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SUMMARY

Angiopoietin-like protein 8 (Angptl8), expressed in the liver and adipocytes, forms a complex with AngptI3 or
Angptl4, which regulates lipoprotein lipase and triglyceride metabolism. However, the precise functions of
adipocyte Angptl8 remain elusive. Here we report that adipocyte-specific inducible Angptl8-knockout (AT-
A8-KO) male mice on normal diet showed minor phenotypic changes, but after a high-fat high fructose
(HFHF) diet, exhibited decreased body weight gain and glycemia, elevated rectal temperature and early
dark phase energy expenditure compared to the Cre controls. AT-A8-KO mice also displayed improved
glucose tolerance, a trend for better insulin sensitivity, improved insulin-stimulated glucose uptake in adi-
pose tissues, and reduced visceral adipose tissue crown-like structures, plasma MCP-1 and leptin levels.
The results indicate the importance of adipose Angptl8 in the context of nutri-stress and obesity, as its dele-
tion in mice promotes a metabolically healthy obese phenotype by slightly ameliorating obesity, improving

glucose and energy homeostasis, and mitigating inflammation.

INTRODUCTION

Adipose tissue is the primary energy reservoir in vertebrates, as it
stores energy in the form of triglycerides (TG) generated via de
novo lipogenesis (DNL) during feeding, and releases free fatty
acids (FFA) by lipolysis in bloodstream during fasting, to be uti-
lized by other tissues.’ Feeding is known to induce the expres-
sion of lipogenic enzymes and the corresponding transcription
factors (SREBP-1c, LXRa and USF) that are involved in de
novo lipogenesis as well as lipogenesis (fat esterification) in ro-
dents.? Circulating TGs are hydrolyzed by lipoprotein lipase
(LPL), located on the capillary endothelium, to generate FFAs,
which are taken up by adjacent tissues.® The differential activity
of LPL in various tissues plays a key role in partitioning circulating
TGs between oxidative tissues (heart, muscle, brown adipose)
and white adipose tissues (WAT).*° In fed mice, LPL activity is
suppressed in oxidative tissues while increased in WAT, chan-
neling circulating FFAs toward storage in WAT.®” Conversely,
in the fasted state, LPL activity in oxidative tissues increases
while decreasing in WAT, promoting the uptake and oxidation
of FFA in the oxidative tissues."®

The activity of LPL is regulated in a tissue specific manner
through its interactions with apolipoproteins and three members

of the angiopoietin-like protein (ANGPTL) family - ANGPTL3 (A3),
ANGPTL4 (A4) and ANGPTLS (A8) that are secreted into circula-
tion.®? Structurally, A3 and A4 share similarities, featuring an
N-terminal coiled-coil domain that contains the LPL interaction
site and relevant for LPL inhibition and a C-terminal fibrinogen-
like domain. In contrast, A8 lacks the C-terminal fibrinogen-like
domain.’® The roles of A3 and A4 in LPL inhibition and TG meta-
bolism are well established and genetic inactivation of A3 or A4
has been shown to reduce serum TG in both mice and hu-
mans.®% """ A8, also known as RIFL, Lipasin or betatrophin,
is predominantly expressed in hepatocytes and adipocytes,
and is regulated by nutritional cues.'® Thus, during fasting, A8
expression is decreased whereas feeding stimulates its expres-
sion in both hepatocytes and adipocytes.'®'®'” Circulating A8
exerts dual action on LPL activity depending on its interaction
with A3 or A4."8"9 LPL activity is inhibited by the complex formed
by A8 and A3 '2°, Conversely, the inhibitory effect of A4 on LPL
activity is alleviated by A8 by forming a complex with A4, and this
becomes particularly relevant in WAT depots during fasting,
when the expression of A8 is much reduced while that of A4 is
elevated.”'®?"2* Thus, the complex of A8 and A3 is inhibitory
to LPL as noticed in A3~/~ mice,'° while A8 alleviates the inhib-
itory effect of A4 on LPL activity by forming a complex with A4,
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and this is particularly relevant in WAT depots during fasting.””
This dual effect of A8 on LPL underlies its ability to coordinate
TG partitioning between oxidative tissues and WAT.”-'%:26:27
Indeed, the significance of A8 in the control of TG metabolism
became evident in studies showing a ~5-fold increase in plasma
TG levels following A8 overexpression in the livers of mice,'%'®
whereas mice with global deletion of A8 exhibited reduced
body weight gain and fat mass, and a 2-fold reduction in plasma
TG levels.?® Moreover, A8/~ male mice on C57BL/6J back-
ground exhibited increased oxygen consumption, rectal temper-
ature under fed conditions at room temperature and following
cold exposure.”’ These phenotypes were found to be more
prominent in A3~/~ A8/~ double KO mice.*’

In addition to the regulation of LPL activity by the circulating
A8, increasing evidence suggests that A8 may also have intracel-
lular and plasma membrane receptor mediated functions that
are relevant for controlling adipogenesis,'”*° NF-xB mediated
inflammation and autophagy,®'*? intracellular lipolysis®® and
the circadian clock.>**®> The significance of circulating A8 in
health and disease became evident from the several studies
showing association of elevated plasma A8 levels with various
metabolic disorders including type 2 diabetes, arteriosclerosis,
dyslipidemia and non-alcoholic steatohepatitis (NASH).>>~28

A recent report using constitutive whole-body A8~/~, and the
conditional (embryonic; not inducible) liver-specific (Ls-A8/),
and adipocyte-specific (As-A8~'") A8 KO mice on the C57BL/
6N background revealed distinct functions of liver and adipo-
cyte-derived A8.” It was shown that liver is the major source of
circulating A8, and in the fed state A8 forms a complex with A3
in the hepatocytes, which is then secreted into circulation to
inhibit LPL in oxidative tissues in an endocrine manner.” More-
over, as noticed with the whole body A8 deleted mice,” liver spe-
cific deletion of A8 in mice leads to diminished plasma TG levels
and elevated intravascular LPL activity in the fed state. However,
in the WAT, A8 produced by adipocytes plays a distinct role
locally by forming a complex with A4 and targeting A4 for degra-
dation, thereby releasing LPL from A4 inhibition.” Additionally,
adipocyte-specific deletion of A8 in mice fed a normal diet was
found to increase plasma TG, rectal temperature in the fed con-
dition without affecting intravascular LPL activity and to induce
WAT browning, emphasizing the distinct autocrine/paracrine
effects of adipose A8.” Thus, A8 arising from liver and adipose
tissues regulates TG clearance and metabolism according to
nutritional state.”'®2%%° However, the role of adipose A8 in
whole-body glucose homeostasis, lipid metabolism, inflamma-
tion, cold-induced thermogenic programming, particularly under
the obesity condition remains unknown.

Even though the earlier studies employing conditional (em-
bryonic; not inducible) adipose A8 knockout mice revealed
some role of A8 in adipose metabolism, the possibility that
the deletion of A8 from the embryonic stage may have con-
founding effects on adipose development has not been ad-
dressed.” In the present study, we generated tamoxifen-induc-
ible adipose-specific A8 knockout (AT-A8 KO) mice on C57BL/
6N genetic background to investigate how deletion of adipose
A8 in adult mice influences diet-induced obesity and energy
expenditure, thereby avoiding any unwanted effects on adi-
pose tissue during development. We noticed that AT-A8 KO
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mice fed a high-fat-high-fructose (HFHF) diet for 23 weeks,
gained less body weight and exhibited improved glucose toler-
ance and insulin sensitivity and reduced insulinemia and inflam-
mation compared to controls, indicating that adipose A8 plays
arole in whole body glucose and insulin homeostasis as well as
the response to diet induced obesity.

RESULTS

Mature adipocyte specific deletion of ANGPTLS

We examined the significance of adipocyte specific A8 in the
regulation of insulin and energy homeostasis using tamoxifen
inducible, adipose-specific A8 knockout (AT-A8-KO) mice on
the C57BL/6N genetic background. Unlike the adipose A8-
deleted (from embryonic stage) mice employed in an earlier
study,7 the inducible AT-A8-KO mice used here cannot suffer
from any potential developmental effects as A8 is deleted
in mature adipocytes of adult mice. Eight-week-old male
Angptl8fl/fl-Cre+ mice received TMX via oral gavage to induce
deletion of A8 in mature adipocytes. The littermate Cre mice
were chosen as controls as they receive TMX oral gavage and
express the Cre recombinase transgene, unlike the FI/FI and
WT mice, to avoid potential effects by TMX and Cre recombinase
on the phenotype. Additionally, given the similar phenotypes of
WT and FI/FI mice (Figures S1TA-S1H), Cre mice were used as
the control group for all experiments.

Three to five weeks after TMX administration (11-13 weeks of
age), A8 deletion was assessed by measuring mRNA levels in
the three different fat tissues (VAT, SAT, and BAT) and also in
the liver of mice fed a normal diet. A8 expression was markedly
decreased in the AT-A8-KO mice compared to Cre mice in all
the three fat depots, while it remained unchanged in the liver
(Figure 1C). A8 protein levels were also significantly lowered
in the mature adipocytes from VAT and SAT of the normal
diet fed AT-A8-KO mice (Figure 1D) and also HFHF fed AT-
A8-KO mice (Figures S2A and S2B) compared to the adipo-
cytes from corresponding control Cre mice. There were no
differences in body weight (Figure 1E), lean and fat mass (Fig-
ure 1F) or fasting glycemia (Figure 1G) between the Cre and
KO mice on a normal diet.

AT-A8-KO mice on HFHF diet exhibit reduced body
weight gain and glycemia but elevated rectal
temperature and energy expenditure during feeding
AT-A8-KO mice and the Cre controls were fed either a control
diet (ND) or high fat diet (45% kcal fat) supplemented with
30% fructose in water (HFHF) for 23 weeks (Figure 2A).° Both
AT-A8-KO and Cre mice on HFHF diet exhibited body weight
gain, increased total caloric intake and total fat mass compared
to the corresponding normal diet fed mice (Figure 2B-2D).
Although AT-A8-KO and Cre mice showed similar body weight
gain on normal diet, AT-A8-KO mice fed HFHF diet gained less
weight than the Cre mice controls on the same diet (Figure 2B).
Caloric intake, percentage fat and lean mass did not differ
among the groups on either diet (Figures 2C-2E). Furthermore,
HFHF diet feeding led to elevated fasting glycemia in the Cre
mice compared to the control diet fed Cre mice. However,
compared to normal diet, HFHF diet had no effect on the fasting
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glycemia of the AT-A8-KO mice, which was lower than that in the
Cre mice fed HFHF diet (Figure 2F).

Conditional (embryonic; not inducible) AT-A8 KO mice fed a
normal diet were earlier reported to have higher rectal temper-
ature compared to control mice only in fed condition.” We
found significantly elevated rectal temperature in the inducible
AT-A8-KO mice fed HFHF diet compared to Cre mice and also
compared to normal diet fed AT-A8-KO mice. However, no
such differences were observed between the normal diet fed
AT-A8-KO and Cre mice (Figure 2G). Deletion of A8 either in
the whole body or specifically in the liver was earlier found
to be associated with reduced plasma TG, while the constitu-
tive and conditional (embryonic; not inducible) adipose-spe-
cific A8-KO mice under normal diet condition were reported
to have significantly higher plasma TG when compared to
wildtype or flox/flox mice, which importantly are not appro-
priate controls.”?® However, in the present study with the
inducible AT-A8-KO mice, fed normal diet, no significant
changes were observed in plasma TG (Figure 2H), liver TG
(Figure 21), plasma cholesterol (Figure 2J), LDL-C/HDL-C ratio
(Figure 2K) and free fatty acids (Figure S3A) compared to the
control Cre mice. On the other hand, HFHF diet led to

0.002, **p < 0.001. VAT, visceral adipose tissue;
SAT, subcutaneous adipose tissue, BAT, brown
adipose tissue.

decreased liver TG in AT-A8-KO mice compared to Cre
mice (Figure 2I) while no changes were noticed in plasma
TG (Figure 2H), cholesterol (Figure 2J), LDL/HDL-C ratio (Fig-
ure 2K) and free fatty acids (Figure S3A). Only liver TG and
plasma cholesterol were elevated in HFHF diet fed Cre-con-
trols and AT-A8-KO mice compared to corresponding normal
diet fed mice (Figures 2|1 and 2J). Measurements in the
Comprehensive Lab Animal Monitoring System (CLAMS),*’
showed no apparent overall differences in VO2, VCO2, respi-
ratory exchange ratio (RER) or locomotor activity between Cre
and AT-A8-KO mice during a 48-h period as reported earlier,”
regardless of being on normal or HFHF diet (Figures 3A-3D).
However, energy expenditure expressed as a function of
metabolic mass*®*® was significantly higher in the AT-A8-
KO mice fed HFHF diet, during the first 5 h of dark phase
(12-17 h) on both Day 1 and Day 2 (Figures 3E and 3F),
when maximal feeding occurs.** The AT-A8-KO mice fed
normal diet showed only marginally elevated energy expendi-
ture in the dark phase compared to the Cre controls and the
overall energy expenditure in AT-A8-KO mice fed either
normal or HFHF diet during the light phase was not statisti-
cally different from Cre mice (Figures 3E and 3F).
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AT-A8-KO mice fed HFHF diet show improved glucose
tolerance and insulin sensitivity

Constitutive global deletion of A8 in mice was reported to have no
impact on glucose tolerance and insulin sensitivity.”® However,
the specific impact of deleting Angpti8 in mature adipocytes on
overall glucose homeostasis remained unclear. AT-A8-KO mice
on HFHF diet showed markedly improved glucose tolerance
and lower insulinemia during an oral glucose tolerance test
(OGTT) compared to Cre mice on the same diet (Figures 4A and
4B). The low insulinemia response in the AT-A8-KO mice fed
HFHF diet during OGTT was suggestive of better insulin sensi-
tivity. The IPITT showed slightly improved insulin sensitivity in
the HFHF diet fed AT-A8-KO mice vs. Cre mice (p = 0.09) (Fig-
ure 4C). Glucose tolerance and insulin sensitivity remained un-
changed in the AT-A8-KO mice fed normal diet (Figures 4A-4C).
Following HFHF diet feeding, HOMA-IR, a marker for insulin resis-
tance, increased in both AT-A8-KO and Cre mice, and there was a

4 iScience 27, 111292, December 20, 2024

take assay using radioactive [°H]-2-DG in
the mature adipocytes from VAT and SAT
as well as minced whole tissue for BAT
and soleus muscle. There were no signifi-
cant differences in basal or insulin-stimu-
lated glucose uptake between Cre and KO mice on the HFHF
diet in the adipocytes from VAT, whereas there was a significant
increase in the glucose uptake in the SAT adipocytes and BAT
from AT-A8-KO mice (Figures 4E and 4F). There was no differ-
ence between the Cre controls and AT-A8-KO mice in the expres-
sion levels of Glut4 mRNA, the major glucose transporter in all the
three adipose depots (Figure S4A). There was no change in the
basal or insulin stimulated glucose uptake in the soleus from
AT-A8-KO mice (Figure S2C). Overall, these results indicate
that specific deletion of A8 in adipose tissue in adult mice reduces
HFHF diet induced glucose intolerance and insulin resistance.

Cre KO Cre KO
HFHF

Adipose tissue characteristics in AT-A8-KO mice

After 23 weeks on either a normal diet or HFHF diet, fat depots
were dissected from the mice and examined for morphological
changes. Although the HFHF diet led to an increase in adipose
tissue mass across all the three fat depots, there were no
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discernible differences between Cre and AT-A8-KO mice (Fig-
ure 5A). Histological examination revealed an increase in VAT
and SAT cell size in both Cre and AT-A8-KO mice on the HFHF
diet compared to the normal diet (Figure 5B). There were no dif-
ferences among the groups in the cell size or morphology of the
BAT depots (Figure 5B). In the normal diet fed mice, the AT-A8-
KO mice displayed a slightly higher proportion of the smaller ad-
ipocytes in the SAT and VAT compared to Cre mice; however, this
difference was lost in HFHF diet fed mice (Figures 5B, 5C, S3B
and S3C). BAT cell size distribution did not change among groups
on either diet (Figure 5C). We further observed that there were no
changes in the expression of browning markers, UCP1, PRDM16,
PPPARGC1A and the corresponding transcription factors PPARa
and PPARY in the VAT and SAT from HFHF diet fed AT-A8-KO
mice, compared to control Cre mice (Figures S4B and S4C).
These brown adipocyte markers also did not change in the BAT
from the AT-A8-KO mice (Figures S4B and S4C). Lack of any ma-

Dark D2

Dark D2
(17-24h)

also reported earlier in adipose specific-
A8-KO mice.”

HFHF diet fed AT-A8-KO mice show
reduced levels of inflammatory
markers

In order to better understand the underly-
ing causes for the partial protection from
diet-induced insulin resistance in the
AT-A8-KO mice, we examined adipose
macrophage infiltration as they are known
to modulate insulin sensitivity. During high
fat diet induced adipose expansion, mac-
rophages are drawn to the adipose tissue
to promote adipose inflammation and
associated disturbances in insulin ac-
tion.*>™*® Adipose tissue macrophages (ATMs) actively partici-
pate in recruiting additional macrophages by releasing chemo-
kines such as MCP-1 and MIP-1a, leading to the formation of
Crown-Like Structures (CLS) around deceased adipocytes.*:°
We examined for the presence of CLS using CLS positive marker
MAC-2°"°? in the VAT and the results showed significantly fewer
CLS in the HFHF diet fed AT-A8-KO mice compared to Cre mice
(Figures 6A and 6B). Furthermore, plasma MCP-1 levels surged
in the Cre mice following HFHF diet compared to the normal diet
but not in the AT-A8-KO mice, and also there was a significant
decline in the plasma MCP-1 in the AT-A8-KO mice compared
to Cre controls, fed HFHF diet (Figure 6C). Plasma leptin levels
increased in both the Cre and AT-A8-KO mice following HFHF
diet, though the increase in the AT-A8-KO mice was modest
and significantly lower than in the Cre control group (Figure 6D).
There were no marked genotype or diet related changes in
plasma IL-6, TNF-a (Figures S3D and S3E) and adiponectin
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Figure 4. Improved Glucose Tolerance and
Insulin Sensitivity in AT-A8-KO Mice on
HFHF Diet

(A) Male mice from Cre-ND (n = 9), KO-ND (n = 10),
Cre-HFHF (n = 10), and KO-HFHF (n = 10) groups,
20 weeks after ND or HFHF diet feeding, were
subject to oral glucose tolerance test (OGTT) after a
6h fasting. Area under curve (AUC) during the
OGTT was calculated.

(B) Tail blood was collected at indicated times
during the OGTT and analyzed for insulin by
AlphaLISA and AUC for insulinemia was calculated.
(C) Insulin tolerance test (ITT) was conducted after
23 weeks of ND or HFHF diet feeding in all four
groups as indicated, following 6 h fasting. Area
above curve (AAC) and (D) HOMA-IR were calcu-
lated in these mice. Values are means + SEM.
Groups were compared by two-way ANOVA test
using GraphPad Prism 10. *p < 0.033, **p < 0.01,
***p < 0.001.

(E) ex vivo basal or insulin stimulated glucose up-
take measurements were done using radioactive
[®H]-2-deoxy-D-glucose in SAT mature adipocytes
and (F) BAT tissues isolated from Cre (n = 3) and KO
(n = 4) mice on HFHF diet. Data are means + SEM.
Two-way ANOVA with Tukey’s multiple compari-
sons test was applied using GraphPad Prism 10.
*p < 0.033.

three adipose depots while there was a
significant reduction in A8 mRNA levels,
as expected (Figure S5A). Unaltered
plasma A8 levels in the AT-A8-KO mice
fed HFHF diet, compared to Cre controls
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(Figure S5B), suggested that adipose A8
a does not significantly contribute to plasma
A8 levels and has no direct effect on
plasma LPL activity.
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(Figure 6E), among the different groups of mice. In addition, we
noticed that the expression of adiponectin (Adipoq) is un-
changed in the three adipose depots from the HFHF diet fed
AT-A8-KO mice, compared to Cre controls (Figure S4D). Similar
results were obtained for the expression of IL6 and TNFa, except
for the decreased expression of TNFa in SAT from AT-A8-KO
mice (Figure S4E). These findings collectively suggest an overall
reduction in macrophage infiltration and possibly the associated
inflammation in the VAT of AT-A8-KO mice fed HFHF diet.

Effect of AT-A8-KO on ANGPTL4 and ANGPTLS8
expression in adipose depots and plasma A8 levels in
the HFHF diet fed mice

We further examined if deletion of A8 in adipose tissue alters the
expression of ANGPTL4, which is known to bind and inhibit LPL
and also with A8, which releases A4 inhibition of LPL. Results
showed no effect on the mRNA expression of ANGPTL4 in the
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Insulin
Here we demonstrate that adipose A8
contributes to the regulation of whole
body glucose and energy metabolism, as well as adipose inflam-
mation under an obesogenic nutritional stress condition.

We employed mice with tamoxifen-inducible deletion of adi-
pose A8 to avoid any possible developmental effects arising
from deletion constitutively or conditionally at embryonic stage,
which could have altered the whole-body response in terms of
fat accretion and body weight gain. Indeed, it has been shown
before that adiponectin promoter is active by embryonic day
11-16°%"° and that A8 likely plays an important role in fetal
development.®® Thus, it is necessary to dissect-out and avoid
any possible developmental effects while studying the signifi-
cance of A8 in mature adipocytes. Thus we did not notice any ef-
fects on either body weight, fat or lean mass and fasting glyce-
mia in the normal diet fed AT-A8-KO male mice compared to
control Cre mice, unlike what was shown before in 18-22 weeks
old female mice and 8-10 weeks old male mice with constitutive
global deletion of adipose Angptl8.%%%° Lack of adipose A8 in the
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Figure 5. Adipose tissue mass, morphology
and cell size

(A) Tissue weights of fat pads (VAT, SAT, BAT) from
Cre and KO mice on ND and HFHF diet for
23 weeks (n = 9-10/genotype). Values are means +
SEM. Groups were compared using two-way
ANOVA test using GraphPad Prism 10. *p < 0.05,
***p < 0.001.

(B) Representative H&E staining of tissue sections
(n = 4-6/genotype, original magnification x20;
scale bar = 200 pm).

(C) Adipocyte size was quantified using ImageJ
software (4 fields/tissue section) and presented as
the frequency distribution of adipocyte cell/lipid
droplet size, expressed as percentage.

studies. Here we provide evidence that
adipose A8 plays arole in the control of in-
sulin sensitivity. The lower fasting glyce-
mia in the HFHF diet fed AT-A8-KO mice
compared to the control Cre mice, sug-
gestive of better glucose and insulin ho-
meostasis, is confirmed by the improved
glucose tolerance and lower insulin secre-
tion in response to the glucose load.
Moreover, the insulin stimulated glucose
uptake was found to be higher in the sub-
cutaneous and brown adipose depots
from the AT-A8-KO mice, despite the un-
altered expression of Glut4, the major
insulin-regulated glucose transporter in
the adipose tissues,®® which further sup-
ports a role for A8 in insulin signaling and
glucose homeostasis.

It was reported that normal diet fed mice
with a deletion of A8 either in the whole

Adipocyte Area (um?) Adipocyte Area (um?)

adult mice is slightly protective against HFHF diet induced
weight gain, for several weeks on HFHF diet. However, this pro-
tection waned out by chronic HFHF diet feeding (23 weeks), even
though there was no re-emergence of A8 expression due to
increased generation of adipocytes as we administered a sec-
ond round of TMX after 8-9 weeks of feeding. As noticed with
the normal diet fed AT-A8-KO mice, in the chronic HFHF diet
fed AT-A8-KO mice also there were no changes in lean and fat
mass, fat pad weights and liver weight, and TG and plasma
lipids. This suggests that over an extended period of obesogenic
diet, there can be compensatory effects, perhaps originating
from liver A8 in the AT-A8-KO mice, obliterating protective ef-
fects of adipose A8 deletion on the body weight gain cause by
the HFHF diet.

Depending on the experimental conditions and the genetic
background of the mice, either whole-body or liver or adipose
specific deletion of A8 was reported to have varying effects on
glucose homeostasis and insulin sensitivity.®*°°"-59 However,
the precise role of adipose A8 on glucose and insulin homeosta-
sis under in vivo conditions was not clear from these earlier

body or in adipose tissue, but not in the

liver, show elevated rectal temperature un-
der fed conditions.” This suggested that A8, specifically in adi-
pose depots regulates a thermogenic program, depending on
the nutritional state. Unlike the earlier studies where comparisons
were made between adipose-A8-KO mice and FI/FI mice, which
are not appropriate controls,” the elevated rectal temperature
was seen here only in the HFHF diet fed AT-A8-KO mice, while
normal diet fed AT-A8-KO mice did not show any changes,
compared to the Cre controls. It is important to note that the
appropriate controls for the adipose tissue specific A8-KO mice
are not wildtype or FI/FI mice, but the corresponding Cre-trans-
genic mice. Moreover, examination of energy expenditure in
these mice in CLAMS revealed that during early dark phase,
when maximal feeding occurs,*® the AT-A8-KO mice showed
higher levels of energy expenditure compared to Cre controls,
and this difference was more marked in the HFHF diet fed
mice. Thus, feeding is known to be associated with elevated en-
ergy expenditure®®®" and the increased energy expenditure in the
HFHF diet fed AT-A8-KO mice may explain the increased body
temperature that may be due to elevated oxidative metabolism
in the subcutaneous and brown adipose tissue depots. However,
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Figure 6. AT-A8-KO Mice on HFHF diet Re-
duces Inflammatory Markers

(A) MAC-2 immunostaining in VAT tissue section
from Cre and KO mice on HFHF diet and
(B) quantification of crown-like structures (CLS) (n =6
mice, 4 fields/tissue section, original magnification x
20; scale bar =400 um). Values are means + SEM and
groups were compared using unpaired t-test. **p <
0.002. (C) Plasma MCP-1, (D) Leptin and (E) Adipo-
nectin levels in mice under fed state were quantified
by ELISA or AlphaLISA (n = 8-10). Values are
means + SEM. Groups were compared using two-
way ANOVA test using GraphPad Prism 10. *p <
0.033, *p < 0.002, “***p < 0.001.
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as there was no enhanced expression of browning markers in the
SAT or VAT in the AT-A8-KO mice, the precise mechanism
whereby adipose A8 regulates energy expenditure and glucose
homeostasis under nutri-stress remains to be established.
ANGPTLS8 has also been implicated in proinflammatory pro-
cesses.®”* We noticed that AT-A8-KO mice on the obesogenic
HFHF diet exhibited signs of reduced inflammation, including
decreased crown-like structures (CLS) in VAT and lower levels
of plasma MCP-1, a proinflammatory factor, compared to the
control Cre mice, suggesting reduced macrophage infiltration in
the adipose tissue. Moreover, AT-A8-KO mice on the HFHF diet
exhibited a marked decrease in plasma leptin levels, while plasma
adiponectin levels were only marginally elevated. Considering that
leptin has proinflammatory role®® whereas adiponectin is an anti-
inflammatory factor,°® the inverse changes in these adipokines in
the HFHF diet fed AT-A8-KO mice can partly explain the reduced
inflammation in these mice compared to control Cre mice.
Furthermore, MCP-1, which is expressed in adipocytes and
induced by obese conditions and high fat diet, is a known trigger
for macrophage infiltration in the adipose tissue,°”®® and its
expression is regulated by the pro-inflammatory transcription fac-
tor NF-kB.%° Indeed, A8 has been shown to activate the NF-xB
signaling and promote extracellular matrix degradation and in-
flammatory cytokine release, whereas A8 inhibition reduced NF-
kB signaling.®® Thus, deletion of A8 in the adipose tissue may
protect from diet induced inflammation by preventing NF-xB
activation, reducing MCP-1 production, macrophage infiltration
and CLS formation. The reduced adipose inflammation and
decreased macrophage infiltration might contribute to overall
healthy adipocytes’® 2 and promote better insulin sensitivity.*>

Limitations of the study
Even though this study offers valuable insight into the role of ad-
ipose A8 in regulating metabolism and inflammation under long

8 iScience 27, 111292, December 20, 2024

Cre KO Cre KO KO
ND HFHF

on female mice are not addressed. Fe-
males are known to be less prone to the
effects of diet-induced obesity, and yet it
may be interesting to assess what effects
A8 has in female mice. We also did not
examine the phenotype of adipose-A8-KO mice under fasting
and refeeding conditions. Since A8 is highly induced by feeding
and reduced by fasting, examining these effects on adipose A8
could provide additional insights. The fasting/refeeding induced
changes in plasma Angptl8 levels, which control plasma LPL ac-
tivity, are more reflected by A8 secreted from liver rather than
from adipose tissue.®?"3*"3 Therefore, we did not focus on
the effects of fasting/refeeding on adipose A8 functions but
only under fed conditions, which is also a physiological situation.
Nevertheless, it would be of interest in future work to study the
phenotype of adipose A8 KO mice also under fasting/refeeding
as A8 is also induced by this condition. Future studies are
needed to investigate the mechanisms by which adipose A8 reg-
ulates systemic glucose and energy metabolism or reduces
inflammation under obesogenic diet, which is not the focus of
the present study. The possible mechanisms by which A8 dele-
tion in adipose tissue causes the noted phenotypes is uncertain.
Itis possible that some, if not all, the observed phenotypes could
be a result of changes in LPL activity in adipose tissue. This as
well as other potential mechanisms remain to be investigated.

Conclusions

In conclusion, the results indicate that adipose A8 has a role to
play in whole body energy and glucose homeostasis in the
context of nutritional stress as deletion of adipose A8 in adult
male mice fed an obesogenic HFHF diet reduces obesity, en-
hances postprandial adipose thermogenesis, improves glucose
tolerance and reduces inflammation, thereby promoting an over-
all healthy obese phenotype. Several earlier reports indicated the
possible therapeutic implications of curtailing circulating A8 in
conditions of obesity and associated triglyceridemia. Our pre-
sent results suggest that inhibiting adipose Angptl8 alone can
also have beneficial effects, particularly under obesogenic con-
ditions. Thus, any potential therapeutics to blockade A8 function
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in the whole body could be designed not only to inhibit the circu-
lating A8, but also in adipose tissue, in situ. Such A8 inhibitors
may be effective for the treatment of obesity and hypertriglycer-
idemia, and also to imrove insulin sensitivity and inflammation.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
Angptl8 ThermoFisher Cat# PA5-38043; RRID: RRID: AB_2554647
B-actin Sigma-Aldrich Cat#A5441; clone: AC-15; RRID: AB_476744
Mac-2 Biolegend Cat# 125402; clone M3/38; RRID:
AB_1134238; RRID: AB_1134237
Chemicals, Peptides, and Recombinant Proteins
Tamoxifen Sigma-Aldrich Cat# T5448
High Fat Diet Research Diet Cat# D12451
D-Fructose Bioshop Cat# FRC180.5

Normal Diet, ND

Research Diet

Cat# D12450H

D-(+)-Glucose BioShop Cat# GLU601.5
Insulin Eli Lilly HumulinR

BCA Thermofisher Cat# 23225

NEFA Fuijiflim HR Series NEFA-HR(2)
[8H]-2-deoxy-D-glucose Perkin Elmer Cat# NET.549
Critical Commercial Assays

Mouse Total Adiponectin ELISA ALPCO Cat# 22-ADPMS-EO01
Mouse Angiopoietin Like Protein 8 ELISA Assay Genie Cat# MODLO00076
Lipoprotein Lipase (LPL) Activity Assay (Fluorometric) Cell Biolabs Cat# STA-610
Insulin Perkin Elmer Cat# AL204

Leptin Perkin Elmer Cat# AL225
Experimental Models: Organisms/Strains

Mouse: Angptl8fl/fl: C57BL/6N Ingenious Targeting Laboratory N/A

Mouse: Adipog-CreERT2: C57BL/6N Sassmann, A, et al.” N/A

Oligonucleotides

BLUelf Prestained Protein Ladder

Froggabio, Concord, Canada

# PM008-0500

Genotyping primer: Angpti8-lox Forward: This Paper N/A
GCTTATCGGACCTCACTTGC

Reverse: GTGCTTGTGTTTGGGCAC

Genotyping primer: Adipog-Cre Forward: Poursharifi, P, et al.*' N/A
TGGTGCATCTGAAGACACTACA

Reverse: TGCTGTTGGATGGTCTTCACAG

For Primer list see Table S1 This paper N/A
Software and Algorithms

Fiji https://fiji.sc/ N/A
Prism Graphpad v10.2.0

EXPERIMENTAL MODEL

Adipose-specific ANGPTLS8 conditional KO mice and corresponding control mice (wildtype, Angptl8Flox/Flox and Adipog-Cre mice),
all on the C57BL6N genetic background were used in the study. All the mice were housed in individual cages and kept at 12-h light/
dark cycle at 21°C with free access to water. We employed male mice at the age of 8 weeks when the first dose of tamoxifen was
given. At this time, the mice were fed either normal chow diet or high fat/high fructose diet as detailed in the Methods section below.
Male mice were used in this study as female mice are less responsive to diet induced obesity. All procedures for mouse studies were

approved by the Institutional Committee for the Protection of Animals at the CRCHUM.
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METHOD DETAILS

Generation of adipose-specific ANGPTL8 conditional KO mice and breeding strategy

Heterozygous ANGPTL8lox/+ mice where exons 1 to 4 of ANGPTLS8 gene are flanked with LoxP sites were generated by Inge-
nious Targeting Laboratory (Ronkonkoma, NY). The donor targeting vector was designed to insert the loxP sequences on the 5’
side of exon 1 and at the 3’ end of the FRT-flanked Neo selection cassette (after exon 4) (Figure 1A). This targeting vector was
then introduced into FLP C57BL/6 ES cells via electroporation. ES cell clones with successful targeting were microinjected into
Balb/c blastocysts to create chimeras. Subsequent mating with wildtype (WT) C57BL/6N mice resulted in the generation of het-
erozygous ANGPTL8Ilox/+ mice. Breeding of these mice led to the production of homozygous ANGPTL8lox/lox (ANGPTL8flox/
flox) mice.

Homozygous ANGPTLS8lox/lox mice were bred with heterozygous Adipog-CreERT2 mice, on a C57BL/6N background,”* gener-
ating Adipog-CreERT2, ANGPTL8Ilox/+ mice. This lineage was further subjected to a second round of breeding to obtain wildtype
(WT), homozygous ANGPTL8Ilox/lox (FI/Fl), Adipog-Cre (Cre), and homozygous ANGPTL8lox/lox-Adipog-Cre (to generate AT-A8-
KO mice through tamoxifen (TMX) injection). At 8 weeks of age, male mice with genotypes Cre, and ANGPTL8lox/lox-Adipog-Cre
(KO) were administered TMX (80 mg/kg body weight, dissolved in 10% ethanol in corn oil; oral gavage) every other day for 3 times.
Male mice were used in this study as female mice are less responsive to diet induced obesity.””

To assess the presence of the WT or floxed ANGPTLS allele, DNA from ear punch tissue fragments was analyzed using the
following primers: Forward: 5'- GCTTATCGGACCTCACTTGC -3’; Reverse 5'- GTGCTTGTGTTTGGGCAC -3'. The presence of
Cre transgene was determined using the primers: Forward: 5'- TGGTGCATCTGAAGACACTACA -3, Reverse: 5'- TGCTGTTGG
ATGGTCTTCACAG -3’. Genomic PCR confirmed specific amplification of a 686 bp DNA fragment corresponding to the floxed-
ANGPTLS allele, a 569 bp fragment corresponding to the WT ANGPTLS allele, and the presence of the Adipog-CreERT2 transgene
with a 600 bp DNA fragment (Figure 1B).

High-fat high-fructose diet-induced obesity

Following TMX administration at 8 weeks, the mice received either a high-fat/high-sucrose diet (D12451, Research Diets, New Bruns-
wick, NJ, consisting of 20 kcal% protein, 35 kcal% carbohydrates, and 45 kcal% fat) supplemented with 30% D-fructose (FRC180.5,
BioShop, Burlington, ON, Canada) in the drinking water to form the high-fat/high-fructose (HFHF) diet, which better resembles the
western diet,*" or a control diet (normal diet, ND; D12450H, Research Diets) for a period of 23 weeks. A second round of TMX ga-
vages (80 mg/kg body weight) was given 3 times in a week after 9 weeks on HFHF diet. It has been demonstrated that in long-term
high fat diet feeding experiments in mice, even though the initial TMX dosing ensures Cre-mediated gene deletion in the existing
mature adipocytes, an additional TMX dosing is required during the feeding regimen to ensure gene deletion in the newly formed
mature adipocytes due to elevated adipogenesis, during the course of feeding.”® Each of the groups, namely Cre-ND, Cre-HFD,
KO-ND, and KO-HFD, consisted of 9-10 male mice. Body mass, food and water intake were measured weekly. Mice were euthanized
by ketamine/xylazine overdose intra-peritoneal injection, followed by cardiac puncture blood collection. Livers and adipose tissues
were collected and weighed. Samples were either fixed in formalin for histological analysis or frozen in liquid nitrogen and stored
at —80°C until further analyses.

Metabolic studies using Comprehensive Lab Animal Monitoring System (CLAMS)

Respiration, energy expenditure and locomotion of the AT-A8-KO and control Cre mice (after 21 weeks on normal or HFHF diet) were
assessed by individually placing the mice in metabolic chambers (CLAMS, Columbus Instruments) for 72 h (24 h of adaptation at 22°C
and measurements for the next 48 h at 22°C). Oxygen consumption (VO2), CO2 production (VCO2), respiratory exchange ratio (RER),
locomotor activity, and energy expenditure were continuously monitored using indirect calorimetry. Energy expenditure was quan-
tified as a function of metabolic mass, (lean mass +0.2 x fat mass).*>** Lean and fat mass were assessed using Magnetic Resonance
(EchoMRI Analyzer-700).

Oral glucose tolerance test
An oral glucose tolerance test (OGTT) was conducted on KO or Cre mice after 20 weeks on either the HFHF or control diet.*’
Following a 6-h food withdrawal, glucose (2 g/kg body weight) was orally administered through gavage.

Tail vein blood samples were collected at 0, 15, 30, 60, and 120 min after glucose administration for the measurement of blood
glycemia levels using a Contour glucometer (Ascensia Diabetes Care, Mississauga, ON, Canada), and for the analysis of total plasma
insulin content.

Insulin tolerance test

An insulin tolerance test (ITT) was conducted following a 23-week on either the HFHF or control diet in KO and Cre mice. After a 4-h
food withdrawal period, insulin (1 U/kg body weight, HumulinR; Eli Lilly, ON, Canada) was administered intraperitoneally. Blood sam-
ples were collected from the tail vein for glucose monitoring at 0, 15, 30, 45, 60, 90, and 120 min post-injection. HOMA-IR was calcu-
lated using the following formula ((fasting insulin (mU/L) * fasting glucose (mmol/L))/22.5).”"
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Glucose uptake assay

Brown adipose tissue (BAT), soleus, and collagenase-isolated mature adipocytes from visceral white adipose tissue (VAT) and sub-
cutaneous white adipose tissue (SAT) of KO and Cre mice fed with HFHF were rinsed, weighed, and used for measurements of basal
and insulin-stimulated glucose uptake using radioactive [3H]-2-deoxy-D-glucose (2-DG).*""®"° Briefly, the isolated adipocytes were
preincubated 10 min in Krebs-Ringer bicarbonate HEPES buffer (KRBH), pH 7.4, containing BSA (2 mg/ml). The cells were then incu-
bated for 45min in the presence or absence of 100 nM insulin). The medium was then supplemented with 0.1 mM [3H]-2-DG
(0.25 uCi/mL) for 10 min. At the end of the incubation, the adipocytes were washed twice with KRBH and then lysed using 500 puL
NaOH (1M) at 50°C for 20 min, followed by neutralization with 500 uL HCI (1M). Cell-associated radioactivity was quantified by scin-
tillation counting. Glucose uptake was normalized to total cellular protein content.

Plasma parameters

All the plasma parameters, except fasting glycemia, were measured under fed condition. Plasma lipid profiles from control and HFHF
diet fed KO and Cre mice were assessed. Plasma cholesterol, low-density lipoprotein-cholesterol (LDL-C), high-density lipoprotein-
cholesterol (HDL-C) and TG were measured using a Cobas C111 analyzer (Roche, Laval, QC, Canada).?® Additionally, plasma insulin
(AL204, PerkinElmer, Vaughan, ON, Canada), leptin (AL225, PerkinElmer), FFA (Fuijifiim, Lexington, MA), adiponectin (22-ADPMS-
EO1, Alpco, Salem, NH), and inflammation markers (IL-6, TNFa, MCP-1) were quantified at the Metabolomic Core Facility of
CRCHUM using EnVision (PerkinElmer). Plasma Angptl8 levels were measured using a commercially available ELISA kit (Assay
Genie, Cat# MODL00076).

Tissue histology and analysis

Freshly isolated adipose tissues were fixed in 10% formalin, followed by dehydration and paraffin embedding before sectioning. His-
tological sections were stained with hematoxylin and eosin (H&E). Image analysis for cell size and number was performed using Im-
aged Version 1.53k (National Institutes of Health, Bethesda, MD). The assessment of average area, frequency distribution, and adipo-
cyte count in SAT and VAT was carried out.®” In VAT, crown like structures (CLS) were counted from Mac-2 (Biolegend, 125402; clone
M3/38, San Diego, CA) -stained slides and quantified. Immunohistochemistry was performed by the Molecular Pathology Core Fa-
cility of CRCHUM.

Immunoblotting

Collagenase-isolated mature adipocytes obtained from VAT and SAT of KO and Cre mice fed control or HFHF diet, were lysed with
RIPA lysis buffer (20 mM Tris-HCI, pH 7.2, containing 150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% v/v Triton X-100, 0.1% SDS, and
protease inhibitors). After protein quantification by BCA (Thermo Fisher, Toronto, ON, Canada), 35 pg protein was used for western
blot analysis with antibodies against ANGPTLS8 (Thermo Fisher, PA5-38043) and B-actin (Sigma-Aldrich, A5441; clone: AC-15).

RNA extraction and quantitative PCR

Total RNA was isolated from tissues using the RNeasy Mini Kit (Qiagen). Following reverse transcription of 2 ng RNA to cDNA, gene
expression was determined by quantitative PCR using SYBR Green (Applied Biosystems, Cat.# 4309155). Primers used were listed in
the Table S1.

QUANTIFICATION AND STATISTICAL ANALYSIS
The results are presented as mean + SEM. All data were analyzed using GraphPad Prism, version 10 Software. Statistical differences
between 2 groups were assessed by unpaired, two-tailed Student’s t test or multiple unpaired t-test for multiple comparison with

Holm-Sidak correction and between multiple groups using one-way or two-way ANOVA with Bonferroni or Tukey’s post hoc testing
for multiple comparisons, as indicated. A p value of <0.05 was considered statistically significant.
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