale appearance in Ces1c/d/e”” mice when compared
with WT (Fig. 7A, D). H&E and lipid staining (by Oil Red O) confirmed
there was more lipid accumulation, and also in comparatively larger
(but perhaps fewer) aggregates, in CesIc/d/e”" liver, especially in males
(Fig. 7B, C). The total hepatic triglyceride mass was also higher than in
WT, albeit with considerable variation (Fig. 7G). Plasma levels of two
liver injury markers, alkaline phosphatase and alanine aminotransferase
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Fig. 6. Ceslc/d/e’” mice develop obesity with severely disrupted lipid homeostasis after short-term treatment with a high-fat diet. Before 6 weeks, mice were treated
with medium-fat diet. (A-B) Body weight development from 3 to 11 weeks of age (n = 13-16). (C-D) Weight of different adipose tissue depots (n = 13-16, 11 weeks).
(E) Representative photos of perigonadal white adipose tissue (§WAT) of 11 week old mice (n = 7-15). (F) Haematoxylin and eosin staining of gWAT and brown
adipose tissue (BAT, n = 13-16, 11 weeks). Scale bars: 200 um. (G-H) Inflammatory gene expression checked by RT-qPCR in gWAT (n = 6, 11 weeks). (I-J) Glycerol
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(ALAT), were also increased (except for alkaline phosphatase in females)
(Fig. 7E and F). The liver is an important organ in regulating systemic
lipid and glucose metabolism and can contribute to insulin resistance
and type 2 diabetes development [44,45]. We therefore treated a
different set of WT and CesIc/d/e”” mice with HFD from 6 weeks of age.
These mice showed a similar profile of body weight development as we
observed before (compare Fig. 6A, B; Fig. S12A, S13A; Fig. 7H, K). At 11
weeks of age, an oral glucose tolerance test was performed. Ceslc/d/e””
mice could not efficiently reduce blood glucose after oral gavage, as
evident from markedly higher blood glucose levels at all 6 time points in
female and male mutant mice (Fig. 71, L). Two weeks later, an insulin
tolerance test was applied to the same mice. CesIc/d/e”” mice displayed
strong insulin resistance compared with WT controls for both females
and males (Fig. 7J, M and Fig. S15). Collectively, these are key hallmarks
of type 2 diabetes [46,47]. These data demonstrate that, under high-fat
diet conditions, mutation of mouse CesIc/d/e can lead to early devel-
opment of obesity-related metabolic disease, including fatty liver and
type 2 diabetes.

To obtain a more general overview of molecular changes in the diet-
challenged liver by the CesIc/d/e mutation, we performed a hepatic
proteomics analysis for mutant and WT mice at 11 weeks of age, after
receiving a high-fat diet from week 6. In females, around 6000 proteins
were detected of which ~150 displayed significantly different abun-
dance between the strains (Fig. 8A). In male livers we also detected
around 6000 proteins, of which ~250 showed statistically meaningful
differences between the strains (Fig. 8B). We applied ingenuity pathway
analysis (IPA: QIAGEN software) to explore which pathways were
affected by CesIc/d/e deficiency.

There was no obvious up- or downregulation of triglyceride
biosynthetic enzymes, and this was supported by RT-PCR analysis (data
not shown). Most of the top canonical pathways influenced were related
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to (xenobiotic) metabolism. Ceslc/d/e”" female mice showed reduced
metabolic pathway activities mainly caused by downregulated UDP-
glucuronosyltransferase (UGT), sulfotransferase (SULT) and cyto-
chrome P450 (CYP) enzymes. The acute phase response (APR) pathway
closely followed these metabolic pathways and was strongly predicted to
be activated based upon the IPA analysis: 7 proteins (MAPKS8, SAA1,
NFKB2, VWF, HPX, SERPINA1 and CFB) associated with APR were
upregulated (Fig. 8A). Also in male CesIc/d/e”’” mice SULT and CYP
enzymes were enriched in the top canonical pathways (and predicted to
be downregulated). The APR was also predicted to be activated in Ces1c/
d/e’” male mice compared with WT, with SAA1, HPX, C9, HP and CFB
protein levels increased (Fig. 8B).

Taking the female and male proteomics data together, also since
MAPKS8 and NFKB2 are involved in metabolic inflammation [48,49], we
analyzed the expression changes of 5 genes at the mRNA level (Saal,
Hpx, Cfb, Mapk8 and Nfkb2). Saal RNA was upregulated in Ceslc/d/e””
female mice (Fig. 8C), whereas in mutant males Saal, Hpx and Nfkb2
showed higher expression levels (Fig. 8D). These findings support that
Ceslc/d/e mutation in mice results in hepatic APR activation under HFD
conditions. Recently, more evidence has emerged supporting that APR
activation is not simply the response to cell injury, but also directly
contributes to the progression of cancer [21], hepatitis [24] and other
inflammatory diseases [19,20]. The likely role of APR activation in
obesity-related metabolic disease development in CesIc/d/e”” mice will
be further discussed below.

4. Discussion
Genetic drift is a main driver for evolution in nature [32], and it also

often happens in laboratory animals [33,34]. However, it is not always
straightforward to spot natural mutations in “wild-type” lab mouse
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Fig. 8. Acute phase response (APR) is activated in liver of female and male CesIc/d/e”” mice after short-term treatment with a high-fat diet. Before 6 weeks, mice
received a medium-fat diet. (A-B) Hepatic proteomics analysis (n = 6, 11 weeks). (C-D) RT-PCR analysis of gene expression in acute phase response signaling (n = 6,
11 weeks). Data are presented as mean + SD (*P < 0.05; **P < 0.01 when compared with WT mice; two-tailed unpaired Student’s t test). DN: downregulated; UP:

upregulated.
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populations. In previous pharmacological studies with the immuno-
suppressive and anticancer drug everolimus, we observed either low or
high, but no intermediate plasma levels of everolimus (with an
approximately 50-fold difference) in a WT (FVB/NKI) population [7].
Through in vitro and in vivo experiments, we demonstrated that hepatic
mRNA of Ceslc, Cesld, and Cesle was strongly upregulated in ever-
olimus “high” WT compared with “low” WT mice, and that high plasma
levels of Ceslc protein in the “high” mice could efficiently bind and
retain everolimus, explaining the high plasma drug levels. Most WT
mice had the “low” phenotype, and only a minority the “high” pheno-
type. Soon after, we observed similar behavior of the anticancer drug
cabazitaxel, and arrived at similar conclusions [6].

Surprisingly, most knockout and transgenic strains for various other
detoxifying genes we had previously generated behaved like the “high”
everolimus/Ces] mice, albeit with even 80-fold higher plasma levels
than WT “low” mice and highly “upregulated” Ceslc/d/e expression. At
the time we did not understand the cause of these expression differences
[7]. However, it is now clear that “low” WT mice were homozygous for
the CesIc/d/e deletion, “high” WT mice heterozygous, and most previ-
ously generated knockout and transgenic strains homozygously profi-
cient for Ces1c/d/e. The resulting changes in plasma Ceslc protein levels
explain the differences in everolimus (and cabazitaxel) pharmacokinetic
behavior. In the Methods section we present a reconstruction of how the
different CesIc/d/e genotypes emerged in our mouse strains.

This natural CesIc/d/e”” mouse model offered us an opportunity to
explore Ceslc/d/e functions. In the pharmacokinetic study, conversion
of irinotecan to its active metabolite SN-38 was noticeably reduced in
plasma, spleen and lung after i.v. injection (Figs. 2, 3). However, the SN-
38/irinotecan ratio was roughly similar in liver, kidney and small in-
testine between Ceslc/d/e’” and WT mice (Fig. S2, S5), possibly
reflecting the presence of alternative carboxylesterases (e.g., other Cesl
enzymes and Ces2) in these tissues. Perhaps related to this, irinotecan/
SN-38-induced toxicity was not affected by loss of Ceslc/d/e. Both
Ceslc/d/e”” and WT mice exhibited similarly reduced white blood cells
and thymus atrophy compared with untreated WT controls (Fig. S6).

The irinotecan/SN-38 pharmacokinetic experiments (8 h oral, 4 h i.
v., 10 min i.v.) were performed simultaneously in WT, Ceslc/d/e”" and
Ces1”" mice [31], allowing us to directly compare the impact of partial
Cesl family deletion (Ceslc/d/e’”) and whole Cesl family knockout
(Ces177). In each of these three independent experiments, we observed
that the relative plasma exposure of SN-38 compared to irinotecan was
lower in the Ces1”” mice than in the CesIc/d/e”" mice, and much lower
than in the WT mice, with mostly corresponding changes in the absolute
irinotecan and SN-38 exposure levels (Fig. S16A-E). These results indi-
cate that other Cesl enzymes than the abundant plasma Ceslc can still
noticeably affect the plasma levels of irinotecan and SN-38. Whether this
happened by irinotecan conversion in plasma itself, or mostly in sur-
rounding tissues (see below) is difficult to assess. Candidate enzymes are
Cesla, Ceslb, Ces1f and Ceslg, as Ceslh is not significantly expressed in
liver or intestine (Supplemental Table 2).

In liver and kidney, the reduction in SN-38-to-irinotecan ratios in
Ces1”~ compared to Ceslc/d/e”” mice was more pronounced than in
plasma, and even far more pronounced than the decrease between WT
and CesIc/d/e”” mice (Fig. S17). This suggests that other Cesl enzymes
than Ceslc, d, and e play an important role in irinotecan metabolism in
these tissues. In spleen, lung, and small intestine the shifts between the
three strains were more intermediate (Fig. S18 and S19). Relatively
higher expression of mouse Cesla, Ces1f and Ces1g in liver and kidney
than in spleen and lung might explain these differences [3], whereas
spleen, lung and small intestine were perhaps more affected by the
changes in plasma.

The pharmacokinetics of capecitabine and its 4 metabolites (5-DFCR,
5-DFUR, 5-FU and FBAL) was also investigated. All metabolite-to-
capecitabine ratios in plasma were strongly reduced in Ceslc/d/e””
mice (Fig. S8), but this was primarily because absolute plasma concen-
trations of capecitabine were massively increased, whereas its first
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metabolite 5-DFCR was somewhat decreased (Fig. 4). This is most likely
because the plasma-localized Ceslc has a profound impact on the con-
version of capecitabine to DFCR in plasma. In contrast, in most tissues
we observed roughly similar levels of apparent capecitabine metabolism
between these two mouse strains (Fig. S9). It is likely that in these tissues
the other esterases have taken over capecitabine metabolism. Unlike for
irinotecan, the in vivo pharmacokinetics of capecitabine and its 4 me-
tabolites was very similar between Ces1 ¢/d/e”" and Ces1”” mice (data
not shown), probably again reflecting the major role for plasma Ceslc
for this prodrug.

In the physiological study under medium-fat diet, lipid homeostasis
was disrupted in CesIc/d/e”" mice, as shown by swollen adipocytes and
inflammation in WAT and higher lipid load in BAT (Fig. 5E, F). How-
ever, overall body weight was not markedly altered. The medium-fat
diet physiological experiments in Ces1” mice were performed simulta-
neously with those for Ces1 ¢/d/e”” mice (using the same WT controls).
In general, the phenotypes we observed for these two Cesl-modified
strains were quite comparable (body weight, tissue weight, adipose
tissue and liver morphology) (data not shown). One difference was that
we observed mild inflammation in WAT of female Ceslc/d/e”” mice
(Fig. 5E), which was absent in female Ces1 7/~ mice [31].

We therefore challenged the mice with a high-fat diet, aiming to
explore whether loss of CesIc/d/e will lead to obesity-related metabolic
disease. Initially we designed an 18-week HFD (between 6 and 24 weeks
of age) experiment. Ceslc/d/e”” females at 24 weeks indeed exhibited
more pronounced obesity-related pathological changes relative to WT
females (more severe inflammation in WAT, higher lipid load in BAT
and fatty liver), even though the initially higher body weights had
converged at a later age with WT females (15-24 weeks, Fig. S12).
gWAT and iWAT weights were significantly reduced, perhaps related to
the inflammation. 18-week HFD results from males were more compli-
cated. Ceslc/d/e’” males initially (6-12 weeks) gained weight faster
than WT, but they then slowed down and even showed a lower body
weight than WT mice at a later age (16-24 weeks). This was accompa-
nied by reduced gWAT, mWAT and rWAT weights, perhaps suggesting
more progressive inflammation than in WT WAT (Fig. S13A, B). At 24
weeks, most pathological changes as assessed by HE staining in WAT,
BAT and liver were roughly similar between CesIc/d/e’” and WT male
mice, and about as severe as seen in female Ceslc/d/e’" mice
(Fig. S13C). It may be that male mice with an FVB/NR]j genetic back-
ground are more sensitive to HFD challenge, and most phenotypic dif-
ferences with WT caused by mouse Ceslc/d/e mutation are
overwhelmed by long-term exposure to HFD.

After data analysis from the 24-week HFD study, we assessed that
treating mice with HFD until 11 weeks (HFD between 6 and 11 weeks of
age) would likely yield more informative phenotypic differences caused
by Ceslc/d/e mutation. As shown in Fig. 6A-F, we observed obesity
development and related pathological abnormalities in adipose tissues
from Ceslc/d/e” female and male mice. Physiological roles of mouse
Ces1d especially in lipid metabolism have been studied previously. As
shown in vitro, the Ces1d enzyme participates in triglyceride hydrolysis
in adipocytes, and knockdown of Cesld can decrease fatty acid efflux
from fat cells [8]. Moreover, Cesld single KO mice showed reduced
plasma levels of free fatty acids and glycerol compared with WT con-
trols. Together, these observations suggested that mouse Cesld can
impact triglyceride mobilization. The lower plasma levels of free fatty
acids and glycerol we observed in CesIc/d/e”” male mice suggested that
normal triglyceride mobilization in WAT is hampered, causing
over-accumulation of lipids and thus inflammation [50] (Fig. 6G-J).

In female mice, although the plasma levels of glycerol and free fatty
acids were similar between CesIc/d/e”’” and WT (Fig. 61, J), the effec-
tively increased overall WAT mass (unlike in males) meant that cor-
rected for the WAT mass, plasma levels of glycerol and FFA were also
decreased, like in males (Fig. S14A-C). Thus, in both male and female
Ceslc/d/e’” mice triglyceride mobilization in (and from) WAT may be
compromised. The inflammatory effects (markers) in male WAT appear
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more pronounced (compare Fig. 6G and H), possibly explaining the
differences in overall WAT mass between the genders.

Clear fatty liver and type 2 diabetes phenotypes (glucose intolerance
and insulin resistance) were also noted in Ceslc/d/e”” mice on HFD
(Fig. 7). It is obvious that lipid/glucose homeostasis at the whole body
level was severely disrupted in this mutant mouse strain in the 11-week
HFD study. We therefore decided to carry out a hepatic proteomics
analysis on these HFD 11-week old mice, since liver is the key organ to
distribute lipid/glucose to other organs (Fig. 8). Ingenuity pathway
analysis (IPA: QIAGEN) of the proteomic data revealed that activity of
several top canonical pathways in compound detoxification but also
biosynthesis (like acetone degradation, heparan sulfate biosynthesis)
was reduced by downregulating basic xenobiotic-metabolizing enzymes,
like UDP-glucuronosyltransferase (UGT), sulfotransferase (SULT) and
cytochrome P450 (CYP). It is well recognized that inflammation can
downregulate UGT [51,52], SULT [53,54] and CYP [55-58] in liver.

Potentially increased inflammatory factors secreted by Ceslc/d/e””
WAT may have accomplished this inter-organ cross-talk through blood
[59-61]. Indeed, the acute phase response (APR) was strongly predicted
to be activated based on IPA in HFD CesIc/d/e”” mice. The APR itself is
an important component of the innate immune system. Upon different
triggers (infection, cell injury, local/remote inflammation) the liver re-
sponds to recover physiological homeostasis by quickly producing many
acute phase proteins (e.g., serum amyloid A, hemopexin and comple-
ment factors) [18]. Indeed, between female and male mice, we observed
9 typical APR upregulated proteins (MAPKS8, SAA1, NFKB2, VWF, HPX,
SERPINA1, C9, HP and CFB) in CesIc/d/e”" liver, although not always to
the same extent between the genders. Albeit under medium-fat diet
conditions, we also performed RNA-sequencing in liver and found that
some molecules in the APR pathway were also upregulated in
Ceslc/d/e”” mice at the RNA level, like SAA1, C4, APCS, HPX, SER-
PINA1, C9 and HP in CesIc/d/e”" males; and SAA1, MAP2K6 and SER-
PINA1 in Ceslc/d/e”" females (analyzed by IPA; data not shown and
manuscript in preparation). This suggests that already under
medium-fat diet conditions some level of APR activation in the liver had
occurred.

Serum amyloid A1 attracted our attention since direct evidence from
literature supports that SAA1 plays key roles in different inflammation-
related diseases [19,20,24]. Since metabolic inflammation plays a key
role in obesity-related metabolic disease [15,16], we hypothesize that
SAA1 may contribute to the dynamic development of inflammation in
Ceslc/d/e” mice, and thus impact obesity-related metabolic disease. In
the medium-fat diet study, liver morphology and apparent triglyceride
metabolism between WT and Ceslc/d/e”” mice were still similar
(Fig. S11). Yet, at the mRNA level, some APR related molecules were
already clearly upregulated, especially SAAL. In the liver proteomics
data from the high-fat diet study, SAA1 was also significantly increased
in the CesIc/d/e”’” mice (Fig. 8), coincident with fatty liver and type 2
diabetes. In this metabolic disease model, since SAA1 was already
upregulated in the liver before morphological changes became apparent,
it is therefore a potential candidate involved in the development of the
systemic metabolic disease, and not just a secondary consequence of the
overall changes in the liver, perhaps initially triggered by the primary
inflammation in gWAT.

In this study, we identified and characterized a natural genomic
deletion of the mouse Ceslc/d/e genes in an FVB(NKI) substrain previ-
ously considered wild-type. The in vivo pharmacokinetics of the anti-
cancer prodrugs irinotecan and capecitabine was altered in this sub-
strain. Ceslc/d/e deficiency disrupted lipid homeostasis, and CesIlc/d/
e”” mice were prone to developing obesity-related metabolic diseases,
associated with an activated hepatic acute phase response under high-fat
diet conditions.
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