Oxygen-Dependent Regulation of Fatty Acid
Metabolism and Endoplasmic Reticulum Function
in Adipocytes
Citation
Yilmaz, Mustafa. 2018. Oxygen-Dependent Regulation of Fatty Acid Metabolism and Endoplasmic
Reticulum Function in Adipocytes. Doctoral dissertation, Harvard University, Graduate School of
Arts & Sciences.

Permanent link
http://nrs.harvard.edu/urn-3:HUL.InstRepos:42015750

Terms of Use
This article was downloaded from Harvard University’s DASH repository, and is made available
under the terms and conditions applicable to Other Posted Material, as set forth at http://
nrs.harvard.edu/urn-3:HUL.InstRepos:dash.current.terms-of-use#LAA

Share Your Story
The Harvard community has made this article openly available.
Please share how this access benefits you. Submit a story .
Accessibility

OXYGEN-DEPENDENT REGULATION OF FATTY ACID METABOLISM AND
ENDOPLASMIC RETICULUM FUNCTION IN ADIPOCYTES

A DISSERTATION PRESENTED
BY

MUSTAFA YILMAZ

TO

THE COMMITTEE ON HIGHER DEGREES IN BIOLOGICAL SCIENCES
IN PUBLIC HEALTH

IN PARTIAL FULFILLMENT OF THE REQUIREMENTS

FOR THE DEGREE OF

DOCTOR OF PHILOSOPHY

IN THE SUBJECT OF
BIOLOGICAL SCIENCES IN PUBLIC HEALTH

HARVARD UNIVERSITY
CAMBRIDGE, MASSACHUSETTS
DECEMBER 2017

© 2017 – MUSTAFA YILMAZ
ALL RIGHTS RESERVED

Advisor: Prof. Gokhan S. Hotamisligil

Mustafa Yilmaz

Oxygen-dependent regulation of fatty acid
metabolism and endoplasmic reticulum
function in adipocytes

iii

Abstract
Adipose tissue plays a fundamental role in the regulation of systemic
metabolism. Obesity is a chronic disease characterized by excessive
accumulation of body fat resulting in various pathological alterations in adipose
tissue that contribute to systemic abnormalities. Dysregulated de novo
lipogenesis (DNL) and endoplasmic reticulum (ER) function are two of these
major changes manifested in obese humans and mice; however, the
mechanisms leading to these changes in obese adipose tissue are poorly
understood. Here we demonstrate that hypoxia, a key outcome of adipocyte
expansion, regulates SCD1-dependent fatty acid desaturation and ER function
in adipocytes. We propose a mechanism whereby suppression of SCD1 and
palmitoleate production mediates hypoxia-induced ER stress in adipocytes. In
addition, we identify one of the major oxygen sensing proteins, PHD3, as a
novel regulator of ER function in adipocytes and systemic glucose metabolism
in obesity. These findings underscore the importance of hypoxia and PHD3dependent oxygen sensing in the regulation of fatty acid metabolism and ER
function in adipocytes. Overall, our results provide insight into the mechanisms
interconnecting key obesity-associated pathologies in adipose tissue that may
aid in the development of new therapeutic approaches.
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Obesity facts
The prevalence of obesity, which is defined as a body mass index (BMI)
greater than 30, has increased dramatically in the past few decades. Currently,
there is estimated to be over 2 billion overweight and obese people combined
in the world [1]. In the U.S. alone, more than one-third of the adult population
meets the criteria for obesity [2]. Obesity not only causes a significant
economical burden [3, 4], but is also associated with the risk and progression
of other comorbidities, such as insulin resistance, type 2 diabetes,
atherosclerosis, stroke, cancer, asthma, and neurodegeneration [5].
Consequently, the increasing prevalence of obesity in the U.S. is likely to be a
key factor impacting life expectancy in the future [6].
Dietary and lifestyle interventions can be powerful agents in protection
from and treatment for obesity. Implementation of lifestyle changes, however,
has limited practicality in the long term, making pharmacological approaches
an attractive alternative. The currently approved pharmacological approaches
are designed to target appetite and caloric intake to decrease body weight.
Despite some effectiveness of these treatments there are considerable
drawbacks including high cost and side effects that necessitate development
of alternative drugs for obesity treatment. Further investigation into the
molecular mechanisms of obesity is therefore required to identify novel
promising targets for more effective therapeutics [7].
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Adipose tissue function
Adipose tissue is composed of multiple cell types, including adipocytes,
preadipocytes, endothelial cells, immune cells, and nerves [8]. In addition to
its complex tissue composition, adipose tissue also takes on diverse functions
in organisms, including energy storage, endocrine, reproductive, and
mechanical roles [9].
The most critical role of adipose tissue is the establishment of
nutritional and energy homeostasis. Adipose tissue is the major energy
storage site, capable of storing excess energy as lipids in the form of
triglyceride (TG) under circumstances where nutrients are abundant, such as
during feeding. Storage of excess fat particularly in these specialized cells,
adipocytes, is not only beneficial for saving excess energy, but also protects
organisms from lipotoxicity in other cell types [10]. During insufficient caloric
intake, or fasting, hydrolysis of TGs into fatty acids in adipocytes provides an
energy source for other tissues to utilize. The ability to store excess energy
and the remarkable capacity to expand and contract based on organismal
energy demands gives adipose tissue an exceptional plasticity without a
transformed phenotype [11].
In addition to lipid storage, adipose tissue has an endocrine function
that regulates systemic energy homeostasis [9, 12]. A number of adipokines
and cytokines, such as leptin, adiponectin, aP2, RBP4, TNFα, and MCP1, are
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secreted from adipose tissue to regulate systemic metabolism [13-17]. Among
these adipokines, aP2 (Fatty acid binding protein 4, FABP4) has been
extensively studied by our laboratory. The adipokine aP2 was initially studied
as an intracellular lipid trafficking protein [18], but was later implicated as an
important factor in obesity, insulin resistance, and diabetes [18-20]. Recent
studies indicated that the secreted form of aP2 plays a significant role in
disease pathogenesis, and that targeting aP2 may have therapeutic potential
[17, 19, 21].
Adipose tissue has roles in organisms beyond systemic metabolism
through roles in energy storage and endocrine function. For example, there is
an established connection between adipose tissue and reproduction in
animals. Factors released from adipose tissue regulate reproduction capacity,
and conversely, reproduction capacity affects adiposity in a variety of species
[22]. Additionally, a critical function of adipose tissue located throughout the
body is to provide protection for delicate organs. Body regions susceptible to
mechanical stress are surrounded by adipose tissue to provide physical
support and shock absorption. In line with a supportive role, adipose tissue
serves as an insulation factor in some mammals. While adipose tissue is
classically known for energy storage and endocrine function, these studies
also highlight the importance of physical support provided by adipose tissue
in the body [9].
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The significance of adipose tissue in organisms has also been
supported by findings showing detrimental effects of total or partial loss
(lipodystrophy) in mouse models and humans. Transgenic models of
lipodystrophy, such as aP2-DT-A, A-ZIP/F-1, and aP2-SREBP1c, result in
massive loss of fat tissue, accompanied by severe metabolic abnormalities,
including insulin resistance, hyperglycemia, and dyslipidemia [23-25].
Similarly, other mouse models of lipodystrophy lacking key adipogenic factors,
such as C/EBPα, PPARγ and Agpat2, display abnormal metabolic
phenotypes, also including altered glycemia, dyslipidemia, and insulin
resistance [26-28]. Further, the importance of adipose tissue in humans has
been implicated by detection of metabolic abnormalities in patients with
mutations causing lipodystrophy. Congenital generalized lipodystrophy (CGL)
syndrome in humans causes loss of adipose tissue from birth. These
individuals develop hyperinsulinemia, non-alcoholic fatty liver disease
(NAFLD), dyslipidemia, and diabetes [29-31]. The abnormalities observed in
CGL syndrome patients are similar to those observed in familial partial
lipodystrophy (FPLD) [32, 33] and HIV-associated lipodystrophy [34]. Such
conditions further highlight the requirement for functional adipose tissue to
protect against lipotoxicity, and to produce necessary hormones, such as
leptin, to regulate systemic metabolism.
Overall, the crucial role of adipose tissue in regulating systemic
metabolism is evident in the metabolic perturbations associated with
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lipodystrophy. Conversely, excess adipose tissue, as observed in obesity, also
results in pathological changes both at the tissue and systemic levels. Both
lack of fat storage and storage of too much fat lead to detrimental effects
indicating the requirement of an optimal fat mass for organismal health.

Adipose tissue dysfunction in obesity
Adipose tissue is an important regulator of systemic metabolism.
Functioning as an energy storage depot, adipocytes are the main cell type
storing TG and cholesterol esters in lipid droplets. When energy demand is
increased, adipose tissue releases lipids as a result of lipolysis for other
tissues to uptake and utilize for energy production. This cycle of expansion
and contraction of adipose tissue requires remarkable plasticity. Under
physiological conditions, this adaptive response is a critical mechanism
protecting against ectopic lipid deposition and does not cause pathological
changes in the tissue [35].
Obesity, however, is characterized by accumulation of excess fat in the
body. Lipid overload in adipocytes results in either enlargement of adipocytes
(hypertrophy) or an increase in the number of adipocytes (hyperplasia) in the
tissue. The balance between hyperplasia and hypertrophy depends on the
species, as well as the type of adipose tissue depot. For example, early studies
show that tissue expansion occurs first as a result of enlargement of
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adipocytes, followed by production of signals to produce new adipocytes [36].
Initial studies demonstrate that weight loss is associated with a reduction in
adipocyte size, instead of cell number [37, 38]. This observation was further
supported by the finding that the number of terminally differentiated mature
adipocytes are fixed in adult humans, with obese people having a greater
number of total adipocytes [39]. On the other hand, mouse studies suggest
that both hypertrophy and hyperplasia play a role in adipose tissue expansion
under high-fat diet (HFD) induced obesity [40]. As a further example, the
percentage of adipocyte cell death in the epididymal fat depot with HFD
feeding is significantly higher than that in the inguinal fat depot [41]. Although
dying adipocytes are replaced by new adipocytes generated from
preadipocytes (adipogenesis), adipogenesis is not likely to be the primary
cause of obesity. Instead, adipogenesis is possibly a response to excess
caloric intake in order to store excess nutrients safely [9]. Furthermore, the
anti-diabetic drugs thiazolidinediones promote adipogenesis, supporting the
notion that generation of new adipocytes may have systemic beneficial effects
[42]. Taken together, despite an increase in the lipid storage, obese adipose
tissue may become dysfunctional over time leading to an impaired storage
capacity and spillover of lipids. This ultimately can result in ectopic lipid
accumulation in other tissues, such as the liver and muscle, contributing to the
progression of insulin resistance and diabetes [7].
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In addition to the aforementioned physical changes, adipose tissue
undergoes many major pathological alterations in obesity. Among the most
important are insulin resistance, inflammation, altered lipid metabolism,
endoplasmic reticulum stress, and hypoxia [43, 44] (Figure 1-1).

8

Figure 1-1. Obesity results in pathological changes in adipose tissue. Excessive
lipid accumulation in adipocytes results in adipocyte hypertrophy. Expansion of
adipocytes and adipose tissue is coupled with various pathological changes at the
cellular and tissue levels. Such pathological changes include decreased insulin
sensitivity, increased macrophage and inflammatory cell accumulation, altered lipid
metabolism including suppression of de novo lipogenesis, endoplasmic reticulum
stress, and increased hypoxia. These perturbations in adipose tissue are generally
interconnected with each other and identification of underlying mechanisms may
provide promising therapeutic targets to ameliorate tissue dysfunction and
accompanying systemic metabolic effects.
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Insulin resistance in obese adipose tissue
Insulin signaling is an important regulator of adipocyte function. The
main role of insulin signaling in adipose tissue biology is the regulation of
glucose and lipid metabolism [45]. Insulin stimulates glucose uptake in
adipocytes by inducing translocation of glucose transporter 4 (GLUT4) to the
plasma membrane. Increase in GLUT4 localization on the plasma membrane
results in a several-fold increase in the amount of glucose transported into
adipocytes [46]. In obesity, however, insulin-dependent regulation of glucose
uptake and metabolism is impaired in part due to reductions in GLUT4 [47].
Consistently, adipose tissue specific loss-of function of GLUT4 is sufficient to
induce insulin resistance in the liver and muscle of mice [48], while
overexpression of GLUT4 in adipocytes improves insulin sensitivity and
glucose tolerance, despite increased weight gain [49, 50]. Taken together,
these studies indicate that insulin-regulated GLUT4 activity and glucose
uptake in adipocytes has a beneficial role in systemic metabolism.
A consequence of decreased glucose uptake in adipocytes is reduced
fatty acid esterification and lipid accumulation resulting from attenuated
production of glycerol 3-phosphate and de novo synthesis of fatty acids [45].
Insulin-dependent esterification of lipids in adipose tissue requires lipoprotein
lipase (LPL) and fatty acid transporter protein 1 (FATP1) activity [51, 52]. LPL
hydrolyses TGs into fatty acids and glycerol, whereas FATP1 is required for
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fatty acid uptake and production of fatty acyl-CoA [53-55]. Dysregulation of
these key proteins under insulin resistant conditions prevents insulindependent uptake of fatty acids [52], thereby resulting in increased levels of
circulating lipids. Therefore, insulin signaling plays a critical role in lipid
accumulation in adipose tissue and, consequently, insulin resistance in obese
adipose tissue contributes to systemic dyslipidemia.
Insulin also prevents dyslipidemia by regulating lipolysis. Insulindependent inhibition of lipolysis occurs via activation of phosphodiesterase or
inhibition of adenylate cyclase thereby reducing cAMP levels and suppressing
PKA activity [56-58]. Additionally, insulin-dependent regulation of lipolysis
involves mechanistic target of rapamycin complex 1 (mTORC1)-mediated
inhibition of adipose triglyceride lipase (ATGL) [59]. Additionaly, insulin can
suppress lipolysis via increasing transcription of the fat specific protein 27
(FSP27), which is important in lipid droplets [60, 61]. Overall, insulin resistance
observed in obese adipose tissue results in uncontrolled lipolysis and release
of free fatty acids from adipose tissue contributing to ectopic lipid accumulation
and metabolic perturbations.

Inflammation in obese adipose tissue
Adipose tissue inflammation is a hallmark of obesity [5]. The connection
between obesity and inflammation was first established by detection of
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increased tumor necrosis factor α (TNF-α) expression in obese adipose tissue
[16]. Loss of function studies directly linked the role of TNF-α to systemic
glucose homeostasis and insulin action [62, 63]. In addition to TNF-α, targeting
other pro-inflammatory cytokines, such as IL-1β, also provides systemic
beneficial effects both in mice and humans [64, 65]. Other pro-inflammatory
factors, including IFN-γ, CCL2, and IL-6, have also been implicated in inhibition
of insulin signaling [66, 67]. Similarly, deficiency of inflammasome components
protects mice from HFD-induced impairments in glucose metabolism [68, 69].
Taken together, these studies highlight the critical role of pro-inflammatory
cytokines in the development of metabolic derangements in obesity.
Adipose tissue represents a key site for the crosstalk between
inflammation and metabolism. Most notably, infiltration of immune cells, such
as macrophages, into adipose tissue has been consistently reported in obese
conditions [70, 71]. Infiltrated macrophages primarily localize around dead
adipocytes, forming a crown-like structure, which suggests that macrophages
may be responsible for clearance of nonfunctional adipocytes [72]. In addition
to an increase in macrophage number, polarization status of macrophages is
also altered in adipose tissue with a more pronounced anti-inflammatory M2
state in lean animals and an enhanced pro-inflammatory M1 state in obese
animals [73]. Many studies further support the idea that polarization status of
macrophages is a key determining factor for promoting insulin resistance or
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insulin sensitivity in disease conditions [74]. In addition to macrophages, other
immune cell types including neutrophils, T lymphocytes, B lymphocytes, and
mast cells have been detected in obese adipose tissue and are associated
with insulin resistance [75]. On the other hand, eosinophils and regulatory T
cells (Tregs) play a role in reducing inflammation and improving insulin
sensitivity [76, 77]. Altogether, presence of immune cells in adipose tissue is
a key factor promoting the crosstalk between inflammation and metabolic state
in obesity.
Inflammation is directly related to multiple pathological conditions
observed in obesity and other metabolic disorders. For example, the c-Jun Nterminal kinase 1 (JNK1) links inflammation to insulin resistance through
suppression of insulin signaling via phosphorylation of insulin receptor
substrate 1 (IRS1) [78]. Both adipose-specific JNK1 knockout, and transgenic
expression of a dominant negative form of JNK1 in adipocytes and
macrophages protects mice from high-fat diet induced hepatic lipid
accumulation and insulin resistance, which has been attributed to reduced IL6 levels [79, 80]. In addition to JNK signaling, inhibitor of κB (IKK) signaling is
also an important mediator of inflammation. IKK signaling is upregulated in
adipose tissue under insulin resistant conditions [81]. Importantly, similar to
the JNK knockout models, inhibition of IKK signaling protects cells and mice
from insulin resistance [82]. Taken together, these studies highlight the
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importance of the effect of inflammatory signaling in the regulation of insulin
signaling and associated metabolic outcomes.

Altered lipid metabolism in obese adipose tissue
Adipose tissue and the liver are the most critical organs in the regulation
of systemic lipid metabolism. Unlike liver, which is the main site for
endogenous synthesis of fatty acids, the adipose tissue acts as a major
storage depot for excess lipids. In adipocytes, these lipids are primarily derived
from exogenous sources and only a fraction are endogenously synthesized via
de novo lipogenesis (DNL) [83]. Considering the massive quantities of stored
lipid in adipocytes, DNL is unlikely to contribute to the lipid mass of adipose
tissue. Thus, the fact that adipocytes intrinsically engage in fatty acid synthesis
raises the possibility that in comparison to their dietary counterparts,
adipocyte-derived fatty acids may have unique functions and roles in important
biological processes beyond energy storage.
Under physiological conditions, the regulation of DNL by feeding and
fasting is highly synchronized in the liver and adipose tissue. Interestingly,
however, this coordination is lost in pathological conditions. For example,
contrary to the liver, the de novo lipogenic capacity of adipocytes is
substantially reduced in obesity, which was initially revealed by studies tracing
labeled glucose in adipocytes isolated from lean and obese rats [84]. Since

14

then, multiple groups have confirmed a pronounced suppression of enzymes
functioning in the fatty acid synthesis and lipogenesis pathways in the adipose
tissues of obese humans and in mouse models of obesity [85-88]. These
observations raise the possibility that decreased DNL in adipose tissue may in
fact contribute to systemic metabolic perturbations observed in obesity. In line
with the distinct regulation of DNL in the liver and adipose tissue under
pathological conditions, genetic interventions that impinge on DNL in the liver
are typically associated with reciprocal regulation of that pathway in adipose
tissue. For instance, liver-specific deficiency of SCAP, which results in
suppression of liver DNL, drives a concomitant upregulation of lipogenic genes
in adipose tissue [89]. Likewise, genetic deletion of liver X receptor α and β in
leptin-deficient (ob/ob) mice induces the lipogenic program in adipose tissue
via activation of carbohydrate response element binding protein (ChREBP)
[90], which is a key transcription factor regulating DNL in adipocytes.
In addition to providing evidence for reciprocal regulation of DNL in the
liver and adipose tissue, studies so far have also documented a possible
connection between increased DNL in adipose tissue and beneficial systemic
outcomes, such as increased insulin sensitivity and improved systemic
glucose homeostasis (Figure 1-2). This possibility is further supported by
studies of other mouse models in which adipose tissue DNL is directly
targeted. For example, promoting glucose uptake into the adipose tissue via
overexpression of glucose transporter GLUT4 in adipocytes improves
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systemic glucose homeostasis [50, 91]. This effect is largely attributed to
ChREBP-dependent transcriptional regulation, since ChREBP loss-of-function
abrogates the DNL response as well as the beneficial phenotype seen in this
experimental model [49]. Reciprocally, adipose tissue-specific overexpression
of constitutively active ChREBP is sufficient to provide favorable whole-body
metabolic effects, such as improved glucose homeostasis and decreased
hepatic triglyceride content [92]. Another remarkable connection regarding the
systemic effects of adipose tissue DNL is observed in the setting of calorie
restriction. Despite being an energetically unfavorable process, calorie
restriction results in an increase in adipose tissue DNL [93]. This paradoxical
consequence raises the possibility that the products of DNL may in fact
contribute to the favorable metabolic effects of dietary restriction. Taken
together, the accumulating evidence suggests both that the control of the DNL
program operates independently and, perhaps in an opposite manner, in the
liver and adipose tissue under pathogenic conditions, and that elevated DNL
in adipose tissue is highly associated with favorable overall metabolic
phenotype. Hence, a critical question relates to the mechanisms underlying
these effects and the identity of the molecules that signal these metabolic
activities.
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Figure 1-2. Products of de novo lipogenesis in adipose tissue regulate systemic
metabolism. The de novo lipogenic capacity of adipose tissue is significantly lower
than that of the liver. However, interventions that increase DNL in adipose tissue are
associated with improved systemic metabolic homeostasis. For example, increased
expression of FAS and SCD1 in the adipose tissue of FABP4/5-deficient mice
significantly increases de novo production of the monounsaturated fatty acid
palmitoleate. In turn, palmitoleate increases insulin sensitivity in muscle and
suppresses lipogenesis and steatosis in the liver. Similarly, increased glucose uptake
specifically in the adipose tissue of GLUT4-overexpressing mice induces DNL,
leading to elevated synthesis of many complex lipids including palmitic-acid-9hydroxy-stearic-acid (PAHSA) via a ChREBP-dependent mechanism. PAHSA
positively regulates fatty acid transporter Gpr120 and Glut4-dependent glucose
uptake in adipocytes in an autocrine manner, and enhances GLP-1 and insulin
secretion from the intestine and pancreas, thereby improving glucose tolerance.
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Work from our group leading to the identification of palmitoleate
(C16:1n7) as an adipose tissue-derived lipokine established a direct link
between a product of adipose tissue DNL and its beneficial systemic effects
[94]. This finding originated from the observation that genetic deficiency of lipid
chaperone proteins FABP4 and FABP5 (also known as aP2 and mal1,
respectively) resulted in elevated adipose tissue expression of DNL genes,
such as fatty acid synthase (FAS) and stearoyl-CoA desaturase 1 (SCD1).
Unbiased lipid profiling of the adipose tissue in FABP4/5 deficient mice
revealed a marked increase in palmitoleate content in multiple lipid classes,
such as triglyceride, diacylglycerol, and free fatty acids. The level of
palmitoleate was also significantly increased in the plasma of FABP4/5
deficient mice on a high-fat diet. Mechanistically, it was shown in these studies
that palmitoleate directly and positively regulated lipid and glucose metabolism
by suppressing the expression of lipogenic genes in the liver and increasing
insulin sensitivity in the liver and muscle (Figure 1-2). Taken together, these
data suggest that elevated DNL and increased production of palmitoleate in
adipose tissue, at least in part, mediates the whole body beneficial effects of
FABP4/5-deficiency [94]. Interestingly, the levels of oleate, another product of
SCD1 desaturase activity, were not altered in parallel with palmitoleate. This
is perhaps due to the fact that oleate is an abundant fatty acid in mouse chow,
and thus relative to palmitoleate, the contribution of adipose tissue DNL to
oleate levels is likely to be negligible. In other words, the products of DNL that
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are rare in the diet, such as palmitoleate, may act as key bioactive signals or
lipokines, mediating organ-to-organ communication and regulating systemic
metabolic homeostasis through their unique biological activity.
The beneficial role of palmitoleate has also been demonstrated in
various other experimental settings. Similar to our findings in the FABP4/5deficient model, independent groups have reported insulin-sensitizing effects
of palmitoleate on muscle [95, 96], and palmitoleate administration improves
glucose metabolism in the setting of high-fat diet-induced insulin resistance
and in the KK-Ay diabetic mouse model [97, 98]. Palmitoleate has also been
shown to antagonize high-fat diet and palmitate-induced pro-inflammatory
activation of macrophages [99, 100]. Finally, increased palmitoleate
production in FABP4-deficient macrophages guards cells against palmitateinduced lipotoxicity and cytotoxicity, which is protective in a mouse model of
atherosclerosis [101]. These results point to favorable metabolic and antiinflammatory roles of palmitoleate, and underscore its therapeutic potential.
There are several lines of evidence emerging from human studies that
are consistent with the beneficial effects of adipose tissue palmitoleate
production observed in experimental models [102, 103]. Interestingly, the
relative contribution of adipose tissue-derived palmitoleate to the circulation
varies depending on where it is produced in humans. Adipose tissue located
in the lower body is a more significant source of circulating palmitoleate than
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abdominal subcutaneous adipose tissue [104]. This may in part explain the
relative benefit of “pear shaped” adipose tissue accumulation compared to
abdominal adiposity. However, the numerous studies assessing serum
palmitoleate in humans have revealed both positive and negative associations
with metabolic disease conditions [102, 103, 105-108]. It is critical to consider
the complexity of these serum measurements, as the contrasting findings may
be due to the differences between the lipid fractions in which palmitoleate was
measured in each investigation. For instance, studies measuring palmitoleate
in the circulating non-esterified fatty acid (NEFA) fraction show that
palmitoleate level is positively correlated with insulin sensitivity [103]. In
contrast, an increase in palmitoleate in other lipid fractions, such as cholesterol
esters, triglyceride, and diacylglyceride, is correlated with insulin resistance,
non-alcoholic fatty liver disease, and diabetes [105-107]. These seemingly
discrepant results could indicate that the free fatty acid form of palmitoleate
acts a lipokine with systemic beneficial effects, whereas esterified palmitoleate
loses this distinct function, or may reflect hepatic output. Indeed, esterified fatty
acid fractions in the circulation highly resemble liver, but not adipose tissue,
fatty acid composition [104, 109], and therefore the increased esterified
palmitoleate observed in pathological settings may simply be reflective of
elevated hepatic DNL. Alternatively, the coupling of DNL and palmitoleate
production in the liver may in fact be an adaptive mechanism to offset the
potential hazards of increased lipogenesis. Altogether, these human studies
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illustrate the importance of both the form and the source of palmitoleate as
determinant factors defining the correlation between palmitoleate levels and
disease conditions, and emphasize that additional well-controlled human trials
will be needed to better understand the action of this lipokine.
Notably, palmitoleate is not the only mediator of the systemic beneficial
effects of increased adipose tissue DNL. Recently, studies from the laboratory
of Dr. Kahn described a novel class of adipose tissue-derived lipids with potent
metabolic effects under conditions of elevated adipose tissue DNL in the
GLUT4 transgenic model [110]. In these studies, unbiased lipidomic analysis
pinpointed a new class of lipids, fatty acid-hydroxy fatty acids (FAHFAs), which
are synthesized in vivo and significantly elevated in the adipose tissue of
GLUT4 overexpressing mice. An isomer of FAHFA, consisting of palmitic acid
and stearic acid (PAHSA), was highly regulated by fasting/feeding cycles and
in mice fed a high-fat diet. In addition to its levels in adipose tissue, the PAHSA
concentration in circulation also fluctuated and was correlated with improved
insulin sensitivity. Remarkably, exogenous PAHSA treatment improved
glucose tolerance and overall glucose metabolism in mice, mediated in part by
enhanced GLP-1 and insulin secretion. Importantly, and similar to
palmitoleate, PAHSA administration exerted an anti-inflammatory effect on
adipose tissue-resident immune cells. PAHSA levels were also reduced in the
serum and subcutaneous adipose tissue of insulin resistant human subjects
[110]. These results may indicate that lipid-based communication between
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metabolically active organs could be a common mechanism of endocrine
regulation and that adipose tissue DNL is an important process in the
generation of these signaling molecules.

Endoplasmic reticulum stress in obese adipose tissue
The endoplasmic reticulum has key functions in the maintenance of
cellular homeostasis through regulation of key cellular processes including
protein folding, modification, and secretion, as well as calcium storage and
lipid metabolism. Perturbations in ER homeostasis leads to activation of the
unfolded protein response (UPR) [111]. UPR activation triggers an adaptive
stress response aiming to restore homeostasis by enhancing the folding
capacity, and activating mechanisms to prevent protein overload [112]. The
three classical branches of the UPR consisting of inositol-requiring enzyme 1
(IRE1), activating transcription factor-6 (ATF6), and PKR-like endoplasmic
reticulum kinase (PERK), are activated by dissociation of the luminal
chaperone protein BiP (GRP78) [44]. Upon release of BiP, PERK and IRE1
autophosphorylate and activate downstream signaling, whereas ATF6 is
released from the ER and translocates to the Golgi where it is cleaved and
activated to regulate transcription of its target genes [113]. Activation of the
PERK pathway results in phosphorylation of eukaryotic initiation factor 2α
(eIF2α), thereby attenuating global translation. This mechanism serves to
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reduce protein load on the ER as well as to induce preferential translation of
activating transcription factor 4 (ATF4) and C/EBP homologous protein
(CHOP), involved in the regulation of ER redox and apoptosis [44]. The IRE1
branch also regulates key ER-associated processes, such as ER biogenesis
and secretion. IRE1-dependent activation of X-box binding protein (XBP1)
increases transcription of genes, such as protein disulfide isomerase (PDI) and
endoplasmic reticulum-resident DNAj homolog 4 (ERdj4), that are involved in
these processes [44]. The activation of ATF6 also results in upregulation of
XBP1 as well as target genes that have a role in ER homeostasis and ERassociated degradation. Among these genes are BiP, calreticulin, 94 kDa
glucose- regulated protein (GRP94), and ER degradation-enhancing αmannosidase-like protein (EDEM) [44]. Altogether, activation and coordination
of these three canonical UPR branches mediate the response to ER stress to
maintain proper ER function, or to trigger apoptosis if the stress is too severe
to relieve.
ER stress and an active UPR have been detected in obesity in a number
of tissues, including the brain, β cells, liver, and adipose tissue [114, 115]. In
particular, HFD-fed mice show significant upregulation of ER stress markers
in adipose tissue, such as PERK phosphorylation and JNK activation [114].
Similarly, in the adipose tissue of the ob/ob genetic model of obesity, ER stress
markers, including PERK and IRE1 phosphorylation and XBP1 splicing, have
been detected [114, 116]. Importantly, ER stress is not only detected in mouse
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models of obesity. Studies demonstrate that ER stress marker proteins are
also present in adipose tissue of obese and insulin resistant human subjects
[117].
Important role of UPR regulators in metabolism has been shown in
studies using loss of function or gain of function mouse models of main UPR
proteins. For example, XBP1 heterozygous mice display metabolic
abnormalities on HFD, including insulin resistance, glucose intolerance, and
hyperglycemia, as well as increased ER stress-associated increased IRE1 and
PERK phosphorylation, and JNK activation [114]. Despite the effect of XBP1
heterozygosity on systemic glucose homeostasis, XBP1 deletion specifically
in adipocytes does not have any important effect on systemic metabolism and
tissue inflammation [118]. Recent studies have shown that overexpression of
spliced XBP1 in adipocytes improves adiponectin multimerization and
systemic glucose metabolism [119].
ER stress in adipocytes is linked to multiple pathologies. Studies have
demonstrated that ER stress and resulting UPR activates downstream
effectors including the JNK/NFκB pathway, reactive oxygen species (ROS)
generation, and apoptosis. These pathways, altogether, might contribute to
other major pathological changes observed in obesity, such as inflammation
and insulin resistance [44]. In support of this, treatment of 3T3-L1 adipocytes
with ER stress inducers is sufficient to impair insulin signaling [120]. IRE1 and
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PERK branches of UPR activate JNK and NF-κB, which are well-established
inducers of the inflammatory response [121-123]. ER stress is also linked to
regulation of lipolysis through mechanisms including PKA-dependent
regulation of perilipin 1 [124]. Aside from the regulation of inflammation and
insulin resistance, UPR branches have been linked to the regulation of
adipogenesis, with the activation of the PERK branch suppressing and IRE1
promoting this process [125]. Taken together, these studies indicate that the
canonical UPR pathway mediates an array of adipocyte functions and
pathologies that are crucial in obesity.
Given the many pathologies associated with chronic engagement of the
UPR in metabolic disease, relieving ER stress has a great therapeutic potential
in this context. Our laboratory initially demonstrated that treatment of obese
mice with chemical chaperones, 4-phenyl butyric acid (PBA) or taurineconjugated ursodeoxycholic acid (TUDCA), reduces ER stress and improves
glucose homeostasis and insulin sensitivity [116]. Our recent study using a
small-molecule inhibitor of the ER stress response also demonstrates a
profound beneficial effect of targeting UPR for the treatment of metabolic
diseases [126]. Interestingly, these findings indicate a significant role of ER
dysfunction in the context of adipose tissue pathology and systemic metabolic
perturbations. Consequently, targeting ER stress and UPR may provide
promising therapeutic strategies to treat obesity and associated metabolic
diseases.
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Hypoxia in obese adipose tissue
Adipose tissue has a profound command over other metabolic organs
and exhibits remarkable plasticity. During nutrient excess adipose tissue
expands, adopting a hypertrophic/hyperplastic structure, to store energy for
periods of limited nutrient availability. Undoubtedly, the expansion of adipose
tissue generates a commensurate increase in oxygen demand. Previous
studies have revealed that adipose tissue growth and adipocyte differentiation
are reliant on new vessel development to support proper supply of oxygen and
other nutrients [127, 128]. Multiple angiogenic factors such as vascular
endothelial, fibroblast, or hepatocyte growth factors (VEGF, FGF, HGF), and
leptin, are mechanisms to ensure tissue homeostasis among adipocytes,
adipose stromal cells, and resident or recruited immune cells [129]. However,
in obesity, the synergy between adipose tissue expansion and vascularization
is lost, giving rise to inadequate perfusion of the tissue, and hypoxia [130]. Low
oxygen concentration has been directly measured in multiple mouse models
of obesity. Interstitial partial pressure of oxygen in ob/ob and HFD-fed mice
has been shown to be significantly lower than that of lean control groups [131,
132]. Decreased adipose tissue oxygenation has also been reported in obese
humans, suggesting that hypoxia might play a key role in the adipose tissue
pathology in obese humans [133].
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Impaired vascularization and resulting hypoxia may contribute to
metabolic perturbations as a result of the stress, inflammatory responses, and
dysregulation of adipocytokine production [44]. Hypoxia has been linked to
dysregulation of adipocytokines, particularly adiponectin, TNF-α, IL-1, and IL6 [130, 132]. In addition to triggering an inflammatory response, hypoxia is
likely to be a cause of adipocyte death [134]. Hypoxia has also been linked to
insulin resistance in adipocytes through a mechanism involving HIF1-α
activation [135]. ER stress observed in obese adipocytes can also be a
consequence of hypoxia in adipose tissue, suggested by induction of ER
stress-associated

genes,

such

as

CHOP

and

GRP78

and

eIF2α

phosphorylation in in vitro hypoxia experiments [130]. Taken together, hypoxia
in adipose tissue is a critical factor promoting pathological changes in
adipocytes in obesity.
HIF1-α is a master transcription factor regulating hypoxic response in
cells. Obesity results in accumulation of HIF1-α protein in adipose tissue [136].
HIF1-α loss-of-function in adipose tissue provides beneficial outcomes,
including decreased inflammation and improved insulin sensitivity [137].
Selective inhibition of HIF1-α improves adipose tissue function and provides
beneficial metabolic effects at the systemic level [138]. Conversely,
overexpression of HIF1-α in adipose tissue results in increased inflammation
and fibrosis [131]. These studies showed HIF1-α dependent signaling in
adipocytes is associated with detrimental metabolic outcomes.
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Figure 1-3. Stage-dependent effects of adipose tissue vascularization. Adipose
tissue undergoes hypertrophic and hyperplastic alterations during the course of
obesity, resulting in the accumulation of hypoxic and stressed adipocytes in an
inflammatory milieu. At the early stages, suppression of vascularization results in
enhanced adipose tissue perturbations such as hypoxia, inflammation, and apoptosis,
eventually leading to systemic insulin resistance. On the contrary, late-stage
suppression brings about reduced adiposity and improved glucose tolerance. This is
likely explained by apoptosis-mediated elimination of stressed adipocytes and
consequently the regression of adipose tissue. However, induction of vascularization
has beneficial effects at both early and late stages of disease. First, an increase in
adipose tissue vascularization results in decreased hypoxia. Second, enriched
vasculature alleviates adipose tissue inflammation and prevents adipocyte apoptosis.
Besides these local effects and impact on systemic adiposity, positive modulation of
adipose tissue vascularization improves systemic metabolic abnormalities, such as
insulin resistance and glucose intolerance.

28

In addition to the studies showing that targeting HIF1-α is a promising
approach

to

ameliorate

adipose

tissue

dysfunction,

other

studies

demonstrated that improving the vascular network and reversing hypoxic
conditions may be beneficial. Overexpression of VEGF-A, specifically in
adipose tissue of obese mice, was reported to mitigate hypoxia and
inflammation and improve systemic glucose metabolism [139]. These
observations suggest that early stimulation of white adipose tissue
angiogenesis in obesity can prevent development of systemic metabolic
aberrations, perhaps by allowing the sustenance of a healthier adipose tissue
(Figure 1-3). In another well-designed study, mice overexpressing VEGF-A
exhibited elevated vascularization in both white and brown adipose tissue
(BAT) and were generally free of metabolic dysfunction induced by a HFD,
with reduced adiposity, increased BAT function, and improved insulin
sensitivity [140]. Despite evidence demonstrating the deleterious effects of
decreased angiogenesis in adipose tissue, decreasing the blood supply to
obese adipose tissue has also been proven beneficial in obesity and
associated complications (Figure 1-3). Inhibition of angiogenesis in genetically
obese mice has resulted in substantial weight loss and metabolic benefits
[127]. Likewise, treatment with TNP-470, a synthetic inhibitor of angiogenesis,
reduces adiposity and normalizes serum insulin and glucose levels in dietary
obesity [141]. Similar results have also been obtained by targeting blood
vessels specifically in obese white adipose tissue with a proapoptotic peptide,
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resulting in a regression of metabolic abnormalities [142]. Taken together, all
these studies suggest that adipose tissue vasculature possesses a dual role
in maintaining metabolic homeostasis. While a chronically and incrementally
oxygen-deprived adipose tissue is detrimental for systemic metabolic
homeostasis, altogether starving obese adipose tissue of oxygen to the point
of death may also create metabolic benefits in obesity.

Significance and preview of this work
Adipose tissue plays a central role in regulation of systemic metabolism.
Obesity, which is characterized by accumulation of excess body fat, results in
a variety of detrimental alterations in adipose tissue. Obesity-associated
perturbations in adipose tissue not only lead to dysfunctional adipocytes, but
also lead to a cascade of abnormalities in other metabolically active organs,
ultimately affecting systemic metabolism. Altered fatty acid metabolism and
ER function are two key pathological changes observed in human and mouse
models of obesity. Accumulating evidence strongly suggests that amelioration
of adipose tissue fatty acid metabolism and ER function provides beneficial
outcomes both at the tissue and systemic levels. Importantly, mechanisms of
suppressed endogenous fatty acid synthesis and ER stress in obese adipose
tissue are poorly understood.
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In this study, we address some key interconnections between major
obesity-associated pathologies in adipocytes in vitro and in adipose tissue in
vivo. We first demonstrate the role of SCD1 in ER function in adipocytes. We
also provide evidence for hypoxia-dependent regulation of SCD1 and fatty acid
desaturation, suggesting a mechanism for suppression of a segment of fatty
acid metabolism in obese adipocytes. Additionally, we propose suppression of
SCD1 and fatty acid desaturation as a potential mechanism for hypoxiainduced ER stress in adipocytes. Finally, we identify a new role for a
specialized oxygen sensor, PHD3, in adipocyte ER function and systemic
glucose metabolism under hypoxia and in obesity, respectively.
In summary, our findings highlight the importance of decreased adipose
tissue oxygenation as a regulator of fatty acid metabolism in adipocytes.
Furthermore, we demonstrate a critical role of PHD3 in ER function, which
presents a novel mechanism linking oxygen availability and sensing to an
organelle that integrates various metabolic cues in cells. Overall, this study
provides insight into the mechanisms interconnecting key obesity-related
pathologies in adipose tissue, which may ultimately contribute to the
development of new therapeutic approaches.
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Chapter 2
The role and regulation of SCD1 in adipocytes
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Introduction
The liver and adipose tissue are two key organs regulating lipid
metabolism. Although endogenous synthesis of fatty acids (de novo
lipogenesis; DNL) takes place primarily in the liver, adipocytes also convert
non-fatty acid precursors to fatty acids in situ. Obesity and associated
metabolic conditions, such as insulin resistance and diabetes, cause
significant changes in tissue-specific and systemic lipid metabolism, including
fatty acid metabolism [143]. Many studies have shown that obesity is
associated with reduction in the DNL capacity of the adipose tissue, and that
interventions increasing DNL in adipose tissue have beneficial systemic
effects in the context of metabolic diseases. However, the mechanisms of
suppressed DNL in adipose tissue in obesity are not well understood.
Therefore, understanding the changes in the regulation and function of key
DNL enzymes might provide important insights into the pathology of metabolic
abnormalities, as well as provide potential therapeutic avenues for metabolic
diseases.
DNL is a complicated pathway mediated by a number of enzymes and
multiple transcription factors. Stearoyl-CoA desaturase 1 (SCD1) is one of the
key enzymes of the DNL pathway. SCD1 catalyzes the synthesis of
monounsaturated fatty acids, oleate and palmitoleate, from saturated fatty
acids, palmitate and stearate [144]. SCD1 loss-of-function in the context of
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metabolic diseases has been studied for a number of years. Asebia mice, with
a natural mutation in Scd1, are protected from TG accumulation in the liver
and plasma [145, 146]. Consistently, whole-body deletion of SCD1 provides a
beneficial outcome under high-fat diet or high-carbohydrate diet conditions
[147]. A protective role of SCD1 deficiency was also shown using antisense
oligonucleotide (ASO)-dependent targeting of SCD1, which protects mice from
obesity and obesity-associated metabolic problems, such as hepatic steatosis
[148]. ASO-dependent targeting of SCD1 in rats also provides beneficial
systemic effects including improved insulin sensitivity in the liver [149]. In
addition to global loss-of-function of SCD1, SCD1 has also been studied in a
tissue-specific manner. Mice with liver-specific knockout of SCD1 are resistant
to weight gain and hepatic lipid accumulation when they are fed a highcarbohydrate diet. This is most likely due to the fact that lipogenesis in the liver
is impaired with SCD1 deficiency [150]. Interestingly, SCD1 is also highly
expressed in skin and its deficiency specifically in skin increases energy
expenditure and protects mice from HFD-induced obesity [151]. Taken
together, these reports indicate that SCD1 in the liver and the skin have
systemic metabolic effects and its loss-of-function in these tissues provides
beneficial metabolic outcomes.
Adipose tissue-specific deletion of SCD1 has been reported by crossing
SCD1flox/flox mice with aP2-Cre mice. On a regular HFD, adipose tissue-specific
SCD1 knockout mice did not show any significant difference in body weight,
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adipose tissue weight, or glucose homeostasis, despite some reductions in
monounsaturated fatty acids in adipose tissue [152]. These findings suggested
that on a regular HFD, in which the most abundant fatty acid is the
monounsaturated fatty acid oleate, SCD1 function in adipose tissue might not
be a critical factor determining metabolic outcome. However, the role of
adipose tissue SCD1 in other contexts has not been extensively studied.
Our group has shown that FABP4/5 deficiency significantly upregulates
DNL enzymes in adipose tissue, including SCD1, which results in increased
palmitoleate production in adipose tissue [94]. In this mouse model, adiposeproduced palmitoleate has beneficial systemic effects including increased
insulin sensitivity in muscle and decreased lipogenesis in the liver. In line with
this observation, another study in our laboratory showed that SCD1, and its
product palmitoleate, has a protective role in palmitate-induced ER stress in
macrophages, which is a pathogenic factor in atherosclerosis [101]. However,
the in situ effects of increased SCD1 activity and palmitoleate in adipocytes
and adipose tissue remain poorly understood.
In the current study, our overall aim was to understand how SCD1
activity impacts ER function in adipocytes and to explore mechanisms that lead
to suppression of DNL and SCD1 activity in obese adipose tissue. Additionally,
we sought to address the role of adipose tissue SCD1 in the context of a highsaturated fatty acid diet-induced model of obesity.
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Results
FABP4/5 loss-of-function improves adipose tissue function
in obesity
Increased DNL in adipose tissue is associated with beneficial systemic
outcomes in various mouse models; however, the in situ effects of increased
DNL in adipose tissue remain poorly understood. To gain insight into such
effects, we used FABP4/5 double knockout (DKO, aP2-/- mal1-/-) mice
combined with a genetic model of obesity, as DKO mice display enhanced
DNL in the adipose tissue (generated as previously described [20]). First, we
assessed JNK phosphorylation as a marker of stress in the adipose tissue of
WT-ob/ob and DKO-ob/ob mice. DKO-ob/ob mice did not exhibit increased
JNK phosphorylation in the adipose tissue (Figure 2-1A), suggesting that
FABP4/5 deficiency prevents adipose tissue stress in a genetic model of
obesity. Reduced expression of the inflammatory cytokine IL-6 also supported
that there was reduced inflammation in these mice (Figure 2-1B). These
results suggest a possible beneficial action of increased DNL in protecting
against obesity-associated pathological changes in the adipose tissue of
FABP4/5-deficient mice.
Expansion of adipose tissue in obesity increases the demand for new
blood vessel formation. In fact, an insufficient vascular network is a cause of
adipose tissue hypoxia [129, 153]. VEGFA is one of the most important
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angiogenic factors in the adipose tissue. To test whether lack of FABP4/5
affects adipose tissue vascularization and hypoxia, we measured VEGFA
mRNA levels in epididymal adipose tissue of lean and ob/ob mice. Adipose
tissue of DKO mice had higher VEGFA expression compared to their WT
counterparts (Figure 2-1C), suggesting that angiogenic stimulation in DKO
adipose tissue is enhanced. Furthermore, obesity and resulting hypoxia in
adipose tissue are associated with increased lactate production [130]. We thus
compared lactate levels in adipose tissue of 6h-fasted WT and DKO mice from
adipose tissue metabolomics data. The fasting lactate concentration in the
DKO adipose tissue was significantly less than in WT mice (Figure 2-1D),
suggesting that DKO adipose tissue is less hypoxic.
Altogether, these data suggest that lack of FABP4/5 protects against
obesity associated pathological changes including stress-induced JNK
activation, inflammatory IL-6 expression, and VEGFA and lactate levels that
correlate with with increased vascularization and decreased hypoxia in
adipose tissue.
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Figure 2-1 FABP4/5 deficiency improves adipose tissue function in obesity.
Stress marker JNK phosphorylation (A) and inflammatory marker IL-6 expression (B)
in epididymal adipose tissues of 10-week old WT and FABP4/5 deficient (DKO), lean
or ob/ob mice (n=4-6) . (C) mRNA expression levels of VEGFA in epididymal adipose
tissues of WT and DKO, lean or ob/ob mice (n=4-6). (D) Relative lactate amounts in
WT and FABP4/5 deficient adipose tissues (n=3-4). Statistical significance was
determined by Student’s t-test. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001
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Increased SCD1 in FABP4/5 deficiency preserves ER function
in adipocytes
Studies in our group have previously shown that FABP4/5 deficiency
induces DNL genes, including SCD1, in adipose tissue [94]. Similarly, in
macrophages, previous studies have also indicated that FABP4 deficiency
results in upregulation of SCD1 and resulting protection of macrophages
against palmitate-induced ER stress [101]. Adipose tissue contains a
heterogeneous cell population, particularly in obesity, due to increased
infiltration of immune cells. To determine whether similar protection exists in
adipocytes, we first measured expression of Scd1 in primary adipocytes from
DKO mice. Increased Scd1 expression was detected in primary adipocyte
fractions from epididymal adipose depots of DKO mice (Figure 2-2A), as well
as in the stromal-vascular fraction (data not shown).
FABP4/5 deficiency results in substantial changes in the lipid profile of
adipose tissue [94]. Based on this observation, we hypothesized that such
changes could also be detected in the lipid composition of the ER in adipose
tissue. To test this hypothesis, we performed quantitative lipidomics analysis
on the ER fraction from the adipose tissue of ob/ob and DKO-ob/ob mice. We
detected a significant change in the abundance of particular fatty acids, such
as palmitoleate (C16:1n7) in the ER fraction of DKO mice. Palmitoleate
percentage was significantly increased in multiple lipid classes, such as
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phosphatidylcholines (PC), phosphatidylethanolamines (PE), and free fatty
acids (FFA) (Figure 2-2B). Conversely, the abundance of palmitate was
significantly reduced in PC and FFA classes in DKO mice (data not shown).
These results indicated that changes in the lipid profile of whole adipose tissue
can also be detected in the ER fraction of FABP4/5 deficient mice. Multiple
lines of evidence have linked alterations of ER fatty acid composition to ER
function and the ER stress response [154, 155]. Taken together, these
experiments suggest that the increased abundance of particular unsaturated
fatty acids in the ER, such as palmitoleate, may impact ER function and the
response to stress.
The effects of FABP4/5 deficiency and increased fatty acid synthesis
on ER function specifically in adipocytes remain underexplored. In order to
understand this connection, we analyzed ER stress markers in the adipocyte
fraction from epididymal adipose tissue of WT and FABP4/5 deficient mice.
mRNA expression of ER stress genes, such as Grp78, Chop, and Atf6, were
significantly decreased in the primary adipocyte fraction from DKO mice
(Figure 2-2C), but were significantly increased in the stromal-vascular fraction
from DKO mice (data not shown). This result suggests that increased
expression of DNL genes, particularly Scd1 and its product palmitoleate, could
provide a protective effect in the ER of adipocytes.
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In order to test whether SCD1 upregulation relieves ER stress in DKO
adipocytes, we differentiated immortalized FABP4/5 deficient preadipocytes
into mature adipocytes and treated cells with an SCD1 inhibitor. SCD1
inhibition in differentiated DKO adipocytes induced expression of ER stress
markers, such as sXbp1, Chop, and Grp78. This result indicates that increased
SCD1 activity may provide protection against ER stress in DKO adipocytes.
To test whether this protection is also relevant to other ER stress inducers, we
treated differentiated WT and DKO adipocytes with a chemical ER stress
inducer, thapsigargin. DKO adipocytes also showed protection against
induction of ER stress markers upon thapsigargin treatment (Figure 2-2E, 22F), suggesting that FABP4/5 deficiency protects against thapsigargininduced ER stress.
These data show that FABP4/5 deficiency results in increased SCD1
activity in adipocytes, which improves ER function and protects against
chemical induction of ER stress. Considering the beneficial distant effects of
increased DNL in adipose tissue, the increased DNL, fatty acid desaturation,
and production of palmitoleate may also provide beneficial local effects in
adipocytes to protect against obesity-associated pathologies. Therefore,
identifying the mechanisms of suppressed DNL and SCD1 activity in obese
adipocytes might provide important therapeutic targets to prevent obesityassociated pathological alterations in adipose tissue.
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Figure 2-2. Increased SCD1 protects ER function in adipocytes. (A) mRNA
expression of SCD1 in the adipocyte fractions isolated from epididymal adipose
depots of WT and FABP4/5 deficient mice (n=3). (B) Palmitoleate content of lipid
species in the ER of WT and FABP4/5 deficient ob/ob mice (n=6). (C) mRNA
expression of ER stress markers in the adipocyte fractions of WT and FABP4/5
deficient mice (n=3). (D) Expression of ER stress markers in differentiated FABP4/5
deficient adipocytes treated with SCD1 inhibitor (1µM) (n=3). (E) (F) Expression of
ER stress markers in WT and FABP4/5 deficient differentiated adipocytes treated with
thapsigargin (300nM). Statistical significance was determined by Student’s t-test.
Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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SCD1 is regulated by hypoxia in adipocytes
Suppression of DNL in obese adipocytes was first reported in obese rat
adipose tissue [84, 156]. Thereafter, a number of studies have also
demonstrated that expression of DNL genes are significantly suppressed in
adipose tissues of obese mice and humans [85-88]. However, the
mechanisms of DNL suppression in adipose tissue in obesity are not well
understood. In our FABP4/5 knockout mouse model, where we observed
significant upregulation of DNL genes in adipose tissue, we also observed
significant changes in Vegfa mRNA expression and lactate levels, which are
important indicators of tissue oxygenation (Figure 2-1C, 2-1D). This raised the
possibility that these two observations in this mouse model might be
connected, and we therefore hypothesized that hypoxia in obese adipose
tissue might be an important factor regulating DNL. To test this hypothesis, we
first examined the response of key lipogenic proteins under low oxygen
conditions. SCD1 protein level was markedly reduced under hypoxia in
differentiated 3T3-L1 adipocytes (Figure 2-3A). Consistently, ChREBP, the
key transcription factor regulating DNL genes in adipocytes [49], was also
suppressed at the protein level when 3T3-L1 adipocytes were cultured under
hypoxic 1% O2 conditions (Figure 2-3A). Hypoxia also suppressed mRNA
levels of DNL genes Scd1 and Fasn in differentiated 3T3-L1 adipocytes
(Figure 2-3B). Similarly, isolated primary adipocytes from WT C57BL/6
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epididymal adipose tissue showed decreased Scd1 mRNA levels when
cultured under low-oxygen conditions (1% O2) (Figure 2-3C). In addition to
hypoxia, treatment of 3T3-L1 adipocytes with a hypoxia mimetic, CoCl2, also
suppressed mRNA expression of DNL genes (Figure 2-3D). Finally,
suppression of Scd1 and Fasn under hypoxic conditions was also detected in
an independent adipocyte cell line, F442A (Figure 2-3E, 2-3F). Altogether,
these results indicate that hypoxia regulates mRNA and protein levels of DNL
genes in adipocytes in vitro.
Regulation of DNL enzymes by hypoxia provides a potential
mechanism for suppression of DNL in obese adipose tissue, as hypoxia is an
important pathological outcome observed in obese adipose tissue [130].
However, it remains unclear how decreased oxygen concentrations regulate
key lipogenic genes and enzymatic activity in adipocytes and obese adipose
tissue, and if the key mediators of the hypoxic response, namely HIF proteins,
are involved in regulation of DNL under hypoxic conditions in adipocytes.
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Figure 2-3. SCD1 is regulated by hypoxia in adipocytes. (A) Time dependent
regulation of SCD1 and ChREBP protein levels under 1% hypoxia in differentiated
3T3-L1 adipocytes. (B) mRNA expression of DNL genes and HIF1-α target genes in
differentiated 3T3-L1 adipocytes. (C) Scd1 mRNA expression in primary adipocytes
isolated from epididymal adipose depot of WT C57BL/6 mice under normoxia (21%
O2) or hypoxia (1% O2). (D) mRNA expression of Scd1 and Fasn in differentiated 3T3L1 adipocytes treated with hypoxia mimetic CoCl2 (200µM). mRNA expression levels
of (E) Scd1 and (F) Fasn in differentiated F442A adipocytes treated with CoCl2
(200µM) or hypoxia (1% O2). Statistical significance was determined by Student’s ttest. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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Hypoxia-dependent regulation of DNL genes is not mediated
by HIF transcription factors
HIF proteins are the major transcription factors regulating the response
to low-oxygen in most cell types. The functions of HIF1-α and HIF2-α
transcription factors have been extensively studied in the context of adipose
tissue biology, including in the pathological setting of obesity. These studies
have reported that HIFs, particularly HIF1-α, is directly associated with
collagen deposition, inflammation, insulin resistance, and other metabolic
abnormalities in adipose tissue [131, 138]. Therefore, we hypothesized that
either HIF1-α or HIF2-α stabilization and activation observed under lowoxygen conditions might also regulate DNL in adipocytes and obese adipose
tissue. To test this hypothesis, we differentiated F442A adipocytes,
electroporated these cells with siRNA against HIF1-α or HIF2-α, and cultured
these cells under normoxia (21% O2 ) or hypoxia (1% O2). Figure 2-4A shows
knockdown efficiency of HIF1-α or HIF2-α after siRNA electroporation.
Expression of a canonical HIF1-α target, Glut1, was decreased in adipocytes
after knockdown of HIF1-α (Figure 2-4B). Additionally, we measured mRNA
expression of key DNL genes, Scd1 and Fasn. siRNA-mediated knockdown of
HIF-1α or HIF-2α did not rescue expression of DNL genes under hypoxia
(Figure 2-4C). To further examine the role of HIF1-α loss-of-function in
suppression of DNL genes, we treated differentiated adipocytes with an HIF1-
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α inhibitor, PX-12, and cultured these cells under hypoxic conditions. Inhibition
of HIF1-α under hypoxic conditions did not rescue decreased mRNA and
protein levels of Scd1 (Figure 2-4D, 2-4E), further supporting that suppression
of DNL enzymes by hypoxia is not mediated by HIF-1α or HIF-2α.
Taken together, our results demonstrate that hypoxia-dependent
suppression of DNL genes is not mediated by HIF proteins. These findings are
interesting in light of the fact that HIFs are the master regulators of the
response to low-oxygen response in many cells types. Given that HIFs do not
mediate the effects of hypoxia on DNL, other factors that are associated with
oxygen signaling that mediate this regulation are yet to be determined.
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Figure 2-4. HIFs do not mediate hypoxia-dependent regulation of DNL genes.
(A) mRNA levels of HIF1-α and HIF2-α genes in differentiated F442A adipocytes
electroporated with HIF1-α or HIF2-α siRNAs. (B) mRNA expression of HIF target
gene Glut1 after HIF1-α or HIF2-α knockdown in differentiated F442A adipocytes. (C)
Expression of DNL genes, Scd1 and Fasn, in differentiated adipocytes electroporated
with siHIF1-α or siHIF2-α and cultured in normoxia (21% O2) or hypoxia (1% O2). (D)
mRNA and (E) protein levels of SCD1 in differentiated F442A adipocytes treated with
HIF1-α inhibitor PX-12 (25µM or 100µM) and cultured under normoxic (21% O2) or
hypoxic (1% O2) conditions. Statistical significance was determined by Student’s ttest. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001
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Palmitoleate suppresses hypoxia-induced ER stress in
adipocytes
Our initial studies showed that SCD1 activation in FABP4/5 deficient
adipocytes plays a protective role in ER function, and inhibition of SCD1 is
sufficient to induce ER stress markers (Figure 2-2C, 2-2D). Based on these
results, as well as studies showing that hypoxia induces ER stress in
adipocytes [130], we hypothesized that suppression of SCD1 and desaturation
might be an important factor mediating hypoxia-induced ER stress in
adipocytes. To test this hypothesis, we treated 3T3-L1 adipocytes with a
product of SCD1 desaturation activity, palmitoleate, and cultured differentiated
adipocytes under normoxic or hypoxic conditions. Our results show that mRNA
expression of canonical ER stress markers, such as sXbp1, Grp78, and Chop,
was significantly suppressed when cells were treated with palmitoleate under
hypoxic conditions (Figure 2-5A). Consistently, palmitoleate treatment also
decreased CHOP protein accumulation and eIF2α phosphorylation when
adipocytes were cultured under hypoxic conditions (Figure 2-5B). To further
examine the protective role of palmitoleate under hypoxic conditions, we
transiently transfected an ER stress reporter [126] in differentiated 3T3-L1
adipocytes, and treated these cells with palmitoleate under normoxic or
hypoxic conditions. Relative luciferase activity, which was measured by
normalizing to an internal control luciferase, quantitatively shows the extent of
ER stress induction by hypoxia in adipocytes. Palmitoleate treatment during
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hypoxia suppressed the hypoxia-induced increase in the relative luciferase
activity (Figure 2-5C), suggesting that palmitoleate protects ER function under
hypoxic conditions. Taken together, these experiments show that suppression
of DNL and the resulting decrease in palmitoleate might be a mechanism for
induction of ER stress under hypoxia. In addition to ER stress markers, we
also examined the expression levels of some hypoxia-associated markers that
are also HIF targets. Palmitoleate treatment suppressed expression of GLUT1,
VEGFA, and HEMOX (data not shown), suggesting that an SCD1/palmitoleate
axis is potentially upstream of HIF. These results also indicate that
palmitoleate is able to suppress hypoxia-associated responses in adipocytes.
This raises the possibility that altered fatty acid desaturation under hypoxia
might be a key mediator of some hypoxia-induced pathological changes in
adipocytes.
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Figure 2-5. Product of SCD1, palmitoleate, suppresses hypoxia-induced ER
stress in adipocytes. (A) Expression of ER stress markers in 3T3-L1 adipocytes
treated with palmitoleate and cultured in normoxia (21% O2) or hypoxia (1% O2). (B)
CHOP protein levels and eIF2α phosphorylation in 3T3-L1 adipocytes treated with
palmitoleate and cultured in normoxia (21% O2) or hypoxia (1% O2). (C) Relative
luciferase activity in differentiated 3T3-L1 adipocytes transiently transfected with a
functional ER stress reporter, treated with palmitoleate (300 µM), and cultured under
normoxic (21% O2) or hypoxic (1% O2) conditions. Statistical significance was
determined by Student’s t-test. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01,
***p < 0.001

51

Adipocyte-specific SCD1 deletion does not have local or
systemic effects in a high saturated fatty acid diet
Our in vitro studies on differentiated adipocytes revealed that SCD1 and
its product palmitoleate play a crucial role in regulation of ER function, where
increased activity provides protection, while its suppression leads to ER
dysfunction. In order to test the role of SCD1 in adipocytes in vivo, we
generated an adipose tissue-specific SCD1 loss-of-function mouse model
(SCD1fl/fl Adiponectin-Cre) for HFD-induced obesity studies. In this
experiment, instead of using a regular high-fat diet, which contains mostly
unsaturated fatty acids, we used high-saturated fatty acid (HSFA) containing
diet, also known as Surwit diet. After 20 weeks of high-saturated high-fat diet,
body weight increased significantly in both groups; however, SCD1 loss-offunction in adipocytes did not have a significant effect on HSFA-HFD-induced
weight gain (Figure 2-6A). Similarly, after 20 weeks of HSFA-HFD, there was
an increase in the weight of metabolically important tissues such as epididymal
adipose tissue, liver, and brown adipose tissue in both groups. However, again
loss of SCD1 in adipocytes did not have a significant effect on the HSFA-HFDinduced increase in tissue weights (Figure 2-6E, 2-6F, 2-6G). These
experiments indicate that adipocyte specific deletion of SCD1 does not affect
the gross morphology in mice fed high-saturated fatty acid based HFD.
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In addition to HSFA-HFD-induced effects on body weight and tissue
weights, we also investigated systemic glucose metabolism in mice with SCD1
loss-of-function in the adipose tissue. SCD1 loss-of-function in adipocytes did
not significantly change 6h fasting blood glucose levels in HSFA-HFD-fed mice
(Figure 2-6B). Furthermore, adipose tissue specific SCD1 deletion did not
impact glucose tolerance (Figure 2-6C), but had a modest effect on insulin
sensitivity under HSFA-HFD conditions (Figure2-6D). Taken together, these
results indicate that SCD1 deletion in adipose tissue is not substantially
important for systemic glucose homeostasis in HSFA-HFD-fed mice.
In addition to systemic glucose homeostasis, we also examined the
local effects of adipocyte SCD1 deletion on epididymal adipose tissue under
HSFA-HFD conditions. First, we analyzed well-known stress markers, JNK
and eIF2α, associated with ER stress in adipose tissue. SCD1 loss-of-function
did not cause any changes in HSFA-HFD-induced JNK phosphorylation and
eIf2a phosphorylation (Figure 2-7A), suggesting that SCD1 is not important in
HSFA-HFD-induced stress in epididymal adipose tissue. Interestingly, SCD1
protein level was upregulated in control mice under HSFA-HFD conditions as
opposed to its downregulation in adipose tissue of mice fed a regular HFD. To
further assess the effect of SCD1 deletion on ER function in adipose tissue,
we measured mRNA expression levels of canonical ER stress markers, such
as Grp78, Chop, Atf4, and Pdi. First, the mRNA levels of ER stress markers
indicated that HSFA-HFD might not be sufficient to induce severe ER
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dysfunction, unlike that observed in adipose tissue of mice fed a regular HFD
(Figure 2-7B). Second, despite a slight increase in expression levels of some
ER stress markers, such as Erdj4, SCD1 loss-of-function in adipose tissue did
not cause marked ER dysfunction in epididymal adipose tissue (Figure 2-7B).
Since adipocyte specific SCD1 loss-of-function did not result in any
significant local or systemic alterations, we further examined potential
compensation by other lipogenic enzymes, particularly other desaturase
enzymes, such as SCD2 and SCD3. As shown in Figure 2-7C, loss of SCD1
was not compensated by other Scd genes expressed in adipose tissue, Scd2
and Scd3. Interestingly, HSFA-HFD did not suppress the mRNA level of Scd1
in WT mice compared with HSFA-LFD (Figure 2-7C), supporting the
observation that SCD1 protein level was not decreased in HSFA-HFD fed mice
(Figure 2-7A). Importantly, mRNA expression levels of the major lipogenic
transcription factor ChREBP and another DNL enzyme FAS were significantly
reduced in the adipose tissue of HSFA-HFD fed mice (Figure 2-7C), which is
consistent with regular HFD fed mice. This observation indicates that similar
to regular HFD, HSFA-HFD alters genes associated with fatty acid metabolism
in obese adipose tissue.
These experiments show that loss of SCD1 function specifically in
adipose tissue does not have any significant effect on body weight, tissue
weights, overall glucose metabolism, and stress markers in epididymal
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adipose tissues of mice fed a HSFA-HFD, and that SCD1 loss in adipose
tissue is not compensated by other desaturase enzymes, SCD2 and SCD3.
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Figure 2-6. SCD1 loss-of-function in adipocytes does not have an important
systemic effect under high saturated fatty acid diet fed conditions. (A) Body
weight of WT and adipocyte-specific SCD1 knockout mice fed with high saturated
fatty acid containing low fat (HSFA-LFD) or high fat diet (HSFA-HFD). (B) 6h fasting
blood glucose levels in WT and KO mice fed with HSFA-LFD or HSFA-HFD. (C)
Glucose tolerance and (D) insulin tolerance tests in WT and adipocyte-specific SCD1
knockout mice under HSFA-LFD and HSFA-HFD conditions. Weights of (E)
epididymal adipose tissue, (F) liver, and (G) brown adipose tissue in WT and KO mice
fed with HSFA-LFD or HSFA-HFD (n=5). Statistical significance was determined by
Student’s t-test. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001,
****p < 0.0001
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Figure 2-7. Adipocyte-specific SCD1 deletion does not affect adipose tissue
pathology under high saturated fatty acid diet fed conditions. (A) Stress markers,
JNK and eIF2α phosphorylation, in epididymal adipose tissues of WT and adipocytespecific SCD1 knockout mice fed with HSFA-LFD or HSFA-HFD. (B) mRNA
expression of ER stress markers in epididymal adipose tissues of WT and adipocytespecific SCD1 knockout mice fed with HSFA-LFD or HSFA-HFD (n=5). (C) mRNA
levels of de novo lipogenesis genes in epididymal adipose tissue of WT and
adipocyte-specific SCD1 knockout mice fed with HSFA-LFD or HSFA-HFD (n=5).
Statistical significance was determined by Student’s t-test. Data are shown as mean
± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Discussion
In this chapter, we first aimed to study the effects of DNL in adipocytes,
particularly focusing on one of the key DNL genes, Scd1. We used FABP4/5
deficient mice and cells as a gain-of-function model of DNL in adipocytes and
adipose tissue to demonstrate the local effects of increased DNL and fatty acid
desaturation. Our initial experiments indicated that FABP4/5 deficiency and
increased SCD1 activity improves adipocyte health, including ER function. We
utilized the leptin-deficiency model because FABP4/5-deficient mice gain as
much weight as their WT counterparts (data not shown). In fractionation
experiments that allow us to determine adipocyte-specific effects, we observed
improvements in ER function in the adipocyte fraction of epididymal adipose
depot by measuring ER stress markers. We further confirmed these results by
using FABP4/5-deficient immortalized preadipocytes that were differentiated
into adipocytes in vitro. Importantly, we showed that SCD1 inhibition in
FABP4/5-deficient cells increases the expression level of ER stress markers,
suggesting that increased SCD1 activity mediates ER protection in FABP4/5
deficiency. Although unproven, the increase in ER incorporation of
palmitoleate observed in the adipose tissue of FABP4/5-deficent mice is a
likely mechanism mediating such protection. Altogether these experiments
suggest that increased SCD1 provides local beneficial effects in adipose
tissue, in addition to its positive systemic effects as a lipokine.
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Although the connection between enlarged adipocytes and obesity with
suppression of DNL is already well established, mechanisms leading to
reduced endogenous fatty acid synthesis in adipocytes have not been well
defined. Decreased substrate levels in adipocytes as a result of impaired
glucose uptake via GLUT4 could be a factor resulting in suppression of DNL
in obese adipose tissue [157]. However, other mechanisms are also likely to
contribute to the suppression of DNL in obese adipose tissue. In our studies,
we hypothesized that the decreased hypoxic phenotype in FABP4/5
deficiency, and thereby altered oxygen levels in adipose tissue might regulate
DNL in adipocytes. Indeed, we showed that hypoxia significantly suppresses
DNL genes in adipocytes in vitro. This observation suggests a direct link
between oxygen availability in the tissue and regulation of fatty acid
metabolism in adipocytes. Interestingly, such a connection has already been
demonstrated in various cancer cell lines in which increased mRNA
expression of DNL genes were detected under hypoxia. Importantly, this
connection is mediated by one of the major transcription factors regulating
lipogenic genes [158], SREBP1, which is not involved in regulation of DNL
genes in adipocytes [159, 160]. Recent studies demonstrate that another
transcription factor, ChREBP, is a key mediator of lipogenic gene expression
in adipocytes [49]. In line with this, our experiments demonstrated that hypoxia
does suppress ChREBP protein level in differentiated adipocytes in vitro.
While decreased ChREBP potentially explains suppressed Scd1 and Fasn
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gene expression in adipocytes, our data shows that SCD1 protein level
decreases rapidly under hypoxic conditions, suggesting that transcription
independent mechanisms are also likely to contribute. Importantly, here we
also report that the hypoxia-dependent suppression of DNL genes is not
mediated by HIF-1α or HIF-2α transcription factors, the master regulators of
the hypoxic response. Thus, the factors mediating the regulation of DNL genes
by hypoxia in adipose tissue remain elusive.
Obesity is associated with ER stress in adipose tissue [114]. Despite a
number of factors implicated as potential causes of ER stress [44],
mechanisms of ER stress in obese adipose tissue remain poorly understood.
The initial findings demonstrating that obese adipose tissue is hypoxic and that
hypoxia induces pathological changes in adipocytes, including ER stress
[130], have raised the possibility of low-oxygen-mediated ER dysfunction in
adipocytes. Here, we demonstrated that hypoxia-induced ER stress in
adipocytes is suppressed by palmitoleate, a product of DNL/SCD1, in vitro.
These data suggest a potential mechanism whereby decreased fatty acid
desaturation due to suppressed SCD1 under hypoxic conditions mediates ER
dysfunction in adipocytes. A similar regulation has been reported in
macrophages, in which low-oxygen concentration potentiates the saturated
fatty acid palmitate-induced inflammatory response [161]. Taken together,
these findings indicate that there is an important connection between
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oxygenation and fatty acid desaturation, which is crucial for regulating ER
function and potentially other cellular responses including inflammation.
Previous studies demonstrate that adipose-specific SCD1 deletion
does not have a significant effect on glucose metabolism at the systemic level
on a regular HFD [152]. In this study, we hypothesized that due to the high
monounsaturated fatty acid content of regular HFD, the importance of SCD1
in adipose tissue might be masked when mice were fed with a regular HFD.
To maximize the requirement for SCD1, we fed mice a high-saturated fatty
acid (HSFA)-based HFD to induce obesity. Unexpectedly, our results indicated
that even in the presence of HSFA-HFD, SCD1 loss-of-function in adipose
tissue does not exacerbate obesity-associated pathological changes at the
tissue or systemic levels, despite lack of compensation by other SCD isoforms.
Altogether, these data suggest that lack of SCD1 in adipose tissue is well
tolerated in obesity models, unlike liver or skin-specific loss-of-function
models. It is possible that only gain-of-function models for fatty acid
desaturation in adipose tissue may provide beneficial metabolic effects.
Alternatively, the decreased palmitoleate levels may not be causally linked to
further metabolic abnormalities in HFD-induced obesity. Further experiments
are necessary to clarify these points.
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Materials and methods
Mouse experiments
FABP4/5 deficient mice (aP2 and mal1 homozygous null mutation)
were backcrossed to the C57BL/6 background as previously described [20].
FABP4/5 deficient-ob/ob mice were generated by crossing FABP4/5 deficient
mice with leptin deficient (ob/ob) mice from The Jackson Laboratory (Bar
Harbor, ME). Scd1flox/flox mice were obtained from Dr. James Ntambi’s
laboratory (University of Wisconsin-Madison, Madison, WI). These mice were
crossed with Adiponectin-Cre mice from The Jackson Laboratory and fed a
high-saturated fatty acid-based chow diet (Research Diets, D12328) or highsaturated fatty acid-based high-fat diet (Research Diets, D12330) for 20
weeks. All mice were maintained on a 12-hour light/dark cycle. Only male mice
were used for these experiments and mice were sacrificed after 6 hours of
food withdrawal. All experiments were approved by The Harvard Medical Area
Standing Committee on Animals.
Cell culture experiments
3T3-L1 preadipocytes (ATCC, CL-173) and immortalized WT and
FABP4/5 preadipocytes were cultured in DMEM with 10% Bovine Calf Serum
(BCS) for maintenance. Preadipocytes were differentiated into adipocytes
using the standard adipocyte differentiation protocol. Preadipocytes were
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grown until they were fully confluent. At the confluent state, 10% BCS
containing DMEM medium was replaced with 10% FBS containing DMEM for
two days. Differentiation was induced by FBS medium containing 5 μg/ml
Insulin (Sigma, I5500), 0.5 mM IBMX (Sigma, I5879), 1 μM Dexamethasone
(Sigma, D4902), and 1 μM Rosiglitazone (Cayman Chemical, 71740). After
two days, medium was replaced with FBS medium containing 5 μg/ml Insulin
every other day until the cells were completely differentiated after 10 days. All
hypoxia experiments were performed at 1% O2, 5% CO2, and 60-70% humidity
levels using H35 HypOxystation (Don Whitley Scientific). In hypoxia
experiments,

cells

were

maintained

in

HEPES

containing

media.

Thapsigargin, Palmitoleate, Cobalt Chloride, and PX-12 were purchased from
Sigma Aldrich. SCD1 inhibitor was purchased from Biovision.
Electroporation
Differentiated 3T3-L1 adipocytes were transfected with plasmid or
siRNA using Amaxa Nucleofector Kit L (Lonza, VCA-1005) according to the
manufacturer’s protocol. Briefly, 10-day differentiated adipocytes were
trypsinized and centrifuged at 100g for 10 minutes. 3 x 106 cells per 6-well
were transfected with 120 pmol/sample Control siRNA (Santa Cruz) or HIF-1α
or HIF-2α siRNAs (Santa Cruz) using Nucleofector Program A-33. Transfected
cells were plated in Collagen I coated 6-well or 12-well plates (Corning,
356400).
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Primary adipocyte isolation
Primary adipocytes were isolated from WT and FABP4/5 deficient mice
using the following protocol. Mice were sacrificed and epididymal fat tissues
were removed. Fat tissues were washed in PBS and minced into 3mm pieces.
Pieces of epididymal fat tissue were incubated in Collagenase (1.5mg/ml)
(Sigma Aldrich) in Krebs-Ringer HEPES buffer (Boston BioProducts) for 45
minutes. After Collagenase digestion, cells were filtered using pluriStrainer
200µM cell strainers (pluriSelect) and centrifuged at low speed to separate
primary adipocyte and stroma-vascular fractions. Primary adipocyte fractions
were cultured or used for mRNA isolation.
Quantitative real-time PCR
Total RNA from adipocytes and adipose tissue was isolated using
QIAzol (Qiagen) and RNeasy Lipid Tissue RNA extraction kit (Qiagen). 0.51.0 µg total RNA were used to synthesize cDNA using iScript Reverse
Transcription cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR
experiments were performed using SYBR Green Real-Time PCR master mix
(Applied Biosystems) and ViiA 7 Real-Time PCR System (Applied
Biosystems). All qPCR data are shown as relative expression, which is
normalized to expression of a control gene (36B4, 18S, or TBP).
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Western blot and protein detection
Protein concentration in whole cell and tissue lysates were quantified
using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts
of total protein per sample were loaded and run on SDS-PAGE gels using
Protein Electrophoresis Equipment (BioRad) or NuPAGE Novex System
(Invitrogen), and transferred onto nitrocellulose or PVDF membranes. The
antibodies used for immunoblotting are: P-JNK, JNK, SCD1, CHOP, eIF2a, PeIf2a (Cell Signaling Technologies); Actin, Tubulin (Abcam), ChREBP
(Thermo-Fisher Scientific), aP2 (in house).
ER stress reporter and luciferase assay
The ER stress reporter (ATF6LD-Cluc/Gluc) was generated as
described [126]. Differentiated 3T3-L1 adipocytes were electroporated using
Amaxa Nucleofector Kit L as described above. After treatments, conditioned
media was collected to measure luciferase activity. Briefly, luciferase activities
of secreted Cypridina (Cluc) and internal control Gaussia (Gluc) were
measured separately from 20µl of conditioned media using Spectramax M5
Plate reader. Relative luciferase values were calculated by normalizing Cluc
measurement to Gluc measurement.
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Glucose and insulin tolerance tests
6-h and 16-h fasting blood glucose levels were measured using Breeze
2 glucometers (Bayer). Glucose tolerance (GTT) and insulin tolerance (ITT)
tests were performed by intraperitoneal injections of glucose (1.2 g/kg) or
insulin (1 IU/kg) and measuring blood glucose levels after 15, 30, 60, 90, and
120 minutes. GTT was performed after 16-hour overnight fasting, and ITT was
performed after 6-hour food withdrawal during the day.
Statistical analysis
All results are shown as the mean ± S.E.M. Statistical significance was
determined by Student’s t-test. All statistical tests with *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001 were considered significant.
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Chapter 3
Prolyl hydroxylase 3 regulates adipocyte
function and systemic glucose metabolism
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Introduction
Hypoxia is an important pathological outcome observed in obese
adipose tissue [130]. Multiple studies have shown that hypoxia is linked to
various detrimental alterations observed in obesity, such as ER stress,
inflammation, and insulin resistance [130, 132, 135, 162]. Therefore, gaining
insights into the mechanisms mediating oxygen-dependent regulation of these
processes in adipocytes is critical for identifying promising therapeutic targets.
HIF transcription factors are the master regulators of the hypoxic
response in cells. Oxygen concentration regulates HIF-1α and HIF-2α protein
levels, while HIF-1β is constitutively expressed [163]. Interestingly, HIF
proteins do not directly sense oxygen levels, but are instead regulated by
oxygen sensor prolyl hydroxylase proteins (PHDs). Under normoxic
conditions, PHD-dependent hydroxylation of HIF-1α and HIF-2α results in
targeting of these proteins by Von Hippel-Lindau (VHL) ubiquitin ligase,
leading to proteasomal degradation [163]. Under hypoxic conditions, the
decreased oxygen concentration inhibits hydroxylation of HIF-1α and HIF-2α
by PHD proteins, thereby preventing VHL-dependent degradation [163]. PHD
proteins sense changes in cellular oxygen levels that is not only critical for the
regulation of HIFs, but may also poise these proteins to have a broader role
as specialized cellular oxygen sensors.
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PHD enzymes are iron- and 2-oxoglutarate dependent dioxygenases.
There are 3 isoforms of PHD proteins, PHD1 (Egln2), PHD2 (Egln1), and
PHD3 (Egln3) [164]. While all three enzymes have the ability to hydroxylate
HIF proteins, the PHD3 isoform appears to be considerably different from the
other two isoforms [165]. PHD3 preferentially hydroxylates the Proline 564
residue of HIF-1α in contrast to the preferential hydroxylation at the Proline
402 residue by PHD1 and PHD2. Additionally, PHD3 has a more pronounced
activity toward HIF-2α as opposed to HIF-1α [166]. Importantly, hypoxiadependent induction of PHD3 is more pronounced [166, 167], and the activity
is higher under prolonged hypoxic conditions compared to PHD1 and PHD2
enzymes [168]. Together these studies highlight distinct characteristics of
PHD3 and the potential significance of these differences under hypoxic
conditions.
There are several studies examining the roles of PHD enzymes in
regulation of systemic metabolism. For example, adipose tissue-specific
deletion of PHD2 results in amelioration of metabolic derangements in HFDfed mice, with decreased body weight and increased glucose tolerance.
Protection at the systemic level in these mice was accompanied by reduced
adipocyte size, increased adiponectin expression, and reduced macrophage
infiltration into adipose tissue [169]. In contrast, another recent study showed
that adipose tissue-specific deletion of PHD2 increases adiposity without an
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adverse effect on systemic glucose metabolism. This study also showed that
PHD2 deletion in adipose tissue or pharmacological inhibition of PHD2 inhibits
lipolysis in adipocytes and mouse adipose tissue [170]. Despite some
discrepancies, these reports highlight the importance of adipose PHD2 in
regulating local and systemic metabolism.
The role of PHD3 in metabolism was first shown in the liver with
adenoviral-Cre mediated deletion in PHD3flox/flox mice, which provided systemic
beneficial effects, including improved glucose and insulin tolerance. The
mechanism of this protective effect involved stabilization of HIF-2α and
increased transcription of insulin receptor substrate-2 (Irs2), a direct target of
HIF-2α [171]. Combined deletion of PHD3 with either HIF-2α or Irs2 in the liver
reversed the metabolic effects of PHD3 loss-of-function, suggesting that HIF2α and Irs2 activation is required for these beneficial effects [171]. A separate
study focused on PHD3 in the adipose tissue and found that estrogen receptor
α (ERα)-dependent regulation of HIF-1α is mediated by PHD3. The authors
demonstrated that ERα directly binds to the PHD3 promoter and induces its
expression, thereby suppressing HIF-1α and HIF-1α-induced fibrosis and
inflammation [172]. However, the role of of PHD3 in adipose tissue in the
context of obesity and metabolic disease has not been investigated.
Obesity leads to ER dysfunction in adipose tissue, and relieving ER
stress in obese mice ameliorates systemic metabolic perturbations [114, 116,
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126]. ER stress in cells is managed by the UPR, which restores ER
homeostasis under stress conditions [113]. Our group previously investigated
the role of one of the canonical mediators of the UPR, XBP1, in adipose tissue.
This study showed that XBP1 loss-of-function specifically in adipose tissue
does not affect adipocyte formation and systemic metabolism under normal
chow or HFD-fed conditions [118]. However, XBP1 in adipose tissue is
important for milk production and litter growth during lactation [118]. In addition
to XBP1, the UPR is also regulated by another important transcription factor,
ATF6. Functions of ATF6 under an array conditions have been extensively
studied in multiple tissues, including liver, heart, and β cells. In the liver, ATF6
is critical under chemical-induced ER stress conditions, where loss of ATF6
exacerbates lipid accumulation [173]. ATF6 is also an important regulator of
lipogenic genes and gluconeogenesis in the liver [174, 175]. Furthermore,
other

studies

have

shown

that

ATF6

provides

protection

against

ischemia/reperfusion-induced damage in the heart [176, 177], and that ATF6
is necessary for chemical chaperone-dependent improvement in ER function
in β cells [178]. However, the role of ATF6 in adipose tissue biology both under
lean and obese conditions remains largely unknown.
In this chapter, we aimed to understand the role of PHD3 in adipocyte
biology. Specifically, we focused on the role of PHD3 as a novel regulator ER
stress, and the role in the regulation of adipocyte specialized functions.
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Additionally, we addressed the role of ATF6 in adipocytes using a gain-offunction mouse model in obesity.

Results
PHD3 regulates ER function in HEK293 cells
Our group has generated a number of reporters to detect and quantify
ER stress and UPR activation. A chemical screen performed in our lab using
these reporters identified Azoramide as a novel molecule improving ER
function and providing beneficial systemic effects in metabolic diseases [126].
Using a similar strategy, we also performed an unbiased siRNA screen in
HEK293 cells to identify novel regulators of ER function. This screen identified
Egln3 (PHD3) as an important regulator of ER function, shown by its high
similarity score relative to the ER chaperone protein BiP (Figure 3-1A). First,
we confirmed the effect of PHD3 knockdown in HEK293 cells stably
expressing the ER stress reporter. PHD3 loss-of-function significantly
increased relative luciferase detected in conditioned media (Figure 3-1B).
Consistent with the increased luciferase measurement in HEK293 cells
expressing the ER reporter, siRNA mediated knockdown of PHD3 in HEK293
cells induced activation of ER stress-associated genes (Figure 3-1C). We also
tested activation of ER stress by expressing an ER stress response element
(ERSE)-driven luciferase reporter in HEK293 cells and knocking down PHD3
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using siRNA. PHD3 loss in these cells activated the ERSE-driven luciferase
activity (Figure 3-1D), which is largely regulated by ATF6 [179]. To further test
the hypothesis that PHD3 deletion activates the ATF6 branch, we used
another reporter that expresses mCherry protein upon ATF6 activation.
Knocking down PHD3 in these cells increased mCherry levels, suggesting that
suppressing PHD3 activates ATF6 transcription factor (Figure 3-1E). In
addition to siRNA-mediated targeting of PHD3, we also tested hydroxylation
inhibitors, DMOG, EDHB, and CoCl2. Inhibition of PHD3 by these inhibitors
increased relative luciferase activity in HEK293 cells expressing the ER stress
reporter (Figure 3-1F), suggesting that these effects on ER function could be
due to decreased hydroxylation activity of PHD3. Although the connection
between hypoxia and ER stress has been well established, the mechanisms
responsible for mediating this crosstalk have not been clearly defined. These
results indicate that the oxygen sensor PHD3 regulates ER function in HEK293
cells. Experiments also showed that PHD3 deletion under hypoxic conditions
further enhanced the ER stress reporter activity in HEK293 cells, supporting
the critical protective role of PHD3 protein under low oxygen conditions. Unlike
PHD3, siRNA-mediated knockdown of PHD1 or PHD2 did not activate the ER
stress reporter in HEK293 cells (data not shown). Taken together, these
results suggest that PHD3 is the key prolyl hydroxylase enzyme mediating ER
function.
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Figure 3-1. PHD3 regulates ER function in HEK293 cells. (A) siRNA screen using
ER stress reporters to identify novel ER regulators. Chaperone similarity score is
based on the similarity of the effect relative to a chaperone protein BiP. (B) Relative
luciferase activity (Cluc/Gluc) in HEK293 cells after siRNA-mediated PHD3 loss-offunction. (C) mRNA expression levels of ER stress markers in HEK293 cells
transfected with PHD3 siRNA. (D) ERSE-driven luciferase activity in HEK293 cells
transfected with ER-Luciferase reporter and PHD3 siRNA. (E) ATF6-dependent
mCherry expression reporter in HEK293 cells after PHD3 siRNA transfection. (F)
Relative luciferase activity (Cluc/Gluc) in HEK293 cells treated with PHD3 inhibitors
DMOG (1mM), EDHB (1mM), and CoCl2 (500µM) activate ER stress reporter in
HEK293 cells. Statistical significance was determined by Student’s t-test. Data are
shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Hypoxia and obesity induces PHD3 in adipocytes
Previous studies have shown that hypoxia significantly upregulates
PHD3 expression in various cell types [180]. In fact, the PHD3 gene promoter
contains a number of hypoxia response elements (HRE) rendering it the most
responsive PHD gene to hypoxia [166, 181]. Several studies to date have
demonstrated that adipose tissue experiences hypoxia in obesity, however the
regulation of PHD3 in hypoxic obese adipose tissue has not been examined.
We thus hypothesized that PHD3 might be regulated under hypoxia and
obesity in adipocytes. Culturing differentiated 3T3-L1 adipocytes under
hypoxic conditions (1% O2) significantly upregulated mRNA expression of
PHD3 (Figure 3-2A). We measured the canonical HIF-1α targets Glut1 and
Hemox as a control for induction of hypoxia and stabilization of HIF-1α.
Hypoxia also increased the protein level of PHD3 in differentiated adipocytes
(Figure 3-2B), consistent with the increase in mRNA expression. Since obesity
causes hypoxia in adipose tissue, we also examined PHD3 protein in
epididymal adipose tissue in the ob/ob genetic model of obesity. As shown in
Figure 3-2C, PHD3 protein level was induced in epididymal fat depots of ob/ob
mice compared to their WT counterparts (Figure 3-2C), suggesting that HIF
activation in obese adipose tissue may upregulate PHD3. Together, these
results indicate that PHD3 is upregulated in adipocytes under hypoxia and
obesity, which may be consequential for adipose tissue function.
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Figure 3-2. Hypoxia and obesity induces PHD3 in adipocytes and adipose tissue.
(A) mRNA expression levels of PHD3 and HIF-1α target genes, Glut1 and Hemox, in
differentiated 3T3-L1 adipocytes cultured under hypoxic (1% O2) conditions. (B)
PHD3 protein levels in differentiated 3T3-L1 adipocytes cultured under hypoxic (1%
O2) conditions. (C) PHD3 protein level in epididymal adipose tissues of WT and leptindeficient ob/ob mice. Statistical significance was determined by Student’s t-test. Data
are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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PHD3 regulates fatty acid metabolism and ER function in
adipocytes
In adipocytes, the PHD3 protein level is relatively low under normoxic
conditions, whereas hypoxia significantly induces PHD3 protein (Figure 3-2A,
3-2B). Consistently, PHD3 protein is upregulated in the adipose tissue of
obese mice (Figure 3-2C). Considering these results, together with our
functional data in HEK293 cells, we hypothesized that PHD3 might play an
important role in adipocyte function under hypoxic conditions. Interestingly,
loss of PHD3 protein in adipocytes resulted in decreased levels of SCD1
mRNA under normoxia, an effect similar to that observed under hypoxia
(Figure 3-3A). PHD3 knockdown also reduced SCD1 protein level under
normoxia and hypoxia, while other lipogenic proteins, such as FAS and SCD2,
were unaltered (Figure 3-3B). These results suggest that PHD3 is important
for regulating fatty acid desaturation via SCD1 in adipocytes.
Given the connection between hypoxia and ER stress, we sought to test
the role of PHD3 in the ER stress response in adipocytes under hypoxia. PHD3
loss-of-function under hypoxic conditions resulted in increased BiP levels and
increased eIF2a phosphorylation in adipocytes (Figure 3-3C). Additionally,
mRNA expression of ER stress markers, such as ATF4 and CHOP, were also
increased in differentiated 3T3-L1 adipocytes cultured under hypoxic
conditions (1% O2) after PHD3 knockdown (Figure 3-3D). These data suggest
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that loss of PHD3 may enhance hypoxia-induced ER stress and ultimately that
PHD3 in adipocytes may have a protective role in hypoxia induced ER stress.
To further characterize the effects of PHD3 loss of function, we
examined expression levels of adipocyte differentiation markers. Hypoxia
suppressed adipogenic markers in differentiated adipocytes (Figure 3-3E),
consistent with a previous report [130]. Interestingly, PHD3 loss-of-function
under normoxia also suppressed expression of adipocyte differentiation
markers, aP2, adiponectin, and PPAR-γ, in differentiated 3T3-L1 adipocytes
(Figure 3-3E). These results suggest that PHD3-dependent oxygen sensing
may be important for maintaining differentiation in mature 3T3-L1 adipocytes.
Altogether, these experiments show that PHD3 is an important enzyme
in the regulation of a number of functions in adipocytes, including fatty acid
metabolism, ER function, and adipogenesis. Importantly, our findings suggest
that PHD3 may be a link through which oxygen regulates these adipocyte
processes that have important implications in obesity.
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Figure 3-3. PHD3 regulates fatty acid metabolism and ER function in
adipocytes. (A) mRNA expression level of Scd1 in 3T3-L1 adipocytes after PHD3
knockdown. (B) Protein levels of lipogenic enzymes, SCD1, FAS, and SCD2 in
differentiated 3T3-L1 adipocytes transfected with siPHD3 and cultured under
normoxia (21% O2) or hypoxia (1% O2). (C) Protein levels of ER stress markers
GRP78 and p-eIF2α in differentiated 3T3-L1 adipocytes transfected with siPHD3 and
cultured under normoxia (21% O2) or hypoxia (1% O2). (D) mRNA expression levels
of ER stress markers in differentiated 3T3-L1 adipocytes transfected with siPHD3 and
cultured under normoxia (21% O2) or hypoxia (1% O2). (E) mRNA expression levels
of adipocyte differentiation markers in differentiated 3T3-L1 adipocytes transfected
with siPHD3 and cultured under normoxia (21% O2) or hypoxia (1% O2). Statistical
significance was determined by Student’s t-test. Data are shown as mean ± SEM. *p
< 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001
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Adipose tissue-specific PHD3 deletion decreases glucose
tolerance in obesity
Our in vitro experiments using differentiated 3T3-L1 adipocytes
demonstrated that PHD3 is an important regulator of critical functions that are
dysregulated in obesity. Considering these results, we hypothesized that
PHD3 in adipose tissue might play a role in the pathogenesis of obesity. To
test this hypothesis, we generated adipose tissue-specific PHD3 knockout
mice by crossing PHD3flox/flox mice with Adiponectin-Cre mice and performed a
HFD study. PHD3 deletion specifically in adipocytes did not have a significant
effect on body weight (Figure 3-4A), or tissue weights of epididymal and
subcutaneous adipose depots, in low-fat or high-fat diet fed mice (Figure 3-4B,
3-4C). Measurement of 16-hour fasting blood glucose levels in adipose tissue
specific PHD3 knockout mice did not differ significantly compared to the control
mice (Figure 3-4D). To determine glucose clearance rates, we performed a
glucose tolerance test and found that PHD3 knockout mice were significantly
more glucose intolerant compared to the control mice when they are fed a HFD
(Figure 3-4E). We also performed an insulin tolerance test and found that
PHD3 loss in adipocytes did not have an effect on insulin-dependent glucose
clearance in HFD-fed mice (Figure 3-4F). In summary, PHD3 loss-of-function
in the adipose tissue exacerbates glucose tolerance in a HFD-induced obesity
model.
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Figure 3-4. Adipose tissue-specific PHD3 deletion decreases glucose tolerance
in HFD-induced obesity. (A) Body weights of PHD3flox/flox and PHD3flox/flox
Adiponectin-Cre mice fed a chow or HFD. (B) Epididymal and (C) subcutaneous
adipose tissue weights of PHD3flox/flox and PHD3flox/flox Adiponectin-Cre mice fed a
chow or a HFD. (D) 16-hour fasting blood glucose levels of PHD3flox/flox and PHD3flox/flox
Adiponectin-Cre mice fed a chow or a HFD. (E) Glucose tolerance and (F) insulin
tolerance tests in control and adipose tissue-specific PHD3 knockout mice fed a lowfat or a high-fat diet (n=9-17). Statistical significance was determined by Student’s ttest. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.001, ****p <
0.0001
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Adipose tissue-specific ATF6 overexpression does not
regulate systemic metabolism
Hypoxia induces ER stress and UPR in adipocytes [130]. Our
experiments using various ER stress reporters suggested that the ATF6
branch of the UPR is activated upon hypoxia or PHD3 loss-of function
conditions (Figure 3-1, 3-3) [126]. Therefore, we hypothesized that adipocyte
ATF6 might have a role under hypoxic conditions observed in obese adipose
tissue. ATF6 knock-in specifically in adipose tissue (ATF6 KI Xfl/Y AdiponectinCre) was generated to determine if ATF6 gain-of-function has a role at the
tissue or systemic level in HFD-induced obesity. Adipose tissue-specific
overexpression of ATF6 gene was detected in adipose tissue of ATF6 KI Xfl/Y
Adiponectin-Cre mice compared to ATF6 KI Xfl/Y control mice (Figure 3-5A).
When these mice were fed a chow diet or a HFD, we did not observe any
significant difference in body weights of between groups (Figure 3-5B),
suggesting that ATF6 overexpression in adipose tissue does not regulate
weight gain. Similarly, ATF6 overexpression in adipose tissue did not affect
tissue weights of epididymal adipose tissue, liver, or brown adipose tissue after
16 weeks of HFD (Figure 3-5C).
In addition to body weights and tissue weights, we also investigated
systemic glucose metabolism in these mice. Adipose tissue-specific ATF6
overexpression did not affect 6-hour fasting blood glucose levels under low-fat

82

or high-fat diet conditions (Figure 3-5D). Moreover, glucose and insulin
tolerance tests showed that ATF6 overexpression in adipocytes did not have
a significant effect on systemic glucose metabolism in a HFD-induced obesity
model (Figure 3-5E, 3-3F). Altogether, these experiments demonstrate that
ATF6 gain-of-function in adipocytes does not provide any observable benefit
or detriment in a HFD-induced obesity model.
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Figure 3-5. Adipose tissue-specific ATF6 overexpression does not regulate
systemic metabolism. (A) mRNA expression of ATF6 in adipose tissue of ATF6 KI
Xfl/Y and ATF6 KI Xfl/Y Adiponectin-Cre adipose tissues. (B) Body weight of control
and adipose tissue-specific ATF6 overexpression mice fed a low-fat or a high-fat diet.
(C) Tissue weights of epididymal adipose tissue, brown adipose tissue, and the liver
in ATF6 KI Xfl/Y and ATF6 KI Xfl/Y Adiponectin-Cre mice after a low-fat or a high-fat
diet. (D) 6h fasting blood glucose levels in control and adipose-specific ATF6
overexpression mice fed a low-fat or a high-fat diet. (E) Glucose tolerance and (F)
insulin tolerance (F) tests in control and adipose tissue-specific ATF6 overexpression
mice fed a low-fat or a high-fat diet (n=4-9). Statistical significance was determined
by Student’s t-test. Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001

84

Discussion
The link between hypoxia and ER stress has been established in
multiple cell types, however the mechanisms of hypoxia-induced ER stress
have not been well studied. Using functional ER reporters, we identified an
oxygen sensor prolyl hydroxylase enzyme, PHD3, as a novel regulator of ER
function. Through siRNA-mediated loss-of-function experiments and inhibitor
treatments we demonstrated that targeting PHD3 activates ER stress.
Interestingly, ER stress activation as a result of PHD3 loss is not similar to
chemical-induced ER stress and UPR, where all canonical UPR branches are
activated. Our experiments indicate that PHD3 loss-of-function activates the
ATF6 branch, but does not regulate ER folding capacity measured by a
luciferase-based reporter (data not shown) [126]. Of note, only targeting
PHD3, but not the PHD1 or PHD2 (data not shown) induces ER stress, further
supporting distinct properties of PHD3.
Similar to previous reports in other cell types [166, 168], hypoxia
markedly increased PHD3 levels in adipocytes. The effect of PHD3 loss in
adipocytes was more pronounced under hypoxic conditions, suggesting that
its function under low oxygen condition is more critical. Adipocyte experiments
also raised the possibility that PHD3 dependent oxygen sensing is critical for
the maintenance of adipocyte-like characteristics in differentiated adipocytes.
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Based on cellular experiments demonstrating the critical function of
PHD3 in hypoxia, we aimed to mimic these conditions in vivo by combining
adipose tissue-specific PHD3 knockout with HFD-induced obesity to induce
adipose tissue hypoxia. We detected decreased glucose tolerance in adipose
tissue-specific PHD3-knockout mice. In the context of published studies, it is
interesting to note that adipose tissue specific PHD3 knockout and PHD2
knockout mice have very different phenotypes in HFD-induced obesity models
[169]. Considering differential regulation of HIF-1α and HIF-2α by PHD2 and
PHD3, respectively, these results are not consistent with adipose tissue
specific HIF-1α or HIF-2α knockout studies [137]. Specifically, adipose tissuespecific-deletion of HIF-1α is beneficial in HFD-induced obesity [137, 182],
whereas adipose tissue-specific HIF-2α deletion is detrimental in obese mice
[137]. Interestingly, these experiments and previous studies raise the
possibility that systemic effects of PHD2 or PHD3 adipose tissue specific
knockout models are not likely due to HIF-1α or HIF-2α mediated
mechanisms.
Cellular experiments demonstrated that PHD3 loss of function
specifically affects the ATF6 branch of the UPR making this an attractive
mechanism linking hypoxia and ER function. The ATF6 branch takes on an
important role in response to ER stress, regulating expression of ER
chaperones and ERAD proteins [113]. Therefore, considering its protective
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roles in other tissues [173, 175, 177, 178], we hypothesized that high ATF6
branch activation might ameliorate obesity-associated metabolic deterioration.
Our results show that ATF6 overexpression specifically in adipocytes was not
sufficient to provide any protective effects at the systemic level in a model of
HFD-induced obesity. Despite lack of systemic effects in the ATF6
overexpression model, it is possible that an ATF6 loss-of-function model might
show changes in systemic metabolism in obesity. It is also possible that ATF6
in adipocytes might regulate metabolism at the cellular level, such as insulin
signaling and lipid metabolism, which may not be substantially reflected at the
systemic level. The possibility also remains that ATF6 might play a role in
adipose tissue in physiological, but not pathological settings. For example,
experiments addressing potential role of ATF6 in feeding/fasting response
may help us to determine if ATF6 has a role in adipose tissue biology.
Importantly, although obesity causes ER stress in adipose tissue [114],
targeting canonical mediators of UPR might not be sufficient to regulate
systemic glucose homeostasis in obesity. This is consistent with obesity
studies in mice with adipose tissue-specific XBP1 deficiency [118], despite
other reports showing the significance of XBP1 in adipogenesis and glucose
metabolism [119, 183].
Taken together, data shown in this chapter highlight the importance of
PHD3 as a regulator of ER function in HEK293 cells and adipocytes, and its
role in adipocyte biology in vitro and in vivo in a HFD-induced obesity model.

87

Materials and methods
Mouse experiments
PHD3flox/flox mice were obtained from Dr. Guo-Hua Fong’s laboratory
(University of Connecticut, CT). These mice were crossed with AdiponectinCre mice from The Jackson Laboratory (Bar Harbor, ME) to generate adipose
tissue specific knockout mice. ATF6 XKI/Y mice were generated by expressing
human ATF6 under the control of CAG promoter, containing a floxed
transcriptional STOP cassette. These mice were crossed with Adiponectin-Cre
mice from The Jackson Laboratory (Bar Harbor, ME) to generate adipose
tissue-specific overexpression of ATF6. All mice were maintained and bred on
regular diet (PicoLab 5058 Diet). For high-fat diet study studies, mice were fed
HFD (research Diets, D12492i) or control low-fat diet (PicoLab 5053) starting
from 4 weeks of age for 16 weeks. 10 week old ob/ob mice were purchased
from The Jackson Laboratory (Bar Harbor, ME). All mice were maintained on
a 12-hour light/dark cycle. Only male mice were used for these experiments
and mice were sacrificed after 6 hours of food withdrawal. All experiments
were approved by The Harvard Medical Area Standing Committee on Animals.
Cell culture experiments
3T3-L1 preadipocytes (ATCC, CL-173) were cultured in DMEM with
10% Bovine Calf Serum (BCS) for maintenance. 3T3-L1 preadipocytes were
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differentiated into adipocytes using the standard adipocyte differentiation
protocol. Briefly, preadipocytes were grown until they were fully confluent. At
the confluent state, 10% BCS containing DMEM medium was replaced with
10% FBS containing DMEM for two days. Differentiation was induced by FBS
medium containing 5 μg/ml Insulin (Sigma, I5500), 0.5 mM IBMX (Sigma,
I5879), 1 μM Dexamethasone (Sigma, D4902), and 1 μM Rosiglitazone
(Cayman Chemical, 71740). After two days, medium was replaced with FBS
medium containing 5 μg/ml Insulin every other day until the cells were
completely differentiated after 10 days. HEK293 cells were cultured in DMEM
with 10% Cosmic Calf Serum (CCS) for maintenance. HEK293 cells were
transfected using Lipofectamine RNAiMAX Transfection Reagent for siRNA
transfection and Lipofectamine LTX Reagent for plasmid transfection
according to manufacturer’s protocol. Control and PHD3 siRNAs were
purchased from Santa Cruz. All hypoxia experiments were performed at 1%
O2, 5% CO2, and 60-70% humidity levels using H35 HypOxystation (Don
Whitley Scientific). In hypoxia experiments, cells were maintained in HEPES
containing media. Thapsigargin, Cobalt Chloride, EDHB were purchased from
Sigma Aldrich. DMOG was purchased from Cayman Chemical.
Electroporation
Differentiated 3T3-L1 adipocytes were transfected with siRNA using
Amaxa Nucleofector Kit L (Lonza, VCA-1005) according to the manufacturer’s
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protocol. Briefly, 10-day differentiated adipocytes were trypsinized and
centrifuged at 100g for 10 minutes. 3 x 106 cells per 6-well were transfected
with 120 pmol/sample Control siRNA (Santa Cruz) or HIF-1α or HIF-2α
siRNAs (Santa Cruz) using Nucleofector Program A-33. Transfected cells
were plated in Collagen I coated 6-well or 12-well plates (Corning, 356400).
Quantitative real-time PCR
Total RNA from adipocytes and adipose tissue was isolated using
QIAzol (Qiagen) and RNeasy Lipid Tissue RNA extraction kit (Qiagen). Total
RNA from HEK293 cells was isolated using TRIzol according to
manufacturer’s protocol. 0.5-1.0 µg total RNA were used to synthesize cDNA
using iScript Reverse Transcription cDNA synthesis kit (Bio-Rad). Quantitative
real-time PCR experiments were performed using SYBR Green Real-Time
PCR master mix (Applied Biosystems) and ViiA 7 Real-Time PCR System
(Applied Biosystems). All qPCR data are shown as relative expression, which
is normalized to expression of a control gene (36B4, 18S, or TBP).
Western blot and protein detection
Protein concentration in whole cell and tissue lysates were quantified
using Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). Equal amounts
of total protein per sample were loaded and run on SDS-PAGE gels using
Protein Electrophoresis Equipment (BioRad) or NuPAGE Novex System
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(Invitrogen), and transferred onto nitrocellulose or PVDF membranes. The
antibodies used for immunoblotting are: SCD1, CHOP, GRP78, eIF2a, P-eIf2a
(Cell Signaling Technologies), PHD3, HIF-2α, PHD2 (Novus Biologicals), FAS,
PHD1, mCherry, Actin, Tubulin (Abcam), SCD2 (Santa Cruz)
ER stress reporters and luciferase assays
HEK293 cells stably expressing an ER stress reporter (ATF6LDCluc/Gluc) were generated as described [126]. After transfection and
treatments, conditioned media was collected to measure luciferase activity.
Briefly, luciferase activities of secreted Cypridina (Cluc) and internal control
Gaussia (Gluc) were measured separately from 20µl of conditioned media
using Spectramax M5 Plate reader. Relative luciferase values were calculated
by normalizing Cluc measurement to Gluc measurement. To measure ERSE
reporter activity, Firefly luciferase expressed under 3x ERSE element, was
transiently transfected in HEK293 cells together with a control Renilla
luciferase reporter. Relative luciferase activities were measured normalizing
Firefly luciferase activity to Renilla luciferase activity. ATF6 branch activation
was measured using an ATF6 translocation reporter expressing mCherry
protein under TRE and tTA protein fused with ATF6 N-terminal domain.
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Glucose and insulin tolerance tests
6-hour and 16-h fasting blood glucose levels were measured using
Breeze 2 glucometers (Bayer). Glucose tolerance (GTT) and insulin tolerance
(ITT) tests were performed by intraperitoneal injections of glucose (0.75 g/kg)
or insulin (1 IU/kg) for HFD-fed mice and measuring blood glucose levels after
15, 30, 60, 90, and 120 minutes. GTT was performed after 16-hour overnight
fasting, and ITT was performed after 6-hour food withdrawal during the day.
Statistical analysis
All results are shown as the mean ± S.E.M. Statistical significance was
determined by Student’s t-test. All statistical tests with *p<0.05, **p<0.01,
***p<0.001, and ****p<0.0001 were considered significant.
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Chapter 4
Discussion and future directions
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Summary and significance of this work
Accumulating evidence over the years has shown that adipose tissue
contributes to systemic metabolism through multiple mechanisms. Obesity,
which is characterized by enhanced adiposity, causes a number of detrimental
alterations in adipose tissue, ultimately contributing to systemic metabolic
disorders [9]. Among these obesity-associated changes in adipose tissue,
altered fatty acid metabolism, endoplasmic reticulum dysfunction, and hypoxia
are particularly important in mediating a number of other pathologies observed
in obese adipose tissue [184, 185]. In this study, we aimed to address how
these three obesity-associated changes in adipose tissue are interconnected,
and what intermediary factors mediate connections between these key
biological processes.

Adipose tissue de novo lipogenesis
Although adipose tissue is well known as the main lipid storage organ,
it also endogenously synthesizes fatty acids from non-fatty acid precursors, in
a process known as de novo lipogenesis [143]. Despite the fact that this
process was first discovered long ago, the physiological importance was not
clearly understood for decades. Decades ago, initial studies by Dr. Czech
demonstrated

that

excess

lipid

accumulation

in

obese

adipocytes

paradoxically results in decreased fatty acid synthesis in adipocytes [84].
Since then, a number of publications have confirmed suppression of fatty acid

94

metabolism enzymes in obese mice and humans [85-88]. Importantly, studies
show that increased DNL in adipose tissue is positively correlated with
beneficial systemic metabolic outcomes in various mouse models [89, 90]. The
direct link between adipose tissue DNL and beneficial systemic effects has
been established by two different groups, including our laboratory, in two
different mouse models. First, our group demonstrated that palmitoleate
produced in adipose tissue of FABP4/5 double-deficient mice acts as a
lipokine regulating insulin sensitivity in muscle and lipogenesis in the liver [94].
Recently, Dr. Kahn’s group identified another novel lipid, PAHSA, produced in
adipose tissue of GLUT4 overexpressing mice that has a positive effect on
systemic metabolism through mechanisms involving induction of GLP-1 and
insulin secretion [110]. These studies highlight the importance of adipose
tissue DNL in regulating systemic metabolism and reveal therapeutic potential
of adipose tissue-derived lipids in metabolic diseases.
In this study, we first addressed the local effects of activated DNL in
adipocytes using the FABP4/5 deficient mouse model and adipocytes. Our
results show a marked amelioration of adipose tissue pathology in the DKO
leptin-deficient obesity model. We also found that increased DNL and,
consequently, palmitoleate levels improves ER function in FABP4/5-deficient
adipocytes, suggesting a local beneficial effect of increased adipose tissue
DNL. Consistently, our group previously demonstrated that increased DNL in
FABP4-deficient macrophages protects against palmitate-induced ER stress
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and atherosclerosis [101]. Altogether, these results suggest that endogenous
fatty acid desaturation and palmitoleate production improve ER function in
various cell types including adipocytes.
Using FABP4/5-deficient adipocytes as a gain-of-function model, our
studies highlight the importance of DNL in adipose tissue. Another similar
study, in which ChREBP, the major transcription factor regulating expression
of DNL genes in adipocytes, is specifically overexpressed in adipose tissue
demonstrates that these mice are protected against western diet-induced
insulin resistance [92]. This study provided additional evidence for the positive
effects of gain-of-function of adipose tissue DNL, together with FABP4/5
deficiency and GLUT4 overexpression models. However, whether increased
palmitoleate or production of another lipid mediates this protection in ChREBP
overexpressing mice remains unknown.

Fatty acid desaturation and palmitoleate
Fatty acids are endogenously synthesized by converting malonyl-CoA
to palmitate and this is catalyzed by fatty acid synthase enzyme [144]. Despite
the fact that obesity is associated with decreased expression of DNL genes,
and increased DNL in adipose tissue is linked to improved systemic
metabolism, studies using FAS knockout mouse models showed somewhat
perplexing results. Two independent groups have shown that deletion of FAS
specifically in adipose tissue improves glucose tolerance, decreases HFD-
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induced obesity, induces browning, and increases energy expenditure [186,
187]. These results argue that targeting a key DNL enzyme in adipose tissue,
FAS, has a therapeutic potential for obesity and associated metabolic
diseases. It is important to note that the end product of FAS activity is the
saturated fatty acid palmitate, which has been repeatedly linked to metabolic
perturbations [188]. Therefore, one possibility is that decreased endogenous
synthesis of palmitate in adipocytes mediates the beneficial outcomes
reported in these mice. One of these studies also linked FAS loss-of-function
to increased neuronal signaling in adipose tissue to promote browning in
subcutaneous adipose tissue, thereby providing a mechanism for induction of
energy expenditure in these mice [187]. These studies, together with previous
reports, demonstrate the complexity of the role of DNL in adipose tissue and
the importance of the end lipid product in functional outcomes.
Our studies demonstrate that although SCD1 is important for regulation
of adipocyte function in vitro, SCD1 loss-of-function specifically in adipocytes
is not a key factor in regulating systemic glucose metabolism and adipose
tissue pathology in mice fed a high-saturated fatty acid-based HFD. This is not
due to compensation of other SCD isoforms, SCD2 and SCD3, expressed in
adipose tissue because SCD1 deletion did not increase expression of other
isoforms. Similar to our results, studies from Dr. Ntambi’s laboratory also
reported that deleting SCD1 in adipose tissue does not have a significant effect
in regular HFD-fed mice, despite a significant decrease in palmitoleate levels
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in adipose tissue [152]. These results point out the possibility that although
increased palmitoleate production in adipose tissue improves systemic
metabolism, decreased palmitoleate production in adipocytes is not sufficient
to cause metabolic defects. In fact, considering the studies that show positive
effects of adipose tissue DNL so far, it is highly likely that only the gain-offunction of DNL and marked increase in particular lipid products, such as
palmitoleate, confer systemic beneficial effects [94, 110]. This possibility is
also supported by the fact that the amount of fatty acids produced
endogenously is substantially lower than that of exogenous sources in adipose
tissue [189, 190].

Hypoxia and oxygen sensing in adipose tissue
Hypoxia is an important pathological outcome of adipocyte expansion
in obesity [130]. Since normal oxygen levels are required for a number of
biological processes, adipose tissue hypoxia affects an array of cellular
processes in adipocytes, including insulin signaling, lipolysis, ER stress, and
inflammation [130, 132, 134, 135, 185]. Here we show that decreased oxygen
levels in adipocytes regulates fatty acid metabolism, particularly DNL. Our
results suggest that low-oxygen level potentially regulates DNL through two
mechanisms. First, the hypoxia-dependent decrease in mRNA expression of
DNL genes Fasn and Scd1 is most likely due to suppression of ChREBP, the
major transcription factor regulating DNL in adipocytes. In fact, our
experiments showed HIF-independent regulation of these transcripts under
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hypoxic conditions, further supporting a non-canonical regulation of fatty acid
metabolism by hypoxia. Second, since hypoxia causes a rapid decrease in
SCD1 protein levels, it is possible that SCD1 degradation might be regulated
by a direct or indirect post-translational modification. In fact, the master
regulators of hypoxia, HIF transcription factors, are regulated via hydroxylation
and degradation, which provides rapid stabilization of HIF proteins under lowoxygen conditions [164]. Recently, several studies also show that
hydroxylation-dependent regulation of a number of proteins have roles in
various biological functions [191-194]. This suggests that hypoxia might
regulate different processes in cells independently from the transcriptionallevel control via HIF proteins. Therefore, it is possible that the key proteins of
DNL, SCD1 or ChREBP, might be regulated at the post-translational level via
hydroxylation. In fact, in silico analysis of hydroxylation sites predicted a
proline residue on SCD1 that could potentially be hydroxylated by proline
hydroxylases (data not shown). Although the hydroxylation reaction is very
sensitive to changes in oxygen concentrations, it is also important to note that
factors other than oxygen, such as 2-oxoglutarate and Fe2+, are also
necessary [195] and therefore, hydroxylation-dependent post-translational
modifications cannot be fully attributed to oxygen availability.
Oxygen-dependent regulation of ER function is important in adipose
tissue, especially in obesity, where oxygenation in significantly impaired and
ER function is disrupted [114, 130]. Although hypoxia-dependent induction of
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ER stress in adipocytes was shown a number of years ago, mechanisms of
this effect are unknown [130]. Our studies showed that SCD1 protein and
mRNA levels are suppressed by hypoxia in adipocytes. Since the role of SCD1
and fatty acid desaturation was shown to regulate ER stress in other cell types
[101, 196, 197], we hypothesized that hypoxia might regulate ER function
through mediating fatty acid metabolism. Our experiments first showed that
hypoxia-dependent induction of ER stress is independent of HIFs, as HIF-1α
or HIf-2α loss-of-function does not suppress induction of ER stress markers
(data not shown). Importantly, here we demonstrate that a product of SCD1,
palmitoleate, protects adipocytes from hypoxia-induced ER stress, suggesting
that hypoxia regulates ER through a mechanism involving fatty acid
desaturation. It is important to note that SCD1 requires molecular oxygen for
the desaturation reaction and palmitoleate production [198]. Therefore, fatty
acid desaturation is potentially inhibited under hypoxia by a mechanism
including both decreased SCD1 protein levels, and lower oxygen
concentration. This connection between oxygen levels and fatty acid
desaturation has also been shown in another context, where palmitateinduced inflammation is amplified under hypoxic conditions [161], suggesting
that decreased desaturation under hypoxia potentiates toxicity of palmitate.
Taken together, our results highlight an important role of fatty acid desaturation
as a mediator of hypoxia-induced pathological effects in cells.
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Prolyl hydroxylase 3 as an oxygen sensor
Studies so far have extensively addressed the role of HIF transcription
factors in adipose tissue in the context of obesity and obesity-associated
metabolic diseases [131, 137, 138, 182, 199]. As specialized oxygen sensors,
prolyl hydroxylases also take on important functions mediating the cellular
response to changes in oxygen levels [164, 200]. In this study, we first
identified one of the prolyl hydroxylases, PHD3, as a novel regulator of ER
function in HEK293 cells. Based on this finding, we hypothesized that PHD3
might play an important role in adipocyte and adipose tissue biology,
particularly

in

obesity,

where

adipocytes

experience

low

oxygen

concentrations. PHD3 knockdown in adipocytes exacerbated the ER stress
response under hypoxic conditions. Interestingly, SCD1 protein was
decreased in adipocytes after PHD3 knockdown, suggesting that PHD3 might
mediate hypoxia-dependent suppression of the SCD1 enzyme. Decreased
SCD1 and adipocyte differentiation markers in these cells under normoxia
suggest that sensing normal oxygen levels via PHD3 is crucial for sustaining
adipocyte characteristics in differentiated adipocytes. Here we also show an
important role of PHD3 specifically under hypoxic conditions in vivo, using a
HFD-induced obesity model with adipose tissue-specific PHD3 knockout mice
displaying exacerbated glucose tolerance in HFD-induced obesity. Altogether,
these experiments further support the protective role of PHD3 in cells exposed
to hypoxic conditions, as demonstrated in other contexts [165, 180].
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Although PHD3 mediates fatty acid metabolism and ER function in
adipocytes, our studies have not addressed mechanisms of this regulation.
Since the canonical targets, HIF-1α or HIF2-α, do not mediate hypoxiainduced ER stress (data not shown) or hypoxia-dependent suppression of DNL
genes, one possibility is that PHD3 directly hydroxylates factors having roles
in these processes. In fact, many reports recently identified a number of nonHIF hydroxylation targets of PHD3 enzymes, such as β2-adrenergic receptor,
PKM2, and ACC2 [192-194]. Among these target proteins, ACC2
hydroxylation has been identified as a mechanism for repression of fatty acid
oxidation in cancer cells [194]. In summary, this study directly links oxygen
sensing and PHD3-dependent hydroxylation to fatty acid metabolism. Our
studies suggest that another important step in fatty acid metabolism, fatty acid
desaturation, may also be regulated by changes in the oxygen levels and
PHD3 activity.
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Obese

Lean

Normoxia

O2

Hypoxia

PHD3
SCD1 ER function

SCD1

ER function

Glucose intolerance
Figure 4-1. Working model. In lean adipose tissue, normal oxygen concentration
ensures sufficient SCD1 activity, fatty acid desaturation, and functional ER. However,
hypoxia, which is an important outcome of adipose tissue expansion in obesity,
interferes with SCD1 activity, and causes ER stress and UPR activation in adipocytes.
The oxygen sensing protein PHD3 plays an important role in maintaining SCD1 levels
and ER function in adipocytes, particularly under hypoxic conditions. Additionally, loss
of PHD3 in adipocytes exacerbates glucose intolerance in diet-induced obesity.
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Future directions
Our studies have improved our understanding of connections between
some aspects of adipose tissue pathology in the context of obesity and
obesity-associated metabolic diseases. However, there are still many open
questions requiring further investigation in order to unravel the connections
between these obesity-associated pathologies.
One of the most perplexing findings regarding fatty acid metabolism in
adipose tissue is the discrepancy between gain-of-function and loss-offunction studies of DNL. Previous studies, together with our results, indicate
that although loss of SCD1 is important in adipocytes in vitro, its loss in adipose
tissue does not cause detrimental effects in a HFD-induced obesity model.
Despite a significant reduction in the tissue palmitoleate level in SCD1
knockout mice, it is possible that remaining palmitoleate is sufficient to
maintain tissue and systemic metabolic functions. Therefore, targeting multiple
SCD isoforms, including SCD2 and SCD3, in adipose tissue may provide
important information regarding the role of low palmitoleate levels in adipose
tissue. Furthermore, gain-of-function studies reported so far have relied on
indirect upregulation of FAS and SCD1. Given upregulation of both of these
enzymes in FABP4/5-deficient mice, overexpressing FAS and SCD1 together
is perhaps most likely to recapitulate increased palmitoleate production and
improved

systemic

effects

observed

in

104

FABP4/5

deficiency.

Thus,

overexpressing FAS or SCD1 specifically in adipose tissue may help us further
understand the importance of endogenous fatty acid synthesis and
desaturation in adipose tissue. Additionally, adipose tissue specific-deletion of
SCD1 in FABP4/5-deficent mice would be an important experiment to address
the contribution of SCD1-depedent desaturation to palmitoleate levels in these
mice.
In this study, we showed that decreasing oxygen levels or targeting the
oxygen sensing protein PHD3 results in suppression of DNL genes,
particularly Scd1. These findings provide a potential oxygen-dependent
mechanism for dysregulation of DNL and ER function in obese adipose tissue.
Although we detected increased palmitoleate levels in the ER of the FABP4/5deficent mouse model, we have not tested the effects of SCD1 or PHD3 lossof-function on the ER fatty acid composition. Lipidomics analysis from these
ER fractions will be helpful to understand whether the effects we observed in
the ER are due to an alteration in the fatty acid content. Considering the
protective role of palmitoleate in hypoxia-induced ER stress, it is possible that
the effect of PHD3 loss-of-function in adipocytes is mediated by decreased
fatty acid desaturation. Consequently, it is also possible that altered overall
lipid composition in adipose tissue of PHD3 knockout mice may be an
important factor contributing to glucose intolerance in these mice. Another
important question that remains to be addressed is whether PHD3-mediated
regulation of fatty acid metabolism and ER function is hydroxylation
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dependent. In silico analysis of hydroxylation sites predicted a potential proline
site for hydroxylation on the SCD1 protein (data not shown). However, it is also
worthwhile to consider an unbiased approach to determine hydroxylation
targets of PHD3 under normoxic and hypoxic conditions in adipocytes and
adipose tissue.

Concluding remarks
In this study, we demonstrated that hypoxia, a pathological outcome of
obesity, regulates fatty acid metabolism and ER function in adipocytes, which
are dysregulated in obese adipose tissue. We also identified a new role for the
oxygen sensing PHD3 enzyme in adipocytes as a key mediator of adipocyte
function and systemic glucose metabolism. Altogether, these findings set forth
a mechanism for integrating obesity-associated pathologies in adipose tissue
that may have utility in developing new therapeutic interventions.
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