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ABSTRACT

Excessive fat synthesis and the subsequent dysregulation of lipid metabolism constitute the
major pathological factors of obesity and type 2 diabetes through triggering insulin
resistance. Thus, controlling fat synthesis by identifying key sites for regulation of
lipogenesis and modulating the lipogenic fluxes may provide novel approaches to
intervention of the diseases. As a first step to quantitative investigation of lipogenic fluxes
from various carbon sources as related to insulin signaling, relative contribution of glucose,
glutamine, and acetoacetate to fat biosynthesis in wild-type (WT) and insulin receptor
substrate-I knockout (IRS-1 KO) brown adipocytes were analyzed by stable-isotope
labeling, GC/MS, and flux estimation. Glutamine contributed more to fatty acid synthesis
than glucose in WT cells while glucose's contribution was heavier in IRS-1 KO cells.
Unlike the straightforward pathway for lipogenesis from glucose, two possibilities for
glutamine's route to fatty acid synthesis have been proposed: glutaminolysis pathway
through conventional tricarboxylic acid cycle and a pathway via reductive carboxylation of
at-ketoglutarate to isocitrate. These pathways were integrated into a metabolic network
model for quantitative estimation of individual lipogenic fluxes. Incubation of the cells
with [U-13C] glutamine for 6 hrs led to metabolic and isotopic steady state where individual
fluxes of the model were estimated with 95% confidence by least-square fit method. Dose
dependent repression of estimated net flux of reductive carboxylation by specific inhibition
of NADP+-dependent isocitrate dehydrogenase and the subsequent reduction in glutamine's
contribution to fatty acid synthesis in WT cells strongly indicated that reductive
carboxylation is an important site of regulating glutamine's lipogenic flux. Abolition of this
net flux, reduction in glutamine's lipogenic contribution, and concurrent rise in glucose's
lipogenic contribution in IRS-1 KO cells were consistent with the importance of reductive
carboxylation. Differential effects of lack of insulin signaling on individual lipogenic
fluxes suggested that there might be specific sites at which insulin signaling regulates
lipogenic utilization of carbon sources. These results revealed the importance of other
carbon sources such as glutamine in fat synthesis and the means by which the flux of these
carbon sources to fat synthesis can be controlled.

Thesis Supervisor: Gregory Stephanopoulos
Title: Professor of Chemical Engineering
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Introduction

Obesity and Type 2 diabetes are among the most widespread and high-cost epidemics

that have gained increasing attention for the last two decades due to their long-lasting

socioeconomic impacts. Current estimate of 150 million people affected by diabetes

worldwide are projected to reach 300 million people in 2025. Most cases of diabetes are

type 2 diabetes, which is tightly linked to obesity (14). Despite the complexity of genetic

and environmental factors that might cause obesity and type 2 diabetes, there are strong

evidences that dysregulation of lipid metabolism is one of the major pathological factors.

Thus, the common features of the diseases such as excessive fat synthesis, decreased

responsiveness to insulin signaling (insulin resistance), and high blood glucose have been

shown to have cause-and-effect relationship by various in vitro and in vivo studies led by

Shulman and coworkers (Perseghin et al.(8) and references therein). Their hypothesis for

cellular mechanism linking lipid metabolism to insulin resistance starts with increased

intracellular fatty acid metabolites activating serine/threonine kinase cascade (Fig. 1). This

leads to phosphorylation of serine/threonine of insulin receptor substrate proteins (IRS-1

and IRS-2), which inhibits activation of phosphatidylinositol 3-kinase (PI3K). Therefore,

the signaling events downstream of PI3-kinase, including stimulation of glucose transport,

are deactivated, which results in high concentration of glucose in blood.

The implications above have motivated this research, with the possibility that obesity and

type 2 diabetes may be largely prevented or intervened by controlling fat synthesis either

before or after the onset of the diseases. In order to synthesize fat, carbon sources from

nutrition needs to be metabolized and transformed through a series of metabolic pathways

into lipogenic building blocks such as glycerol-3-phosphate and acetyl-CoA. If the flow of
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Fig. 1. Proposed mechanism for fatty acid-induced insulin resistance (8).

An increase in the delivery of fatty acids to muscle or a decrease in the intracellular
metabolism of fatty acids leads to an increase in intracellular fatty acid metabolites, such as
diacylglycerol, ceramides and fatty acyl CoA. These metabolites activate a serine/threonine
kinase cascade possibly initiated by PKC0, PKC3II, PKC8 or by IKK-3 or JNK, leading to
phosphorylation of serine/threonine sites of the insulin receptor substrates (IRS- 1 and IRS-
2), which in turn reduces the ability of IRSs to activate PI3-kinase. As a consequence,
glucose transport activity and other events downstream of insulin receptor signaling are
diminished.
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carbons through these pathways can be efficiently modulated at specific sites, this could

enable us to find insights both into better understanding of the pathogenesis of the diseases

and into better means of intervention. Identification of these key sites for metabolic

activities of lipogenesis would require quantitative understanding of the fluxes involved in

the lipogenic process, which can be most easily achieved by methods of dynamic

metabolomics. Conventional metabolomics approach is based on measurements of

amounts of various metabolites, which need to be performed at many time-points of

metabolic non-steady state in order to estimate the individual fluxes between metabolites

(12). For dynamic metabolomics approach, researchers have taken advantage of highly

dynamic nature of metabolism: stable-isotope label contained in input metabolites is

quickly transferred to the downstream metabolites, whose labeling patterns depend on the

individual fluxes between metabolites. Appropriate models of metabolic network can be

constructed, and equations can be set up based on the individual fluxes as unknown and the

labeling patterns of metabolites as variables. Then, a single experiment with stable-isotope

labeling of input metabolites followed by analysis of labeling patterns of the metabolites in

the network model could make it possible for the fluxes to be estimated by solving those

equations. The solution can become straightforward if metabolic and isotopic steady-state

can be assumed. The estimated fluxes can also be easily validated by an independent

experiment with stable-isotope labeling of another input metabolite. Mathematical basis for

estimation of fluxes throughout a metabolic network using dynamic metabolomics

techniques have been rigorously examined together with the metabolic and isotopic steady-

state assumption (4, 13).
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Stable-isotope labeling coupled with mass spectrometry has been most useful in the

measurement of complex metabolic fluxes for polymerization biosynthesis (e.g. fatty acid

synthesis), DNA synthesis, protein synthesis, triglyceride turnover, and multiple

phenotypes by using 13C-labeled substrates or 2H20 (reviewed in (15)). In particular, the

application to polymerization biosynthesis has been theoretically developed by Kelleher

and Masterson (16) and demonstrated in flux analysis of fatty acid synthesis (17; see

"Isotopomer Spectral Analysis" in Experimental Procedure of Chapter 1 for details). The

application to flux analysis of a more complicated network of reactions has been

extensively studied in Corynebacterium glutamicum by the researchers in this laboratory

(18), and the basis of calculation of the metabolic fluxes has been delineated initially with

such a simple model of metabolic network as is illustrated in Figure 2 (19). In the process

of gluconeogenesis, [U- 3C] pyruvate is carboxylated to produce [1,2,3-13C] oxaloacetate.

If this flux relative to the TCA cycle flux is designated as y, the dilution of [1,2,3-13C]

oxaloacetate can be expressed as y / (1 + y), which is defined to be R. Reversible exchange

reaction of oxaloacetate with malate and fumarate leads to a mixture of two positional

isotopomers of mass M+3, i.e. [1,2,3-13C] oxaloacetate and [2,3,4- 3 C] oxaloacetate. When

the fraction of each isotopomers is designated as A for [1,2,3-13C] oxaloacetate and B for

[2,3,4-13C] oxaloacetate (A + B = 1), pyruvate directly converted from oxaloacetate will

contain [1,2,3-13C] pyruvate (mass = M+3) and [2,3-13C] pyruvate (mass = M+2).

Moreover, oxaloacetate can also go through one or more rounds of TCA cycle, which

would yield other isotopomers shown in Figure 2 due to loss of 13C as CO2 through the

decarboxylation reactions of the cycle. Then, the composition of differentially labeled

isotopomers will be a function of two parameters: A for reversible reaction with malate and
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Fig. 2. Simple model of gluconeogenesis as an example of flux analysis by stable-isotope
labeling and mass spectrometry

Carbons labeled with 13C are represented in bold. [U-13C] pyruvate is converted to various
isotopomers of phosphoenolpyruvate via oxaloacetate. Dilution of [U-13C] pyruvate and
partial equilibration of oxaloacetate with malate (MAL) and fumarate (FUM) are
represented with parameters R and A (see text for definition). PC stands for pyruvate
carboxylase. Reactions of pyruvate dehydrogenase (pyruvate to acetyl-CoA) and pyruvate
kinase (PEP to pyruvate) are ignored.
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fumarate and R for the dilution of [U-13C] pyruvate. The ratios of (M+1)/(M+3) and

(M+2)/(M+3) can be determined experimentally and related to the parameters A and R:

(M+1)/(M+3) = 0.5R(1 + R)/A(1 - 0.5R), (M+2)/(M+3) = (1 - A + 0.5R)/A

Thus, A and R can be calculated, which will also give y, the flux of pyruvate carboxylation

relative to the global flux through TCA cycle.

However, this kind of calculation with artificial parameters based on crude assumptions

may easily overlook some unexpected labeling of metabolites and the definition of those

parameters can be misleading. In order to include all possible labeling of metabolites in

setting up balanced equations systematically, a method with mathematical rigor has been

developed in our laboratory to calculate the fluxes from isotopomer distribution

measurements, which was the basis for the flux estimation in Chapters 2 and 3. Consider

the imaginary network of reactions in Figure 3. The network consists of 4 metabolites (all

with 2 carbon units), 3 extracellular fluxes, and 3 intracellular reactions, one of which is

reversible. The atomic transitions of the carbons in the reactions are defined to be as

follows:

reaction carbon transitions
1.A- B ab - ab
2. A + B - C + D ab+AB aA+bB
3.B<- D ab ab

For the purpose of setting up equations, each reaction can be decomposed into a set of

reactions with specific isotopomers reacting. For example, for reaction 2, there are 16

possible combinations of isotopomers of metabolites A and B reacting. The labelings of

two carbon units are represented as 0 for 12C and 1 for 13C. Thus, A00 means metabolite A

with both carbons unlabeled (A: 12C-12C) while A01 means A: 1 2C- 1 3C. Also, aoo denotes

the concentration of A00 as a fraction of total amount of metabolite A. Then, the relative

20



Fig. 3. Imaginary network under steady state as an example of flux estimation.

velocities for reaction 2 are defined as follows:

reaction relative velocity
Aoo + Boo - Coo + Doo v2 -aoo-boo

Aoo + Bo, Coo + Do, v2 -aoo-bol

Aoo + Blo o Co + Doo v2'aoo'blo
etc...

Under metabolic and isotopic steady state, the balance equations can be set up for

isotopomers of metabolite D as follows:

0 = v2.(aoo.boo + aoo.blo + alo-boo + alo-blo) + v3rboo- (3b+w3)'doo

0 = v2.(aoo.bol + aoo-bl 1 + alo-bol + alo-bl 1) + v3rbol - (v3b+W3)'dol
etc...

If one can determine the uptake/export fluxes (wI, w2 , and w3) and fractional isotopomer

distribution of metabolites (e.g. BM+O = boo, BM+l = bol + blo, and BM+2 = bll), the fluxes

can be calculated by solving the nonlinear equations with the solvers in commercially

available programs like MATLAB.

Most studies on the metabolic activities of lipogenesis have been focused on the

pathways from glucose to fatty acid synthesis, such as glucose uptake, glycolysis, citrate
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transport across mitochondrial membrane, and fatty acid synthesis from acetyl-CoA. Even

though glutamine and ketone bodies have been recognized as lipogenic carbon sources (1, 6,

9), little has been done for quantitative understanding of their contribution relative to that of

glucose.

Adipose tissues have attracted great attention in light of whole-body lipid metabolism

and the two metabolic diseases, since it has been established that adipose tissues function

not only as the sites for storage of body fat, but as the central sites of regulating whole-body

lipid metabolism and energy balance through release of such hormones as adipsin, tumor

necrosis factor (TNF)-a, leptin, and plasminogen activator inhibitor-I (10). Brown adipose

tissue is particularly interesting with regard to regulation of energy balance because of its

unique capability of heat generation through uncoupling mitochondrial proton gradient and

ATP synthesis by uncoupling protein-I (UCP 1) located in inner membrane of

mitochondrion. Found as depots mostly in small mammals (rat, mouse, hamster) and

newborns of large mammals (including human), brown adipocytes are distinguished from

white adipocytes by multiple lipid droplets and many copies of mitochondria in the cell

(11). These features enable brown adipocytes to readily produce heat from fatty acid

oxidation upon norepinephrine signaling through f33 -adrenergic receptors. With a high

number of high-affinity endogenous insulin receptor (IR) brown adipocytes are also very

sensitive to insulin signaling (7), consistent with the roles in diet-induced thermogenesis

and whole-body glucose clearance (11). A prominent role of brown adipocytes for insulin-

stimulated whole-body glucose clearance has been demonstrated by studies on transgenic

mouse whose insulin receptor was knocked out specifically in brown adipose tissue (3).

Despite the relatively minor size of brown adipose tissue in this animal, fasting
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hyperglycemia and impaired glucose tolerance was evident. In addition, Kahn and

coworkers established preadipocyte cell lines from brown adipose tissue with specific

knock-out of insulin signaling substrate (IRS) proteins (5), and only IRS- 1 knockout (IRS- 1

KO) cell line showed downregulation of insulin sensitivity and UCP expression, along with

decreased expression of lipogenic transcription factors (C/EBPf3, PPARy) and lipogenic

enzymes like glucose transporter-4 and fatty acid synthase, leading to reduced fat synthesis

(2). Thus, in this thesis wild-type (WT) brown adipocytes and the corresponding IRS-1 KO

cells were selected as in vitro models for quantitative investigation of the effect of insulin

signaling on utilization of lipogenic carbon sources.

Throughout the studies of this thesis, Gas Chromatography/Mass Spectrometry (GC/MS)

instrument was mainly used for measurement of the amounts of metabolites and the

fractional distribution of their isotopomers. The capillary column for Gas-Chromatography

was DB-XLB (60 m x 0.25 mm id x 0.25 gm) from J&W scientific. Although the exact

chemical composition of the column was not disclosed due to its proprietary status, the

low-polarity column was amenable to separation of fatty acid methyl esters as well as silyl

derivatives of organic acids and amino acids that are related to tricarboxylic acid (TCA)

cycle. With the temperature profile between 100°C and 300°C, exceptionally reproducible

retention times were achieved for all the analytes using this column.

Ionization of analytes by electron impact (EI) and mass analysis by quadrupole mass

analyzer have provided reliable and reproducible measurement of peak intensity for the m/z

range of 100 to 500, which was examined as follows: measured natural abundance of the

metabolites was very close to theoretical natural abundance and triplicate measurement of

13 C-labeled metabolites produced relatively small errors for fractional isotopomer
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distributions. Consistent mass resolution of 1 a.m.u. or below was appropriate for

measuring intensities of mass isotopomers from 13 C-labeling.

With these knowledge and experimental techniques at hand, the following questions

were first asked: (1) Is glucose the only significant carbon source for lipogenesis? (2) If

other metabolites participate, what are their relative contributions? (3) Is insulin signaling

indispensable for fat synthesis of adipocytes? Can we restore fat synthesis of IRS- KO

cells by supplementing with other metabolites? Two perturbed conditions (removal of

dexamethasone during the induction period and addition of acetoacetate during the

differentiation period) were selected after screening various perturbations for elevated

lipogenesis in IRS- 1 KO cells (Chapter 4). These perturbations were compared with

standard culture condition in the analysis of relative utilization of carbon sources (glucose,

glutamine, and/or acetoacetate) in Chapter 1. When glutamine was found to contribute

heavily as lipogenic carbon source in all three conditions, two possible pathways for

glutamine's metabolic route to fatty acid synthesis were integrated into quantitative

estimation of fluxes involved in lipogenesis from glucose and glutamine in WT cells under

standard condition in Chapter 2. The robust results of flux estimation strongly suggested

that a novel pathway involving reductive carboxylation of a-ketoglutarate to isocitrate

could be a major pathway for glutamine's flux to fatty acid synthesis, also providing

potential key sites for controlling lipogenic flux in adipocytes. In Chapter 3, a similar

analysis was conducted using IRS-1 KO cells, which gave quantitative insights for the

differential effects of insulin signaling on the regulation of carbon source utilization in

lipogenesis. In conclusion, the four chapters were summarized and some future

experiments were suggested in Chapter 5.
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Chapter 1. Quantifying carbon sources for de novo lipogenesis in

wild-type and IRS-1 knockout brown adipocytes

Introduction

The differentiation of brown adipocyte cells from a fibroblast-like precursor is

evolutionarily related to pre-hibernation fat accumulation and thus linked to total body

energy metabolism (1). Adipogenesis occurs under conditions of excess nutrients and

accompanying hormones and involves changes in gene expression and cell signaling,

leading to a substantial increase in de novo synthesis and storage of triglyceride. Cell

surface receptors, especially for insulin and insulin-like growth factor-I (IGF-1) provide a

mechanism for hormonal response to nutrient abundance. Recent investigations of

adipogenesis have focused on gene expression and cell signaling events associated with this

conversion (2-4). The importance of the insulin receptor substrate- (IRS-1) signaling

pathway for differentiation has been demonstrated by the finding that an IRS-1 knockout

(IRS- 1 KO) preadipocyte cell line is unable to differentiate under the standard condition

where wild-type (WT) cells accumulate triglyceride and express adipocyte-specific genes

including UCP-1 and fatty acid synthase (5). A consequence of the IRS-1 KO is that these

cells are deficient in insulin-stimulated glucose uptake via insulin-sensitive glucose

transporter, GLUT4. The studies of in vitro adipogenesis are normally conducted under

constant nutrient conditions using cell culture media where glucose (25 mM) and glutamine

(2-4 mM) provide the major carbon sources for cell metabolism. In the work presented

here, the role of the nutrient and hormonal environment on the process of lipogenesis

accompanying brown adipocyte differentiation was investigated.
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Animal studies support the concept that glucose is a major carbon source for brown

adipose lipogenesis. Lipid synthesis measured with 3 H2 0 increases on glucose

administration and is insulin-sensitive (6). However, ketone bodies may also supply carbon

for brown adipose lipogenesis. Investigations using rats and slices of rat brown adipose

tissue demonstrated that acetoacetate was utilized by brown adipose tissue both for

oxidation and for de novo lipogenesis. In fasted animals, the incorporation 14 C-labeled f3-

hydroxybutyrate into lipids in brown adipose tissue was ten-fold greater on a weight basis

than into liver or white adipose tissue (7). In addition, incorporation of P-hydroxybutyrate

into fatty acid was increased in brown adipose tissue of cold-adapted rats (8). In concert

with these fluxes, elevated levels of mitochondrial enzymes required for the conversions of

acetoacetate to acetyl CoA, 3-oxoacid CoA-transferase and acetoacetyl-CoA thiolase, have

been found in brown adipose tissue from suckling and weanling rats (9, 10). In addition to

fatty acid synthesis, nutrients are required for the glycerol backbone of the triglyceride. In

most cells, glucose supplies the glycerol-3-phosphate (G3P) precursor for the triglyceride

backbone. Brown adipocytes may also utilize the glyceroneogenesis pathway involving

glycerol-3-phosphate synthesis from three carbon compounds via phosphoenolpyruvate

carboxykinase (PEPCK) (11). A third possible route for G3P formation in brown adipocyte

cells is from glycerol via glycerokinase. A futile cycle involving glycerokinase and

triglyceride hydrolysis has been suggested as an additional heat generating mechanism in

brown adipocyte cells (12, 13).

A standard procedure for in vitro differentiation of brown preadipocytes has been

adopted from the procedure used for white adipocyte differentiation (14). The procedure

involves incubating confluent preadipocytes in dexamethasone, indomethacin, and
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isobutylmethylxanthine (IBMX). Dexamethasone, in brown preadipocytes, appears to

repress the expression of insulin-insensitive glucose transporter GLUTI and stimulate the

level of insulin-sensitive glucose transporter GLUT4 in a dose-dependent manner. In the

absence of dexamethasone, brown preadipocytes may differentiate by transporting glucose

primarily through GLUTI (15, 16). Thus, both the nutrient environment and the hormonal

conditions inducing differentiation may affect the intracellular metabolic environment that

allows the cells to rapidly accumulate triglyceride during differentiation.

The studies presented here, focus on the role of nutrients in the synthesis of triglyceride

during the brown adipocyte differentiation process using the WT and IRS-1 KO cell lines

developed by Kahn and co-workers (5). This model provides the opportunity to compare

the two cell types to assess their ability to accumulate lipid under a variety of nutrient

conditions. In white adipose 3T3-L cells, the IRS-1 KO cells retain partial ability to

differentiate (17). Thus, the hypothesis that alternations in nutrients could affect the

lipogenic ability of the IRS- KO brown adipose cells was tested. 13C-labeled metabolites

were employed to investigate the carbon sources for lipogenesis and glycerol backbone.

Labeling data were analyzed with Isotopomer Spectral Analysis (ISA) to estimate

parameters associated with lipogenesis. This method has been used previously to assess the

synthesis of triglyceride fatty acids in differentiating 3T3-L1 white adipocyte cells (18).

These studies have provided insights into the role of nutrients in brown adipocyte

differentiation to complement the extensive work on signaling and transcriptional changes

underway in other laboratories (3, 5, 19).
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Experimental Procedures

Materials

Biochemicals were obtained from Sigma Chemical Co., St. Louis, MO. 13 C-labeled

chemicals were obtained from Cambridge Isotope Laboratories, Inc., Andover, MA. Tissue

culture media were obtained from Invitrogen, Co., Carlsbad, CA.

Cell culture, adipocyte differentiation and lipid isolation

Brown preadipocyte cells were cultured essentially as described in Fasshauer et al. (20)

and as outlined in Figure 1.1. All studies were conducted in 10-cm2 (surface area) 6-well

plates containing 4 mL media. WT and IRS-1 KO brown preadipocyte cells (kindly

provided by Dr. C. R. Kahn, Joslin Diabetes Center, Boston) were cultured until confluence

(day 0) in "Differentiation media" (Dulbecco's Modified Eagle Medium (DMEM)

containing 25 mM glucose and 4 mM glutamine, supplemented with 10% fetal bovine

serum, 20 nM insulin, and 1 nM thyroid hormone (T3)). On day 0, media were changed to

"Induction media", which is Differentiation media supplemented with 0.125 mM

indomethacin, 0.25 mM IBMX, and 5 M dexamethasone (In some studies, dexamethasone

was omitted from the Induction medium: "Dex-"). After 48 hours, media were changed

back to Differentiation media (in some studies, 10 mM sodium acetoacetate or 2 mM

sodium acetate was added to Differentiation media: "AcAc+" or "AC+"). For all 13C-

labeling experiments, glucose, glutamine, added acetoacetate, or added acetate in the

medium was individually replaced with the corresponding [U-13C] labeled carbon source,

and DMEM was replaced with DMEM Base medium (from Sigma Chemical Co.) with no

glucose or glutamine (buffered with 44 mM sodium bicarbonate at pH 7.2). Media were
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Fig. 1.1. Protocol for brown adipose cell differentiation.

Cells were seeded into a well of 10-cm2 surface area with Differentiation medium and
grown to confluence. On day 0, medium was changed to Induction medium containing the
following induction chemicals: Dex, IBMX, and indomethacin. On day 2, cells were
returned to Differentiation medium containing 13C-labeled substrates. On day 6, lipids
were extracted from the cells for analysis.
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replaced on day 4 with the same differentiation media used on day 2.

On day 6, the experiment was terminated by removing the medium and adding 1.0 mL

of 2% perchloric acid for 10 minutes at room temperature to each well (21). After

removing the acidic solution, cellular lipid was isolated twice by adding 1.3 mL of hexane-

isopropanol (3:2) mixture for 30 min at room temperature, when 20 g of triheptadecanoin

in 10 ptL hexane-isopropanol (3:2) was added to the organic solvent for quantification of

total fatty acids. Combined hexane-isopropanol solution was evaporated and redissolved in

400 gL of methane-benzene (2:1) mixture, 100 ,tL of which was mixed with 100 pgL of

fresh BF3/MeOH. The mixture was vortexed in glass vial and incubated at 75 °C for 2

hours to derivatize the entire fatty acid moiety in lipids into the corresponding methyl esters.

The reaction product was then purified by hexane extraction (3 x 0.3 mL) against 0.2 mL of

saturated aqueous NaCl solution. Combined hexane solution was treated with 100 mg of

sodium sulfate to remove residual water. The hexane solution was then diluted

appropriately before injection into the GC/MS instrument.

For ISA analysis of the glycerol portion of the lipids, glycerol was derivatized with tert-

butyldimethylsilyl (TBDMS) group and the mass isotopomer distribution determined by

GC/MS as described by Flakoll et al. (22) Upon separation of organic phase after

methylation of the fatty acid moiety of lipids, 0.2 mL of the aqueous solution was

evaporated to dryness and dissolved in the mixture of 100 pL pyridine and 100 gL of N-

Methyl-N-[tert-butyldimethylsilyl]trifluoroacetimide (MTBSTFA, from Pierce). The

mixture was incubated at room temperature for 30 minutes prior to GC/MS analysis.
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GC/MS for fatty acid quantification and ISA analysis

Samples with fatty acid methyl esters in 1 gL hexane were injected into a Hewlett-

Packard model 6890A GC connected to JMS-GCmate II (JEOL, Peabody, MA) and

equipped with DB-XLB (60 m x 0.25 mm id x 0.25 jim) capillary column (J&W Scientific,

Folsom, CA). Helium flow was maintained at 1.0 mL per minute via electronic pressure

control. The injection port temperature was 230°C. The temperature of the column was

started at 100°C for 1 minute, increased to 250°C at 25°C/min, and held for 5 minutes. The

temperature was then increased to 300°C at 25°C/min and held for 1 min. For general

detection of fatty acid methyl ester, m/z = 100 to 330 was scanned and recorded with scan

speed of 0.51 second and interscan delay of 0.2 second. Myristate (m/z = 242), palmitate

(m/z = 270), palmitoleate (m/z = 268), oleate (m/z = 296), and stearate (m/z = 298) methyl

esters were detected above detection limit, together with the internal standard,

heptadecanoate methyl ester (m/z = 284). For quantification of total fatty acids, the

intensities of M+0 peaks ("M+x" denotes the isotopomer with m/z = M + x where M is the

base mass) of fatty acid methyl esters were normalized by that of heptadecanoate methyl

ester. Various known amounts of tripalmitin were derivatized and measured together with

the samples to construct a standard curve for calculating the absolute amounts of the fatty

acids. Protein amounts of the replicate cell culture samples were measured using protein

assay kit (Sigma Diagnostics, St. Louis, MO) after extraction of protein from the cell

cultures with 1% Triton X- 100 (0.7 mL per well) for 20 minutes at 37 °C and centrifugation

(18,000 x g for 2 min).

Because palmitate was the major fatty acid under all experimental conditions, the

analysis of methyl palmitate was used for representative ISA analysis on fatty acid
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synthesis in brown adipocytes. For detection of mass isotopomers of methyl palmitate in

13 C-labeling studies, relative intensities of the molecular ions and their isotopomers (M+0,

M+l, M+2,... M+16 (m/z = 270 to 286)) were monitored by selected ion monitoring (SIM).

For detection of mass isotopomers of TBDMS derivative of lipidic glycerol in 13 C-labeling

studies, the same instrumental setup as for fatty acid methyl esters was used except for the

following GC temperature profile: temperature held at 100 °C for 0.5 minute, increased to

300°C at 25°C/min, and held for 1.5 minute. Relative intensities of M-57 ions (M-tert-

butyl) and their isotopomers (m/z = 377 to 384) were also monitored by SIM (22).

Assay on rates of glucose and glutamine uptake and lactate production

The concentration of glucose and lactate in media samples was measured by YSI 2300

STAT glucose/L-lactate analyzer (Yellow Springs Instruments, Yellow Springs, OH).

Glutamine concentration was measured by TBDMS derivatization and GC/MS, and

corrected for the spontaneous decomposition of glutamine at 37°C. The mixture of 100 pL

of each medium sample plus 40 gL of 10 mM [U-13C] glutamine was first acidified by

adding 100 jiL of 2% perchloric acid. Then, the mixture was loaded onto a column with 2

mL of Dowex 50Wx8-400 cation exchange resin. After washing the column with 1 mL of

distilled water, glutamine was eluted by 3 mL of 6 M NH4OH aqueous solution. The eluant

was evaporated and dissolved into 50 iL of dimethylformamide by sonication, before

mixing with 70 gL of MTBSTFA. The mixture was then incubated at 70°C for 30 minutes

prior to injection into GC/MS instrument. Standard glutamine solutions of known

concentration were used for construction of a standard curve. GC/MS setup was the same

as in glycerol analysis above, except for the following GC temperature profile: temperature
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held at 140°C for 2 minutes, increased to 200°C at 25 C/min, and held for 1 minute;

temperature increased again to 250°C at 3 C/min and held for 7.9 minutes; temperature

raised to 300°C at 5 C/min and held for 5 minutes. Relative intensities of M - 57 (M -

tert-butyl) ions from of natural glutamine (m/z = 431) and [U-1 3C] glutamine (m/z = 436)

were used for the calculation of glutamine concentrations of the media samples.

Isotopomer spectral analysis (ISA)

The flux of carbon sources to fatty acids was evaluated by ISA, a stable isotope method

for estimating the fractional contribution and the fractional new synthesis of carbon sources

to lipogenesis (18, 23). This method utilizes the mass isotopomer distribution of a polymer

produced in part by de novo synthesis as illustrated in Figure 1.2. In this study, palmitate

synthesized from 13C-enriched precursors was analyzed. The ISA model produces

estimated values for the two parameters controlling flux of 13C to the sampled palmitate. D

is the fractional contribution of a 13C-labeled precursor to the lipogenic acetyl CoA, and

g(time) is the fractional amount of newly synthesized palmitate in the sample. The

parameter g(time) is equivalent to the fractional synthesis of the product at the specified

time. The model used here assumes that the flux of the precursors to the lipogenic acetyl

CoA pool is constant during the time course of 13C incubation. ISA uses equations for the

probability of appearance of each isotopomer based on test values for D and g(time). These

probabilities are compared to the fractional abundance determined for each palmitate

isotopomer to obtain the best-fit solution. The fit is obtained by weighted nonlinear

regression with the weights proportional to the inverse of the standard deviation of the

isotopomer measurement. In practice, the weighting insures that the parameter estimates
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Fig. 1.2. Isotopomer spectral analysis (ISA) model for de novo biosynthesis of palmitate.

Substrate labeled with 13C is converted to 13 C-labeled acetyl CoA, which is mixed with
acetyl CoA derived from natural sources in intracellular pool of acetyl CoA at a constant
ratio of D to 1-D. One molecule of palmitate is synthesized from eight molecules of acetyl
CoA in the homogeneous pool. When total cellular palmitate is sampled at the end of the
incubation after the time period "t", the fraction of palmitate resulting from de novo
biosynthesis is g(t).
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will not be strongly affected by the least reliable measurements.

Results and Discussion

Quantifying total fatty acid content of WT and IRS-1 KO brown adipocytes

Confluent WT and IRS-1 KO brown adipocytes were cultured under the standard (Std)

condition or one of two modified conditions: AcAc+ or Dex- (see "Experimental

Procedures" for details). Under Std condition, WT cells produced approximately three

times as much total fatty acids per protein mass as IRS- 1 KO cells by day 6 (Fig. 1.3).

Under AcAc+ or Dex- conditions, WT and IRS- 1 KO cells produced similar amounts of

fatty acids as in Std condition. Removing any one of the induction chemicals (IBMX,

dexamethasone, and indomethacin) from the induction medium for WT cells did not alter

the total fatty acid amounts noticeably, but absence of two or more induction chemicals

reduced fatty acid production of WT cells to that of IRS-1 KO cells under Std condition

(Fig. 1.4). Previous studies comparing the amount of total fatty acids synthesized in WT

and IRS-1 KO cells used Oil Red O staining to demonstrate qualitatively the decreased

triglyceride accumulation in the KO cells (20). The data in Figure 1.3 quantify the total

fatty acid amounts in both cell lines, allowing calculations of amounts of total fatty acids

per mg of protein. The finding that the Dex- condition did not alter the total fatty acid

accumulation suggests that any shift in the population of GLUT1 and GLUT4 does not

affect total fatty acid synthesis (15, 16).
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Fig. 1.3. Quantifying fatty acid synthesis in WT and IRS-1 KO cells.

Amounts of total fatty acids under three culture conditions on day 6 measured by GC/MS
using triheptadecanoin as the internal standard (conditions as described in Methods and Fig.
1A). Std: Induction medium from day 0 to day 2, Differentiation medium from day 2 to day
6; AcAc+: addition of 10 mM acetoacetate from day 2 to day 6; Dex-: Induction medium
without Dex from day 0 to day 2. Data shown are mean ±+ SEM (n = 3) in WT and IRS-1
KO brown adipocytes. No significant difference was found among the three conditions in
either WT or IRS-1 KO cells.
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Fig. 1.4. Effect of different combination of individual induction chemicals on fat
production of WT brown adipocytes.

Relative amounts of total fatty acids per well were measured for WT brown adipocytes on
day 6 of differentiation period under different induction conditions where the three
induction chemicals (5 pM Dex; 0.25 mM IBMX; 0.125 mM Indo) were added in various
combinations from day 0 to day 2. Amounts of total fatty acids per well are expressed as
fold over the amount in IRS-1 KO cells under standard condition on day 6.
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Lipogenesis under varied conditions for differentiation: adding acetoacetate and

removing dexamethasone

To determine the flux of various carbon sources to lipogenesis, cells were incubated in

13 C-labeled substrates for the four-day differentiation period, from day 2 to day 6 (Fig. 1.1).

For each of the three conditions, the fractional contribution and fractional new synthesis of

glucose, glutamine, and acetoacetate when present, were estimated by the ISA parameters,

D and g(4 day) (Fig. 1.2). A sample ISA experiment showing the mass isotopomer

distribution and the fit of the model to the data demonstrates the key features of the analysis

(Fig. 1.5).

The results of the ISA analysis indicate that brown adipocytes can utilize a variety of

carbon sources for de novo lipogenesis (Fig. 1.6A). Glucose (25 mM) and glutamine (4

mM) are the major lipogenic carbon sources in the differentiation medium. ISA analysis

indicated that both glucose and glutamine make substantial contributions of carbon for

lipogenesis under all conditions examined. Acetoacetate (10 mM) was readily converted to

lipid, indicating that these cell lines have a large capacity for acetoacetate utilization

consistent with the results in animal studies (9, 10). The activity of acetoacetyl-CoA

synthetase has been correlated with the incorporation of acetoacetate carbon into lipid,

which was increased in the presence of glucose and insulin (9). Acetoacetate displaced

glucose and glutamine as lipogenic carbon sources as indicated by the high D(ACAC) values

and the decreases in the D values for these substrates in the presence of acetoacetate. When

dexamethasone was removed from the induction medium (Dex- condition), the fractional

contribution of glucose to lipogenesis increased in the WT cells, consistent with the finding

that this condition increases the expression of GLUT1 (15, 16; see also Fig. 1.7).
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Fig. 1.5. ISA of palmitate synthesis in brown adipose cells.

Representative isotopomer distribution of methyl palmitate (sampled on day 6 from WT
brown adipocytes under AcAc+ condition with [U-13 C] glutamine from day 2 to day 6)
compared to its fit by ISA model with D = 0.15 and g(4 day) = 0.73.
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l KO A: Fractional tracer
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palmitate synthesis from Glc,
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IRS-1 KO brown adipocytes
on day 6 (13C-labeling from
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condition and each of the
modified conditions with the
same 13 C-labeled precursors
atP < 0.01.

42

A.
0.8

0.7

0..6

0.5

;>,C3:2(M

*wr
rI1RS-1 KO

0.4

*

0,3

0.2

0.1

0.0

*

Std

B.

Dex-

0.9

0.8

0.7

0.6

>, 0.5

; 0.4
C)

0.3

0.2

0.1

0.0

Std

_



D values estimate the fractional contribution of a substrate to the lipogenic acetyl CoA

pool. To examine the total flux of a substrate to fatty acids, it is necessary to consider the

fraction of total fatty acids that was newly synthesized during the isotope incubation period.

The ISA term for this variable, g(4 day) (Fig. 1.2), was estimated as shown in Figure 1.6B.

Except for IRS- 1 KO cells in the presence of acetoacetate, 60 to 80% of the total fatty acids

in WT and IRS-1 KO cells was synthesized during the differentiation period (from day 2 to

day 6). The total flux to fatty acids per mg protein was determined by multiplying g(4 day)

with the total content of fatty acids (Fig. 1.7). This calculation assumes that there is little

turnover of the newly synthesized fatty acids during the four-day experiment. The isotopic

flux of each substrate to fatty acids may be calculated as: (flux of substrate per mg protein)

= D(substmte) x g(4 day) x (total amount of fatty acids / mg protein). In Figure 1.7, the total

flux is partitioned among the 13C labeled substrates and other carbon sources. For each of

the three conditions, the D values for all carbon sources are expected to sum to 1 according

to the ISA model (Fig. 1.2). Sources of carbon for lipogenic acetyl CoA other than the

compounds investigated as 13C substrates are grouped together and labeled "Other". This

term includes metabolites in the medium as well as intracellular metabolites. Although the

fractional contribution from glucose and glutamine for IRS-1 KO cells are comparable to

that in WT cells (Fig. 1.6A), the absolute fluxes of the carbon sources in IRS- 1 KO cells are

much lower than in WT cells under all three conditions as shown in Figure 1.7. Thus,

despite the changes in substrate use, the IRS-1 KO cells were not able to overcome the

defect in total lipogenesis (20).

To further explore the quantitative use of glucose and glutamine for lipid synthesis, the

changes in concentration in the medium of WT cells under Std condition were measured

43



120

CD
O3

- E

@ _
X c1

0.M x%0 I
o21

100

80

60

40

20

0

.wr
o IRS-1 KO

5-

U:
Gin

I~1~~

Std

In
ils

AcAc+

)ther

- Gin

Glc

Dex-

Culture Conditions

Fig. 1.7. Partitioning of fatty acid synthesis among substrates.

The products of g(4 day) x the amount of total fatty acids per protein mass (g/mg) were
partitioned for the corresponding D values. Data shown are mean ±+ SEM (n = 6). Asterisk
(*) indicates significant difference between the standard condition and each of the modified
conditions with the same 13C-labeled precursors at P < 0.01.

44



during the period of the most active lipogenesis, from day 4 to day 6 (Fig. 1.8). Glutamine

consumption of WT cells from the medium amounted to 4.1 gmol per well over 48 hrs. In

order to calculate the amount of glutamine used for fatty acid synthesis during the last 2

days of differentiation, it was assumed that one molecule of glutamine provides a two-

carbon unit of acetyl CoA for fatty acid synthesis and that palmitate is the representative

fatty acid. Also, from Figure 1.7, it was calculated that 0.3 pmol of fatty acid was

synthesized from glutamine over 4-day period in a well (2.8 mg of protein per well).

Together with the measurement that 83% of the newly synthesized fatty acids during the 4-

day differentiation period is produced from day 4 to day 6, glutamine usage for fatty acid

synthesis was estimated to be 2.0 gmol. These results indicate that an isotopic flux of 49%

of the glutamine consumed from medium was used for synthesis of fatty acids during the

48-hr period. In parallel with the result from glutamine analysis, 63 11mol of glucose was

consumed and 77 iimol of lactate was produced per well over the 48-hr period (Fig. 1.8),

consistent with glucose's contribution to lipogenesis (Fig. 1.7 and Fig. 1.10).

Under Std and Dex- conditions where glucose and glutamine were the major carbon

sources in the medium, the sum of D(Glc) and D(Gln) was considerably less than 1, indicating

that other carbon sources supplied nearly 40% of the acetyl units used for de novo fatty acid

synthesis. On the other hand, addition of 10 mM acetoacetate made the sum of D(ACAC),

D(Glc), and D(cin) equal to 1.00 in both WT and IRS- KO cells. Acetoacetate was able to

entirely displace the contribution of the "Other" sources and reduced the contribution of

both glucose and glutamine. This finding suggests that both WT and IRS-1 KO cells have

a high capacity to metabolize acetoacetate to acetyl CoA without affecting total fatty acid

synthesis (Fig. 1.3).
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Lipogenesis in the absence of glucose or glutamine

The studies presented in Figures 1.6-1.8 demonstrate substantial flux of both glucose and

glutamine to the lipogenic acetyl CoA during differentiation of WT brown adipocytes. To

further explore this issue, we removed either glutamine (Gln-) or glucose (Glc-) from the

standard medium from day 2 to day 6 and examined the flux of 13C labeled glucose and

glutamine to lipogenic acetyl CoA. The results of this ISA analysis are summarized in

Figure 1.9. When glutamine was removed, the fractional contribution of glucose was

almost doubled (D(Glc) = 0.51 +± 0.03) from that in WT cells with 25 mM glucose and 4 mM

glutamine (D(GlC) = 0.28 ± 0.02) and amounted to 81% of the sum of the two D values

(D(GIC) + D(GIn) = 0.63 ± 0.03). In parallel with these findings, total fatty acid production in

WT cells under Gln- condition was similar to that in WT cells under Std condition (Fig.

1.9B). Thus, glucose's flux to lipogenic acetyl CoA can largely compensate for the

absence of glutamine in WT cells. In contrast, when glucose was removed from the

medium (Glc-), glutamine provided only 24 1 % of the carbon sources for fatty acid

synthesis. This D value was lower than D(Gln) (0.34 ± 0.02) in WT cells under Std

condition. With glucose removed from the medium, total fatty acid production in WT cells

was reduced to the level as low as that in IRS-1 KO cells under Std condition, which was

not restored even after addition of acetoacetate (Fig. 1.9B). These results indicate that

glucose is required to support triglyceride synthesis from glutamine during differentiation

of brown adipocytes.

Carbon sources for glycerol backbone of triglyceride

The studies removing glucose or glutamine from the medium during differentiation raise
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the issue of the carbon sources for the glycerol backbone of the newly synthesized lipids as

an explanation for the limited lipogenic ability of WT cells under Glc- condition. Two

hypotheses were considered for the failure of the WT cells under Glc- condition to produce

normal amounts of fatty acids. First, glucose may be required for adequate production of

acetyl CoA such that lipogenesis will not proceed unless the acetyl units provided by

glucose are available to supplement those from glutamine and other sources. Second,

glucose may be required for providing the glycerol backbone to the synthesis of lipids. To

evaluate these hypotheses, the labeling of the glycerol moiety of the lipids were examined

under Std condition or under AcAc+ condition in the presence of 25 mM [U-13C] glucose

for WT cells (Fig. 1.10). Carbon from neither glutamine nor acetoacetate under the two

conditions contributed to lipidic glycerol (Figs. 1. .1OA and 1. 1OB). The isotopomer

distribution of TBDMS-derivatized glycerol indicated that '3C-labeled glucose provided

79% of the glycerol backbone for WT cells calculated as (M+3) / {(M+O) + (M+3)} after

correction for natural abundance (Fig. 1.1 OA). The percentage agrees well with the g(4

day) value of 0.79 for WT cells under Std condition, indicating that 79% of the lipids was

newly synthesized. This result also agrees with the finding that the amount of total fatty

acids increased approximately four-fold over the 4-day differentiation period. Thus,

glucose from the medium appears to be the sole carbon source for glycerol used for de novo

lipogenesis of WT cells under the Std condition.

Several routes for the synthesis of glycerol-3-phosphate (G3P), the immediate precursor

for glycerol backbone of lipids, have been proposed in brown adipose tissue. As the

previous data indicate, carbon of G3P can be derived from glucose. A second route,

glyceroneogenesis (glycerol synthesis from non-glucose sources) has been reported to be
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active in brown adipose tissue (11), but its quantitative significance has not been

investigated. A third possibility is the recycling of glycerol via glycerokinase (25).

Whether glyceroneogenesis and/or glycerol cycling could replace the role of glucose in

supplying G3P for lipidic glycerol was tested as following. WT cells were incubated from

day 2 to day 6of differentiation in the absence of glucose but in glutamine (4 mM)

supplemented with one of the following; pyruvate (5 mM); lactate (5 mM) plus pyruvate

(0.5 mM); glycerol (10 mM). None of these conditions increased the synthesis of total fatty

acids over those found for Glc- condition. In addition, the possibility that glutamine could

form glycerol via glyceroneogenesis was investigated in the Glc- condition using [U-13C]

glutamine. GC/MS analysis of lipidic glycerol was unable to detect flux of glutamine to

glycerol in the Glc- condition. Thus, no evidence was found that alternative carbon

sources could compensate for the role of glucose to stimulate de novo lipogenesis in the

presence of glutamine.

Lipogenesis in the presence of added acetate

Acetate is a commonly used substrate for lipogenesis and has been used previously with

ISA to quantify the contribution in lipogenesis of 3T3-L1 cells (18). To evaluate the

contribution of acetate to the lipogenic acetyl CoA pool, 2 mM acetate was added to the

differentiation medium from day 2 to day 6 for WT and IRS-1 KO brown adipocytes. For

ISA analysis, acetate, glucose, or glutamine in the medium was replaced in individual wells

with [U-1 3C] acetate, [U-13C] glucose, or [U-13C] glutamine, respectively. The isotopomer

distribution of methyl palmitate was evaluated by ISA to determine the D and g(4 day)

values (Fig. 1.11). The data demonstrate that acetate is an effective carbon source for
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lipogenic acetyl CoA in both WT and IRS-1 KO brown adipocytes. Comparing the D

values from Figures 1.11 A and 1.6A indicates that acetate added to the medium displaced

some of the contribution of glutamine to lipogenic acetyl CoA in WT cells. This result was

obtained by noting that the sum of D values of added carbon sources for WT cells in the

presence of acetate, D(AC) + D(G1c) + D(Gln) = 0.67+0.01, was not different from that of WT

cells under Std condition, D(G1C) + D(Gln) = 0.63 +0.03. D(GIC) remained similar between the

two condition (Std: D(G1c) = 0.28 + 0.02, AC+: D(G1C) = 0.26 + 0.01) while D(Gl,) was

reduced (from 0.34 + 0.02 to 0.20 ± 0.00) mainly due to the contribution from acetate

(D(AC) = 0.20 ± 0.00).

A different result was found for IRS- KO cells (Fig. 1.11; see also Fig. 1.6). The sum

of D values of added carbon sources in IRS-1 KO cells under AC+ condition (0.75 ± 0.02)

was increased from those in IRS-1 KO cells under Std condition (0.61 ± 0.01) by the same

amount as D(AC) (0.14 ± 0.00). D(oGc) (Std: D(G1c) = 0.42 ± 0.01, AC+: D(G1c) = 0.45 ± 0.01)

and D(GIn) (Std: D(Gn) =0.19 ± 0.00, AC+: D(Gln) = 0.16 ± 0.01) remained similar. These

results indicate that acetate replaced "Other" carbon sources in fatty acid synthesis of the

IRS-1 KO cells. When acetate was added to the medium, the g(4 day) value for WT cells

was 0.79, identical to that found for the Std condition (Figs. 1.6B and 1.1 B). Likewise,

for IRS- KO cells, the g(4 day) value was not affected by adding acetate. These results

indicate that addition of 2 mM acetate altered the fluxes of carbon to lipogenic acetyl CoA

but did not affect fractional synthesis of total fatty acids.
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Physiology of lipogenesis in brown adipocytes

Taken together, the results of this study demonstrate the utilization of a number of carbon

sources for de novo lipogenesis in brown IRS-1 KO preadipocytes and differentiating WT

adipocytes. The finding that the contribution of glutamine to lipogenic acetyl CoA was

nearly equal to that of glucose was novel, as glutamine has not been noted as a lipogenic

carbon source in adipocytes. Low rates of glutamine flux to triglyceride have previously

been reported for white adipose tissue (26). Two routes are known for flux of glutamine to

acetyl CoA. Glutaminolysis flux described by Newsholme and colleagues (27) involves

TCA cycle metabolism to a-ketoglutarate followed by flux of malate or oxaloacetate to

pyruvate via malic enzyme or PEPCK and pyruvate kinase. Alternatively, the reductive

carboxylation pathway metabolizes a-ketoglutarate to citrate by reversal of the NADPH

coupled isocitrate dehydrogenase (28). The studies performed here do not distinguish

between these pathways. However, isotopic methods can be used to determine the relative

flux by each pathway (29) and this technique may be useful to clarify the role of glutamine

as a carbon source for lipogenesis. Although glutamine was an important carbon source for

lipogenesis, neither glutamine, nor glutamine plus acetoacetate, could compensate for

removal of glucose from the medium (Fig. 1.9B).

In the absence of glucose, the amount of triglyceride fatty acids in WT cells was low,

similar to that of the IRS-1 KO cells under standard condition. These findings indicate a

distinct role for glucose in lipid synthesis during differentiation. A distinct metabolic

action of glucose is as the source for G3P for the glycerol backbone of triglyceride and for

NADPH generation in the pentose phosphate pathway. In this study, no evidence was

found for alternatives to glucose for G3P synthesis despite the ample evidence for
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glyceroneogenesis and glycerokinase flux in brown adipose tissue (30). Thus, G3P

synthesis remains a candidate for a pathway not duplicated by other substrates investigated

here. A second candidate for a distinct metabolic role of glucose is the production of

lipogenic NADPH through the pentose phosphate pathway. However, NADPH may be

produced both via glucose-6-phosphate dehydrogenase (G6PDH) in the pentose phosphate

pathway and via malic enzyme. Brown adipocyte differentiation induces increases in both

of these enzymes and thus both may play a role in generating NADPH for lipogenesis (31,

32). As shown here, isotopic tools, including ISA, may be applied to further explore and

quantify lipogenic fluxes in brown adipose cells.
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Chapter 2. Quantitative analysis of individual carbon fluxes

from glutamine to fatty acid synthesis in wild-type brown

adipocytes

Introduction

Glutamine's role as a carbon source for fat synthesis has been suggested for a variety of

mammalian tissues, including adipocytes (18) and fibroblasts (24) as well as hepatoma cells

(14), by radioactivity measurement of fat derived from 14C-labeled glutamine. For uptake

of glutamine into the cells, the first step of glutamine utilization, ASCT2 transporter has

been identified as the transporter of glutamine with insulin-mediated stimulation in

adipocytes (26). Then, incorporation of glutamine carbon into the synthesis of fatty acids

begins with conversion of glutamine to glutamate and to a-ketoglutarate, which is the point

of entry into tricarboxylic acid (TCA) cycle. The conventional pathway of a-ketoglutarate

to succinate, fumarate, and malate, followed by malate's oxidation to pyruvate and further

decarboxylation to acetyl-CoA has been accepted as the major metabolic route for

glutamine to contribute to fatty acid synthesis (glutaminolysis) (1, 21)(Fig. 2.1A).

However, an alternative pathway involving reductive carboxylation of a-ketoglutarate to

isocitrate and cleavage of citrate to directly supply acetyl-CoA (Fig. 2. B) has also been

supported by studies with [5-14C] glutamine, glutamate, or ac-ketoglutarate in adipocytes

(19,20), hepatocytes (5), and hepatoma cells (14,27).

Using the experimental results with [5-14C] glutamine and other 14C-labeled metabolites,

it was possible to estimate the ratio between the relative contributions of the two pathways.

More detailed information for the carbon fluxes involved in the two pathways was derived
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to succinate, fumarate, and malate, whose further conversion to pyruvate and acetyl-CoA
leads to fatty acid synthesis.
B. Reductive carboxylation pathway. Glutamine enters TCA cycle at a-ketoglutarate,
which is directly converted to isocitrate and citrate via reductive carboxylation and cleaved
to supply acetyl-CoA for fatty acid synthesis.
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from analyzing 13 C-labeling patterns of some intermediate metabolites in studies with

perfused rat organs with [U-13C] glutamate or [U-1 3C] glutamine (4,8). However, the

estimated flux of reductive carboxylation of a-ketoglutarate in these studies was not

directly correlated with their contribution to fatty acid synthesis.

The key enzyme in reductive carboxylation pathway is mitochondrial isocitrate

dehydrogenase. In conventional pathway of TCA cycle, oxidative decarboxylation of

isocitrate to a-ketoglutarate can be catalyzed by NAD+-dependent isocitrate dehydrogenase

(NAD-ICDH), whose kinetic properties are consistent with the enzyme's unidirectionality

(11). On the other hand, the reversible reaction between isocitrate and a-ketoglutarate

catalyzed by NADP+-dependent isocitrate dehydrogenase (NADP-ICDH) has been found to

favor the reductive carboxylation of a-ketoglutarate to isocitrate in vivo. The enzyme's

Km for CO2 (1.6 mM) is very close to physiological CO2 concentration (1.5 mM) (6) and

the enzyme's affinity for NADPH is approximately 100-fold higher than for NADP+ (25).

Substantial contribution of glutamine to the synthesis of palmitate in wild-type brown

adipocytes from mouse has been demonstrated in Chapter 1 (34). In addition, glutaminase,

catalyzing the first reaction of glutamine to glutamate in glutamine's route to fatty acid

synthesis, was reported to have high activity for brown adipocytes in vitro (18) and in vivo

(7). Also, in vivo activity of NADP-ICDH in brown adipose tissue was shown to be

significantly higher than in white adipose tissue (17). Thus, in this chapter, the importance

of reductive carboxylation pathway in glutamine's route to fatty acid synthesis has been

examined by an initial experiment with [5-13C] glutamine and a follow-up experiment with

specific inhibition of NADP-ICDH. Then, the carbon fluxes involved in fatty acid

synthesis from glucose and glutamine were individually estimated by analysis of a
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metabolic network model, using 13 C-labeling and GC/MS. The results provided compelling

evidences for the significance of reductive carboxylation pathway in glutamine's route to

fatty acid synthesis and showed how the flux through this pathway can be controlled by

modulating the activity of NADP-ICDH.
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Experimental Procedures

Materials

Biochemicals were obtained from Sigma Chemical Co., St. Louis, MO. '3C-labeled

chemicals were obtained from Cambridge Isotope Laboratories, Inc., Andover, MA. Tissue

culture media were obtained from Invitrogen, Co., Carlsbad, CA.

Cell culture and adipocyte differentiation

Brown adipocyte cells were cultured with the same procedure as in Chapter 1 (34).

Briefly, WT brown preadipocytes were grown in 6-well plates (surface area = 10 cm2) to

confluence in differentiation media containing 25 mM glucose, 4 mM glutamine, 20 nM

insulin, 1 nM T3, and 10 % fetal bovine serum as well as 44 mM NaHCO3 (day 0). The

media were then replaced with fresh induction media, which were differentiation media

with added induction compounds: 0.125 mM indomethacin, 0.25 mM IBMX, and 5 gM

dexamethasone. On day 2 and day 4, the media were replaced with fresh differentiation

media to reach day 6. In [5-13C] glutamine experiment, the media from day 2 to day 6

contained 4 mM [5-13 C] glutamine and 25 mM unlabeled glucose. In studies for the

determination of carbon flux from glucose or glutamine to fatty acid synthesis through

tricarboxylic acid (TCA) cycle, on day 4 the media were changed to differentiation media

without glucose or glutamine at 42 hrs after day 2. The differentiation media were

supplemented with selected concentration of oxalomalate or 2-methylisocitrate and

incubated at 37°C for 10 min, followed by addition of glucose and glutamine with specified

13C-labeling. Stock solution of 2-methylisocitrate was prepared from 2-methylisocitrate

lactone (for synthesis, see (2)) according to Dr. Wolfgang Buckel (Philipps-Universitaet,
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Marburg, Germany) as follows: threo-diastereoisomer of 2-methylisocitrate lactone (1:1

mixture of natural (2R,3S) and unnatural (2S,3R) diastereomers, gift from Dr. Buckel) in 1

M potassium hydroxide solution was incubated at 80°C for 20 min and then neutralized to

pH 7 with HC1. After 6-hr incubation at 37°C, the media were removed and cells were

extracted for organic/amino acids or lipids.

Isolation and derivatization of organic/amino acids and lipids

For isolation of organic/amino acids, the procedure described in Fiehn et al. (10) was

modified as follows. 0.7 mL methanol and 25 tL water was added to each well of 6-well

plate immediately after removal of the media. In 15 min after incubation at room

temperature, methanol extract was mixed with 0.7 mL water and 0.37 mL chloroform in 15

mL tube. Vigorous vortexing was followed by centrifugation at 3000 x g for 3 min. The

chloroform layer was carefully removed and the methanol/water layer was centrifuged

again at 3000 x g for 3 min. Clear solution of methanol/water layer (separated from white

precipitate) was then transferred to a glass vial and evaporated. The residue was dissolved

in 70 ,uL of methoxyamine hydrochloride (20 mg/mL in pyridine) and vortexed. Treatment

with methoxyamine protects a-keto carboxylic acids against decarboxylation by converting

a-keto moiety to methoxyimino moiety (10). This pretreatment was beneficial for

detecting pyruvate and a-ketoglutarate in this study. After 90 min incubation at 37°C,

organic/amino acids were derivatized with 70 gL of N-methyl-N-tert-

butyldimethylsilyltrifluoroacetamide (MTBSTFA) at 70°C for 30 min. The reaction

mixture was then directly injected into GC/MS instrument for analysis of the isotopomer
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distribution of organic/amino acids. Isolation of lipids and derivatization of palmitate

moiety into methyl ester were performed as described previously (34).

GC/MS for isotopomer distribution measurement

Samples from [5-13C] glutamine experiment were analyzed for palmitate isotopomer

distribution with the same instrumental setup as previously reported (34). The samples

from the rest of the experiments were analyzed with another GC/MS instrument described

below. Isotopomer distributions of fatty acid methyl esters measured with the second

GC/MS instrument with scan mode were essentially identical to those measured with the

first GC/MS with selected ion monitoring (SIM) mode.

Samples were injected into a Hewlett-Packard model 5890 series II Gas Chromatograph

connected to HP5971 series Mass Selective Detector and equipped with DB-XLB (60 m x

0.25 mm id x 0.25 gm) capillary column (J&W Scientific, Folsom, CA). Helium flow with

10 psi inlet pressure was maintained by electronic control. The temperatures of the injector

and the detector were kept at 230°C and 300°C, respectively. For isotopomer distribution

analysis of methyl palmitate and its isotopomers (M+0 to M+16 (m/z = 270 to 286)), GC

column temperature was started at 100°C and held for 1 min. The temperature was then

increased to 250°C at 10°C/min, and held for 5 min. It was increased to 300°C at 25°C/min

and held for 2 min. Mass range of 100 to 350 was recorded at 2.7 scans per second. For

isotopomer distribution analysis of TBDMS derivatives of organic and amino acids, GC

temperature was started at 100°C and held for 5 min. The temperature was then increased

to 300°C at 10°C/min, and held for 5 min. Mass range of 50 to 550 was recorded at 1.5

scans per second. The most abundant fragments (M-57 = M-tert-butyl) of the following
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acid derivatives (tert-butyldimethylsilyl; TBDMS) were analyzed for their isotopomer

distributions: pyruvate (m/z=174-178), lactate (m/z=261-265), fumarate (m/z=287-293), a-

ketoglutarate (m/z=346-354), malate (m/z=419-423), aspartate (m/z=418-424), glutamate

(m/z=432-440), and citrate (m/z=459-468).

Measurement of uptake fluxes for glucose and glutamine

Uptake fluxes for glucose and glutamine into WT cells were calculated from the rates of

consumption of glucose and glutamine from medium as reported in Chapter 1 (34).

Data analysis

Fractional contribution of 13C-labeled carbon sources to fatty acid synthesis (D value)

and fractional new synthesis of fatty acids during time t (g(t) value) were estimated with the

isotopomer distribution measurements of palmitate based on the model of isotopomer

spectral analysis (ISA) as reported previously (34). For estimation of fluxes in the

metabolic network model (Fig. 2.9) by integrating the isotopomer distributions of palmitate,

pyruvate, lactate, fumarate, a-ketoglutarate, malate, aspartate, glutamate, and citrate, a

MATLAB program was used. Given a metabolic network consisting of a set of reactions

with specific atomic transitions between defined metabolites, mass balance,

metabolic/isotopic steady state, and unknown fluxes, the program can set up equations for

all possible isotopomers for all metabolites. The exhaustive technique like this makes the

equations non-linear so that the solution can be best derived computationally by least-

square fit method. The program can then estimate fluxes for reactions in the metabolic

network model that fit the inputs of the metabolic network and measurements of
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isotopomer distributions of some metabolites. Using measurement errors for the

isotopomer distribution data, the program can also calculate how good the fit for each

metabolite's measurement is and the uncertainty of each estimated flux.

Glucose and glutamine taken up from medium and preexisting palmitate were defined as

substrates, and production of lactate (exported into medium), palmitate, and protein

synthesis from aspartate were treated as sink. The rest of the metabolites were regarded as

balanced except for CO2, which was allowed to be unbalanced.

The equations for the whole metabolic network were set up with 32 variables (fluxes).

The number of independent measurements for solving the equations was 50, the sum of

"the number of isotopomers - 1" for nine metabolites. Each measurement of isotopomer

distribution was corrected for natural abundance by the program before estimating fluxes.

For each set of flux estimation results, statistical evaluation of how good the fit was for

each metabolite's isotopomer distribution was calculated in terms of sum of square

residuals (SSRES) based on measurement errors. SSRES was defined as Z (difference

between data and fit / measurement error)2. Overall goodness of fit was calculated by summing

up SSRES values for all nine metabolites, which was compared with the range of SSRES

values for 95% confidence calculated by the program.
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Results

[5-13C] Glutamine's contribution to palmitate synthesis

Glutamine carbon's substantial contribution to fatty acid synthesis in brown adipocytes

has been established by applying the measurements of palmitate isotopomer distribution

under 4-day incubation with [U-13C] glutamine to ISA model in Chapter 1 (34). Two

pathways that have been suggested for glutamine's metabolic route to fatty acid synthesis

(Fig. 2.1) can be distinguished by stable-isotope labeling experiment with [5-13C] glutamine

in brown adipocyte differentiation (Fig. 2.2). The label at C-5 of glutamine would be lost

before reaching fatty acid synthesis in glutaminolysis pathway, while the label would be

transferred to the carboxyl carbon of acetyl-CoA and be incorporated into fatty acid

synthesis in reductive carboxylation pathway. When WT brown adipocyte cells were

incubated from day 2 to day 6 of the differentiation procedure in medium containing 25

mM unlabeled glucose and 4 mM [5-13C] glutamine, 13C-labeled C-5 of glutamine provided

substantial proportion of precursors for synthesis of palmitate in WT cells (Fig. 2.3). The

distribution data of palmitate isotopomers were analyzed for quantitative estimation of

fractional contribution of [5-13C] glutamine using ISA model as in Chapter 1: [5-13C]

glutamine contributed 34.1 + 0.6 % to palmitate synthesis in WT cells.

[U-13C] glutamine's contribution to palmitate synthesis affected by specific inhibition

of NADP-isocitrate dehydrogenase

As an independent experiment to distinguish the two pathways for glutamine's metabolic

route to fatty acid synthesis, an enzyme that affects one pathway to a much greater extent

than the other pathway was specifically inhibited. Oxalomalate has been known to inhibit
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Fig. 2.2. Metabolic network scheme to distinguish the two pathways for glutamine's route
to fatty acid synthesis, using [5-13C] glutamine.

If glutamine follows glutaminolysis pathway, 13 C-label at C-5 of glutamine (black circle)
will be found in either of the two terminal carbons of succinate because of its symmetry.
Both 1 3C-labels will then be lost as CO2 when malate is converted to pyruvate and acetyl-
CoA. 1 3 C-labels on the two terminal carbons of oxaloacetate will not be transferred to
acetyl-CoA when citrate is cleaved back to oxaloacetate plus acetyl-CoA, because of the
stereospecificity of ATP-citrate lyase.
If glutamine follows reductive carboxylation pathway, 13C-label at C-5 of glutamine (grey
triangle) will be maintained at acetyl-CoA side of the terminal carbon of citrate. When
citrate is cleaved by ATP-citrate lyase, 13C-label is transferred to acetyl-CoA and
incorporated into fatty acid synthesis.
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Fig. 2.3. Contribution of [5-13C] glutamine to palmitate synthesis.

Isotopomer distribution of palmitate isolated from WT brown adipocytes under incubation
in media containing 4 mM [5-13C] glutamine from day 2 to day 6. Data shown are mean ±
SEM(n= 3).
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NADP-ICDH (responsible for reduction of at-ketoglutarate to isocitrate) specifically, and

not affect the activity of NAD-ICDH (responsible for oxidation of isocitrate to a-

ketoglutarate) (15). In order to investigate the effect of oxalomalate on fatty acid synthesis

of WT cells from glutamine carbon, on day 4 of standard differentiation procedure WT

cells were incubated in the presence of 4 mM [U-13C] glutamine, 25 mM unlabeled glucose,

and 0, 5, or 10 mM oxalomalate for 6 hrs before extraction. The isotopomer distributions

of palmitate under the three conditions are shown in Figure 2.4A. The extent of palmitate

labeling was lowered as the concentration of oxalomalate was increased. The isotopomer

distribution measurements were analyzed for estimation of fractional contribution from [U-

13C] glutamine (D value) and fractional new synthesis during 6 hrs (g (6hr) value)

according to ISA model (Fig. 2.5). Systematic decrease in D value upon incubation of WT

cells under higher concentration of oxalomalate was evident whereas g (6hr) values from

conditions with three different concentrations of oxalomalate did not change significantly.

Specific inhibition of NADP-ICDH by 2-methylisocitrate has been also well known (23).

The effect of 2-methylisocitrate on glutamine's contribution to fatty acid synthesis in WT

cells was investigated under the same condition as above in the presence of 0, 2, or 4 mM

2-methylisocitrate instead of 0, 5, 10 mM oxalomalate. The isotopomer distributions of

palmitate under the three conditions (Fig. 2.4B) manifested analogous patterns as in Figure

2.4A.

In order to examine the possibility of non-specific effects of the specific inhibitors on

palmitate isotopomer distribution, the same experimental procedure was performed in the

presence of 5 or 10 mM citrate instead of the inhibitors. Little change was observed in D

values and g (6 hr) values (Fig. 2.6).
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Fig. 2.4. Effect of specific inhibitors of NADP-ICDH on palmitate synthesis from [U-13C]
glutamine.

Isotopomer distribution of palmitate from WT brown adipocytes on day 4 under 6-hr
incubation in media containing 4 mM [U-13C] glutamine and 0, 5, or 10 mM oxalomalate
(A) or 0, 2, 4 mM 2-methylisocitrate (B). Data shown are mean + SEM (n = 3).
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Fig. 2.5. Effect of increasing inhibition of NADP-ICDH by oxalomalate on D and g (6 hr)
values of palmitate synthesis from [U-13C] glutamine.

Fractional contribution of [U-13C] glutamine to fatty acid synthesis (D value) and fractional
new synthesis of palmitate during 6 hrs (g (6hr)) estimated from the data in Figure 2.4A by
Isotopomer Spectral Analysis (ISA). Data shown are mean + SEM (n = 3). Asterisk (*)
indicates significant difference between the control condition and each of the oxalomalate-
incubation conditions at P < 0.01.
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Fig. 2.6. Effect of increasing concentration of citrate
palmitate synthesis from [U- 3C] glutamine.

g(6hr)

in medium on D and g (6 hr) values of

Fractional contribution of [U-1 3C] glutamine to fatty acid synthesis (D value) and fractional
new synthesis of palmitate during 6 hrs (g (6hr)) estimated by ISA. See text for
experimental details. Data shown are mean + SEM (n = 3).
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[U-'3C1 glucose's contribution to palmitate synthesis unchanged by specific inhibition

of NADP-isocitrate dehydrogenase

As a control for [U-13 C] glutamine experiment, the same experiment for specific

inhibition by oxalomalate as above was performed with 25 mM [U-13C] glucose and 4 mM

unlabeled glutamine. Because glucose carbon's metabolic route to fatty acid synthesis

(glucose -- pyruvate -- acetyl-CoA -) citrate -+ acetyl-CoA -) fatty acid) does not

directly involve reductive carboxylation of a-ketoglutarate to isocitrate in TCA cycle, the

extent of incorporating glucose carbon to palmitate synthesis was not expected to change

upon specific inhibition of NADP-ICDH. The palmitate isotopomer distribution under [U-

13C] glucose did not change significantly when the concentration of oxalomalate was

increased from 0 mM to 5 or 10 mM (Fig. 2.7).

Isotopomer distribution of other metabolites related to fatty acid synthesis

The effect of oxalomalate and 2-methylisocitrate on glutamine's contribution to fatty

acid synthesis was further investigated by measuring the isotopomer distributions of other

metabolites that are metabolically related to glutamine's route to fatty acid synthesis. The

data for isotopomer distribution measurements of fumarate, malate, aspartate, pyruvate, and

lactate from the same condition as above in the presence of 0, 5, or 10 mM oxalomalate are

summarized in Appendix A. The effect of 5 or 10 mM oxalomalate was most pronounced

in isotopomer distributions of glutamate, az-ketoglutarate, and citrate, all of which are

intermediates for glutamine's route to fatty acid synthesis via reductive carboxylation

pathway (Fig. 2.8). M+5 isotopomers of glutamate and a-ketoglutarate were in parallel

with each other in that their fractional abundance increased upon treatment with higher
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Fig. 2.7. Effect of specific inhibitors of NADP-ICDH on palmitate synthesis from [U-13C]
glucose.

Isotopomer distribution of palmitate from WT brown adipocytes on day 4 under 6-hr
incubation in media containing 25 mM [U-_3C] glucose and 0, 5, or 10 mM oxalomalate.
Data shown are mean + SEM (n = 3).
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distribution of glutamate, a-ketoglutarate, and citrate.

Isotopomer distribution of glutamate (A), a-ketoglutarate (B), and citrate (C) from WT
brown adipocytes on day 4 under 6-hr incubation in media containing 4 mM [U-13C]
glutamine and 0, 5, or 10 mM oxalomalate. Data shown are mean ±+ SEM (n = 3).
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concentration of oxalomalate (Figs. 2.8A and 2.8B). On the other hand, the fractional

abundance of M+5 isotopomer of citrate, which can only originate from M+5 isotopomer of

a-ketoglutarate via reductive carboxylation, decreased systematically upon increase in

oxalomalate concentration from 0 to 5 and 10 mM (Fig. 2.8C).

Complete metabolic network model: steady-state assumption confirmed

The metabolic flux of glutamine carbon to fatty acid synthesis was examined in further

detail, with basic metabolic network model constructed from metabolic reactions of

glycolysis, fatty acid synthesis, and TCA cycle with addition of reversible reactions

between glutamine, glutamate, and c-ketoglutarate (Fig. 2.9). In order to test whether

reductive carboxylation of a-ketoglutarate to isocitrate/citrate happens mainly in cytosol or

in mitochondria, the dependence of the glutamine - palmitate flux on citrate transport

across mitochondrial membrane was examined by adding 5 mM of benzenetricarboxylate

(BTC: specific inhibitor of tricarboxylic acid transporter) to wild-type brown adipocytes for

6 hrs on day 4. Fractional contribution of glutamine to lipogenic acetyl-CoA (D value)

was reduced from 0.36 + 0.01 to 0.28 + 0.02. Fractional new synthesis during 6 hrs (g (6

hr) value) was also decreased from 0.18 + 0.01 to 0.09 + 0.01.

The fluxes in the metabolic network can be estimated by solving the equations set up for

each reaction with the input of the measured isotopomer distributions of metabolites. If the

steady-state assumption can be fulfilled, setting up the equations and solving them becomes

straightforward. In order to assess whether brown adipocytes on day 4 have reached

metabolic/isotopic steady state within 6 hrs of incubation in 4 mM [U-13C] glutamine and

25 mM unlabeled glucose, the isotopomer distribution of eight metabolites were measured
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at 2 hrs, 4 hrs, and 6 hrs after incubation of WT cells in medium with [U-1 3C] glutamine.

Labeling patterns of two key metabolites - citrate and malate - stayed relatively constant at

three different time frames (Fig. 2.10) as well as those of the other six metabolites

(Appendix B).

Assessment of goodness of fit and flux estimation

In order to estimate the individual fluxes in the metabolic network of WT cells on day 4

under 4 mM [U-13C] glutamine and 25 mM unlabeled glucose, the data for isotopomer

distribution of nine metabolites (including palmitate) from WT cells on day 4 under 0, 5, 10

mM oxalomalate for 6 hrs were plugged into the non-linear equations derived from the

metabolic network, using a MATLAB program designed for solving the equations with the

measurements by least-square fit method (see "Experimental Procedures" for details).

Evaluation of how good the overall fit was in terms of SSRES values for the three

conditions is summarized in Table 1. All three SSRES values fell within the 95%

confidence range.

Estimated fluxes for selected reactions in WT cells with 4 mM [U-13C] glutamine under

0, 5, and 10 mM oxalomalate for 6 hrs are represented in graphs (Fig. 2.11). When the

uptake fluxes of glutamine and glucose were measured and set relatively to be 100 and

1550 respectively, the glutamine flux of 100 was sustained until a-ketoglutarate, where it

was divided into a net flux of 63 going to citrate via reductive carboxylation and 37 going

to succinate, under 0 mM oxalomalate condition. The net flux for reductive carboxylation

was linearly reduced to 32 and 5 under incubation with 5 mM and 10 mM oxalomalate,

consistent with specific inhibition of NADP-ICDH in a dose-dependent manner.
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Fig. 2.10. Confirmation of steady-state assumption by time-course 13 C-labeling experiment.

Isotopomer distribution of citrate (A) and malate (B) from WT brown adipocytes measured
at 2 hr, 4 hr, and 6 hr after incubation with 4 mM [U-13C] glutamine on day 4.
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Table 1. Overall goodness of fit for flux estimation in WT brown adipocytes.

From the experiments with WT brown adipocytes on day 4 under 6-hr incubation in media
containing 25 mM unlabeled glucose, 4 mM [U-13C] glutamine, and specific inhibitors of
NADP-ICDH (oxalomalate (A) or 2-methylisocitrate (B)), the isotopomer distribution data
of nine metabolites were obtained and integrated into the metabolic network model (Fig.
2.9). With steady-state assumption fulfilled, fluxes for the metabolic reactions in the
metabolic network were estimated by solving balanced equations from the network. For
each set of flux estimation, 95% confidence range of SSRES was calculated and compared
with SSRES from measured data.

A.
95% confidence

Experimental conditions range of SSRES Measured SSRES
(calculated)

0 mM oxalomalate 25.999 - 61.777 59.688
5 mM oxalomalate 25.999 - 61.777 60.370
10 mM oxalomalate 25.999 - 61.777 58.330

B.
95% confidence

Experimental conditions range of SSRES Measured SSRES
(calculated)

0 mM 2-methylisocitrate 25.999 - 61.777 59.050
2 mM 2-methylisocitrate 25.999 - 61.777 48.173
4 mM 2-methylisocitrate 27.575 - 64.201 60.294
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Fig. 2.11. Estimated fluxes for selected metabolic reactions in WT brown adipocytes under
specific inhibition of NADP-ICDH by oxalomalate.

Estimated fluxes for a-ketoglutarate to citrate (represented in net flux), pyruvate to
oxaloacetate, acetyl-CoA to palmitate (represented as g(6 hr) value), and malate to pyruvate
in WT brown adipocytes under incubation with 4 mM [U-13C] glutamine and 0, 5, or 10
mM oxalomalate. Data shown are mean + SEM (n = 3).
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Concurrently, the flux for x-ketoglutarate to succinate was increased to 68 and 95. In

addition, the flux of converting malate to pyruvate (catalyzed by malic enzyme) was

linearly decreased from 438 to 303 and 195 upon increasing the inhibition of NADP-ICDH

by oxalomalate. The effect of specific NADP-ICDH inhibition was not as distinct on other

fluxes such as those from pyruvate to acetyl-CoA and to oxaloacetate. Moreover, specific

inhibition of NADP-ICDH did not change the fractional new synthesis of fatty acids (g

(6hr) values) significantly, consistent with Figure 2.5.

Treatment of WT cells with 0, 2, or 4 mM 2-methylisocitrate gave rise to parallel

patterns for the fluxes of a-ketoglutarate to citrate and to succinate (Fig. 2.12) as in the

experiments with oxalomalate. However, the profile of estimated fluxes for malate to

pyruvate under increasing concentrations of 2-methylisocitrate showed no significant

difference. Comprehensive data sets for estimated fluxes in the presence of either 0, 5, 10

mM oxalomalate or 0, 2, 4 mM 2-methylisocitrate are summarized in Appendix C.

Estimation of key fluxes justified by experiments with [U-13C] glucose or [U-13C]

aspartate

In order to justify some fluxes estimated above, a parallel experiment with 25 mM [U-

13 C] glucose and 4 mM unlabeled glutamine was performed for 6 hrs on day 4. Isotopomer

distribution of pyruvate and lactate (Fig. 2.13A) as well as fumarate, malate, and aspartate

(Fig. 2.13B) showed conspicuous peaks of M+3 isotopomers, consistent with large

glycolytic flux and high level of pyruvate's carboxylation to oxaloacetate as estimated in

experiments with [U-13C] glutamine (see above). On the other hand, low level of 13C-

enrichment in succinate (Fig. 2.13C) was in accordance with estimated net reaction of
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Fig. 2.12. Estimated fluxes for selected metabolic reactions in WT brown adipocytes under
specific inhibition of NADP-ICDH by 2-methylisocitrate.

Estimated fluxes for at-ketoglutarate to citrate (represented in net flux), pyruvate to
oxaloacetate, acetyl-CoA to palmitate (represented as g(6 hr) value), and malate to pyruvate
in WT brown adipocytes under incubation with 4 mM [U- 13C] glutamine and 0, 2, or 4 mM
2-methylisocitrate. Data shown are mean + SEM (n = 3).
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Fig. 2.13. Flux from [U-13C] glucose to key intermediates of TCA cycle.

Isotopomer distributions of lactate and pyruvate (A), fumarate, malate and aspartate (B),
and succinate (C) from WT brown adipocytes on day 4 under 6-hr incubation in media
containing 25 mM [U-13C] glucose and 4 mM unlabeled glutamine were measured.
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succinate to fumarate with little reverse flux. The significant flux from malate to pyruvate

(Fig. 2.11 D and Fig. 2.12D) was verified with an independent labeling experiment, where

WT cells were incubated with 4 mM unlabeled glutamine, 25 mM unlabeled glucose and 3

mM [U-13C] aspartate for 6 hrs on day 4. Added [U-13C] aspartate is expected to enter the

TCA cycle by exchange reaction with oxaloacetate, and label other TCA cycle metabolites

including malate. Then, generation of M+3 pyruvate from M+4 isotopomer of malate

would be expected if there were a significant flux from malate to pyruvate. Thus, the

isotopomer distributions of malate and pyruvate were measured and compared with those in

WT cells under no stable-isotope labeling (Fig. 2.14). As expected, M+4 isotopomer of

malate and M+3 isotopomer of pyruvate were detected, although at relatively small

fractional abundances.
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Fig. 2.14. Flux from malate to pyruvate in WT cells verified by 1 3C-aspartate experiment.

Isotopomer distributions of malate (A) and pyruvate (B) from WT brown adipocytes on day
4 under 6-hr incubation in media containing 25 mM unlabeled glucose, 4 mM unlabeled
glutamine and 3 mM [U-13C] aspartate were measured (solid bars) and compared with those
of malate and pyruvate from WT cells under no stable-isotope labeling (white bars). The
isotopomer distributions presented here have been corrected for natural abundance.
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Discussion

In Chapter 1, it was shown that wild-type brown adipocytes utilize glutamine more

actively than glucose as carbon source for synthesis of fatty acids (34). Glutamine has

attracted less attention as carbon source for fatty acid synthesis than glucose or acetate, and

its entrance into TCA cycle via glutaminase has been mainly viewed as an oxidative

pathway for energy production by generating NADPH through subsequent activity of malic

enzyme, also known as glutaminolysis (21). The end product of glutaminolysis was

thought to be pyruvate, which could be either converted to lactate and exported or

converted to acetyl-CoA for utilization in fatty acid synthesis. Newsholme and coworkers

have observed that glutamine can provide carbon sources to triacylglycerol synthesis in rat

adipocytes (18). An alternative pathway of glutamine utilization via reductive

carboxylation of a-ketoglutarate has been suggested (29), and the importance of this

pathway relative to glutaminolysis pathway in glutamine's route to fatty acid synthesis has

been supported by experiments using radioactive labeling at C-5 of glutamate (5; see also

Fig. 2.2).

In order to examine the significance of glutamine's route to fatty acid synthesis through

reductive carboxylation in brown adipocytes, the cells were grown in the presence of [5-

13C] glutamine for 4 days of differentiation. ISA analysis of the incorporation of 13C-label

into palmitate synthesis (16) yielded 34% contribution of [5-13C] glutamine to lipogenic

acetyl-CoA (Fig. 2.3). This result suggested that brown adipocytes could utilize substantial

amount of glutamine for fatty acid synthesis through reductive carboxylation pathway,

consistent with the results from radioactive labeling experiments using [5-14C] glutamine in

rat epididymal fat pads (19,20).
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An independent experiment was performed to examine the activity of reductive

carboxylation in brown adipocytes, using specific inhibitors of NADP-ICDH. There have

been strong evidences that, in mitochondria, the oxidation of isocitrate to a-ketoglutarate in

TCA cycle is mainly catalyzed by NAD-ICDH, whereas NADP-ICDH is responsible for

the reduction of a-ketoglutarate to isocitrate (28). If these different roles of NAD-ICDH

and NADP-ICDH hold true in brown adipocytes, specific inhibition of NADP-ICDH would

lower the contribution of glutamine to fatty acid synthesis in reductive carboxylation

pathway. In contrast, the inhibition would have little effect on that in glutaminolysis

pathway.

In support of the above hypothesis, strong activity of NADP-ICDH in brown adipocytes

has been reported previously (17). Moreover, oxalomalate (15) and 2-methylisocitrate (23)

have been known to specifically inhibit the activity of NADP-ICDH, not that of NAD-

ICDH. Also, contribution of [U-13C] glutamine to palmitate synthesis during 6 hr

incubation with wild-type brown adipocytes was manifested by D value (fractional

contribution to lipogenic acetyl-CoA) of 0.37 + 0.02 and g (6hr) value (fractional new

synthesis during 6 hrs) of 0.13 ±+ 0.01. If there were significant carbon flux in reductive

carboxylation pathway, inhibition of NADP-ICDH would repress the incorporation of 13C

from glutamine to lipogenic acetyl-CoA pool, affecting D value more than g (6hr) value

because the reaction catalyzed by NADP-ICDH lies on glutamine's pathway to acetyl-CoA

pool. Upon specific inhibition of NADP-ICDH by 5 or 10 mM oxalomalate, decrease in D

value was almost linear while little change in g (6hr) value was observed (Fig. 2.5). The

effect of specific inhibition of NADP-ICDH on glutamine's flux to palmitate synthesis was
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further confirmed by similar yet independent experiment with 2 or 4 mM 2-methylisocitrate

(Fig. 2.4B).

Additional evidences to elucidate the quantitative mechanism of glutamine's flux to fatty

acid synthesis were provided by analysis of isotopomer distribution of other metabolites

that are closely related to the metabolic route. M+5 isotopomer of citrate can be only

derived from M+5 a-ketoglutarate through reductive carboxylation, while intensity of M+4

isotopomer is indicative of the glutaminolysis flux involving loss of one carbon unit as CO2

at succinate. Upon treatment with oxalomalate, fractional abundance of M+5 isotopomer

was reduced and that of M+4 isotopomer was elevated (Fig. 2.8C), consistent with the

significance of reductive carboxylation pathway.

In order to integrate the isotopomer measurements of nine metabolites into estimation of

individual lipogenic fluxes, a simplified metabolic network maintaining steady-state was

constructed (Fig. 2.9) from pathways of glycolysis, fatty acid synthesis, and TCA cycle

with glutamine entering at x-ketoglutarate through glutamate. In order to fit the measured

data well under steady-state assumption, it was necessary to incorporate two additional

pathways. The first one was the import of cytosolic acetyl-CoA into mitochondria via

acetate cycle (Fig. 2.15). The process would start with conversion of acetyl-CoA to acetate

by cytosolic acetyl-CoA hydrolase, followed by uptake of acetate into mitochondria and the

synthesis of acetyl-CoA by mitochondrial acetyl-CoA synthetase. Both cytosolic activity

of acetyl-CoA hydrolase and mitochondrial activity of acetyl-CoA synthetase have been

observed before in mammalian cells (35-37). The second additional pathway was either the

malic-enzyme catalyzed reaction of malate to pyruvate or the phosphoenolpyruvate (PEP)-

mediated shuttle of oxaloacetate to pyruvate (PEP shuttle (9)). The PEP shuttle pathway
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Fig. 2.15. Transport of acetyl-CoA from cytosol to mitochondria.

Acetyl-CoA in cytosol is converted to acetate by acetyl-CoA hydrolase, then acetate is
imported into mitochondria by diffusion. Mitochondrial acetate can be combined with CoA
to produce acetyl-CoA by acetyl-CoA synthetase at the expense of hydrolysis of ATP to
AMP and diphosphate.
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Fig. 2.16. Minimal incorporation of 13C from [U- 3C] glutamine to phosphoenolpyruvate.

Isotopomer distribution of phosphoenolpyruvate (PEP) from WT brown adipocyte
measured on day 6 under 6-hr incubation with [U-13C] labeling of either 25 mM glucose or
4 mM glutamine. Incorporation of 13C label from glucose into PEP confirms the normal
activity of glycolysis in brown adipocytes, whereas minimal incorporation of 13C label from
glutamine on PEP excludes the involvement of PEP shuttle in the metabolic network for
glutamine utilization in brown adipocytes.
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was rejected because there was no significant enrichment of PEP from [U-1 3 C] glutamine in

a preliminary experiment (Fig. 2.16).

It has been suggested that in adipose tissue reductive carboxylation can proceed in both

cytoplasm and mitochondria (19). The dependence of glutamine's flux to fatty acid

synthesis on the transport of tricarboxylic acids (including citrate) across mitochondrial

membrane, shown by inhibition of glutamine's fractional contribution to palmitate

synthesis (D value) upon treatment with BTC, is more consistent with major flux going

through reductive carboxylation in mitochondria. However, the cytosolic flux cannot be

excluded because ISA analysis also showed concomitant reduction of fractional new

synthesis (g (6hr) value), which may be caused by the inhibition of cytosolic flux of

reductive carboxylation by BTC. Also, indirect effects of inhibiting citrate transport on the

cytosolic flux may exist.

Results from time-course labeling experiments with [U- 3 C] glutamine for 2 hrs, 4 hrs,

and 6 hrs indicated that brown adipocytes have reached the steady state within 2 hrs, which

was maintained up to 6 hrs after incubation in 4 mM [U-13C] glutamine (Fig. 2.10 and

Appendix B), confirming the assumption of metabolic and isotopic steady-state.

Two sets of estimated fluxes involved in fatty acid synthesis of brown adipocytes under

increasing concentration of two independent NADP-ICDH specific inhibitors were very

similar, especially for reductive carboxylation of c-ketoglutarate to isocitrate (Figs. 2.11

and 2.12; see also Appendix C). Dose-dependent decrease of the flux from a-ketoglutarate

to citrate upon oxalomalate treatment was reproduced for the experiments with 2-

methyisocitrate. Little effect of the inhibitors on other key fluxes such as fatty acid
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synthesis from acetyl-CoA or pyruvate's carboxylation to oxaloacetate demonstrates the

specificity of inhibition.

However, a unique effect of oxalomalate was observed for the flux of malate to pyruvate,

catalyzed by malic enzyme (Fig. 2.11). Dose-dependent decrease of this flux was not

reproduced by 2-methylisocitrate (Fig. 2.12). There has been no report of oxalomalate's

direct inhibition of malic enzyme. The possibility that oxalomalate might indirectly affect

the activity of malic enzyme by inhibition of NADP+
- NADPH interconversion was

excluded, because treatment with 2-methylisocitrate had very little effect on the 'malate -

pyruvate' flux. This unique effect of oxalomalate might be associated with its

decomposition into glyoxylate + oxaloacetate (15). Indeed, it was shown that glyoxylate is

a potent inhibitor of NADP+-dependent malic enzyme from Pseudomonas putida (3),

although the mechanism of this inhibition is not clear.

Existence of the significant flux of malate to pyruvate was further verified by an

independent experiment using [U-13C] aspartate (Fig. 2.14). The labeled carbon from 3

mM aspartate was incorporated into malate only at 6.0 %, probably due to considerable net

flux from oxaloacetate to aspartate (Appendix C) and dilution by large fluxes from

unlabeled glucose and unlabeled glutamine. Considering also the large dilution from

unlabeled glucose to pyruvate, significant portion (2.2%) of pyruvate was labeled at all

three carbons with 13C, which can be derived from [U-13C] aspartate only through 'malate

-- pyruvate' flux. The ratio of M+3 isotopomer of pyruvate to M+4 isotopomer of malate

(0.37) was larger than the calculated ratio of the 'malate -- pyruvate' flux to the 'glucose

-+ pyruvate' flux in WT cells under standard condition (0.15: Appendix C), consistent with

heavier flux from malate to pyruvate due to addition of 3 mM aspartate.
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In order for the proposed metabolic network to function with the strong flux of reductive

carboxylation pathway, there should be a constant source of NADPH to be supplied for

reductive carboxylation of a-ketoglutarate to isocitrate in mitochondria. We have taken

three possibilities into consideration: mitochondrial malic enzyme, NADP+-dependent

glutamate dehydrogenase, and isocitrate/a-ketoglutarate cycle mediated by H+-

transhydrogenase (28). Malic enzyme's active production of NADPH in differentiating

brown adipocytes (12,13,33) has been associated with its role in providing reducing

equivalents for fatty acid synthesis, but it is unlikely to be an important source of NADPH

because it has been reported that malic enzyme activity in brown adipocytes is largely

limited to cytosol (30) and NADPH cannot cross the mitochondrial membrane. NADP+-

dependent glutamate dehydrogenase can generate NADPH from mitochondrial conversion

of glutamate to a-ketoglutarate. Significant activity of NADP+-dependent glutamate

dehydrogenase in brown adipose tissue (17) suggests that this enzyme may participate in

providing NADPH for reductive carboxylation by NADP-ICDH. With regard to the third

possibility, Sazanov and Jackson (28) suggested that, in tissues with high demand for

NADPH-requiring biosynthesis and low requirement of ATP synthesis, H+-

transhydrogenase might mediate the transfer of reducing equivalents in mitochondria from

NADH to NADPH. NADPH would then be consumed by reductive carboxylation of

NADP-ICDH and regenerated by cytosolic NADP-ICDH in the opposite reaction. In order

to complete this process, export of isocitrate and import of a-ketoglutarate need to be

facilitated by their corresponding transporters. Substantial activity of tricarboxylic acid

transporter in brown adipocytes shown here by inhibition studies with BTC and the high
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lipogenic capacity of brown adipocytes suggests that this process may play an important

role in providing NADPH for reductive carboxylation by NADP-ICDH.

Taken together, it has been demonstrated that the major metabolic route of glutamine to

fatty acid synthesis follows reductive carboxylation pathway, which can be modulated by

specific inhibitors of NADP-ICDH. Integration of isotopomer distribution data of multiple

metabolites into estimation of fluxes in the metabolic network has made it possible to

construct a whole picture in terms of the quantitative mechanism of glutamine's utilization

in fatty acid synthesis of brown adipocytes. Because glucose has been thought to be the

only major metabolic fuel for lipogenesis, the enzymes that were considered for regulating

lipogenic flux have been limited to those that are in the pathway of converting glucose to

lipogenic carbon source (glucose transporter, glycolytic enzymes), fatty acid synthesis

(fatty acid synthase, acetyl-CoA carboxylase) or those that are related to production of

NADPH (malic enzyme). Quantitative understanding of glutamine's flux to fatty acid

synthesis may provide insights on other means of regulation for fat synthesis in the whole

body, which is closely related to obesity and Type 2 diabetes through release of free fatty

acids (22,32). Considering the high sensitivity of brown adipocytes to insulin-signaling (31),

comparative study of wild-type (WT) and IRS-1 knockout (IRS-1 KO) brown adipocytes

might shed light on the relationship between insulin signaling and glutamine's lipogenic

flux, which may also provide potential sites for intervention of type 2 diabetes.
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Chapter 3. Differential effects of insulin signaling on individual

carbon fluxes for fatty acid synthesis in brown adipocytes

Introduction

Obesity and type 2 diabetes are among the most widespread and high-cost epidemics

with rapid increase in the incidents for the last decade. There have been evidences that

excessive fat synthesis in obesity may give rise to elevated free fatty acids, which in turn

could lead to hepatic insulin resistance, one of the major early events of type 2 diabetes (5).

Therefore, understanding the detailed mechanism of regulation for fat synthesis and its

relationship with insulin signaling may provide insights into the pathogenesis of the two

diseases and help preventing them.

Insulin signaling has long been associated with elevating overall lipogenic activity

through increased activity of lipogenic enzymes (6). Evidences have been accumulated that

many of these enzymes are stimulated directly by insulin signaling via insulin response

element at their transcription level or indirectly by insulin signaling to transcription factors

(7). However, studies on stimulation of lipogenic enzymes' activity by insulin signaling

have been largely limited to the enzymes directly related to glucose's metabolic route to

fatty acid synthesis, namely glucose transporter, glucokinase, glyceraldehyde-3-phosphate

dehydrogenase, ATP-citrate lyase, acetyl-CoA carboxylase, fatty acid synthase, and malic

enzyme (as supplier of NADPH for fatty acid synthesis). The effect of insulin on enzymes

for lipogenic utilization of other carbon sources has been neglected because their

contribution was thought to be minimal. Moreover, analysis of the lipogenic fluxes from

glucose to fatty acid synthesis has been qualitative, examining only the overall lipogenic

activity and not the individual fluxes.
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Among alternative carbon sources for lipogenesis, glutamine has attracted some attention

because its substantial contribution to lipogenesis in many mammalian tissues was shown

by significant incorporation of 14C-label from 14C-glutamine into triglyceride (3,4,8). In

wild-type (WT) brown adipocytes, glutamine's contribution to de novo synthesis of fatty

acids has been shown to be higher than that of glucose in a previous report (11; see also

Chapter 1). This report also showed that in insulin receptor substrate- knockout (IRS- 1

KO) brown adipocytes glutamine's fractional contribution to fatty acid synthesis was much

lower than that of glucose. It has been demonstrated that phosphatidylinositol 3-kinase

(PI3K)-mediated insulin-signaling pathway was greatly impaired in IRS-1 KO brown

adipocytes (1,10). Thus, utilization of glutamine as lipogenic carbon source may be

regulated by insulin signaling to a stronger extent than that of glucose in brown adipocytes.

In this chapter, I have quantitatively analyzed the individual fluxes that make up the

lipogenic routes from glucose and glutamine as two major carbon sources in IRS-1 KO

brown adipocytes. Comparison of individual fluxes in WT cells (from Chapter 2) and IRS-

1 KO cells incubated with 13 C-labeled glutamine confirmed the importance of glutamine as

lipogenic carbon source in brown adipocytes. Moreover, the potential sites for regulating

glutamine's lipogenic flux by insulin signaling were identified.
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Experimental Procedures

Materials

Biochemicals were obtained from Sigma Chemical Co., St. Louis, MO. 13 C-labeled

chemicals were obtained from Cambridge Isotope Laboratories, Inc., Andover, MA. Tissue

culture media were obtained from Invitrogen, Co., Carlsbad, CA.

Cell culture and adipocyte differentiation

Brown adipocyte cells were cultured with the same procedure as in Yoo et al. (11).

Briefly, IRS-1 KO brown preadipocytes were grown in 6-well plates (surface area = 10

cm2) to confluence in differentiation media containing 25 mM glucose, 4 mM glutamine,

20 nM insulin, 1 nM T3, and 10 % fetal bovine serum as well as 44 mM NaHCO3 (day 0).

The media were then replaced with fresh induction media, which was differentiation media

plus 0.125 mM indomethacin, 0.25 mM IBMX, and 5 tM dexamethasone. On day 2 and

day 4, the media were replaced with fresh differentiation media to reach day 6. In [5-13C]

glutamine experiment, the media from day 2 to day 6 contained 4 mM [5-13C] glutamine

and 25 mM unlabeled glucose. In studies for the determination of carbon flux from glucose

or glutamine to fatty acid synthesis through tricarboxylic acid (TCA) cycle, on day 4 the

media were changed to differentiation media without glucose or glutamine at 42 hrs after

day 2. The differentiation media were incubated at 37°C for 10 min, followed by addition

of glucose and glutamine with specified 13C-labeling. After 6-hr incubation at 37°C, the

media were removed and cells were extracted for organic/amino acids or lipids.

104



Isolation and derivatization of organic/amino acids and lipids

For isolation of organic/amino acids, the procedure described in Fiehn et al. (2) was

modified as follows. 0.7 mL methanol and 25 pgL water was added to each well of 6-well

plate immediately after removal of the media. In 15 min after incubation at room

temperature, methanol extract was mixed with 0.7 mL water and 0.37 mL chloroform in 15

mL tube. Vigorous vortexing was followed by centrifugation at 3000 x g for 3 min. The

chloroform layer was carefully removed and the methanol/water layer was centrifuged

again at 3000 x g for 3 min. Clear solution of methanol/water layer (separated from white

precipitate) was then transferred to glass vial and evaporated. The residue was dissolved in

70 jiL of methoxyamine hydrochloride (20 mg/mL in pyridine) and vortexed. After 90 min

incubation at 37°C, organic/amino acids were derivatized with 70 gL of N-methyl-N-tert-

butyldimethylsilyltrifluoroacetamide (MTBSTFA) at 70°C for 30 min. The reaction

mixture was then directly injected into GC/MS instrument for analysis of the isotopomer

distribution of organic/amino acids.

Isolation of lipids and derivatization of palmitate moiety into methyl ester were

performed as described previously (11).

GC/MS for isotopomer distribution measurement

Samples from [5-13 C] glutamine experiment were analyzed for palmitate isotopomer

distribution with the same instrumental setup as previously reported (11). The samples

from the rest of the experiments were analyzed with another GC/MS instrument described

below. Isotopomer distributions of fatty acid methyl esters measured with the second
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GC/MS instrument with scan mode were essentially identical to those measured with the

first GC/MS with selected ion monitoring (SIM) mode.

Samples were injected into a Hewlett-Packard model 5890 series II Gas Chromatograph

connected to HP5971 series Mass Selective Detector and equipped with DB-XLB (60 m x

0.25 mm id x 0.25 gm) capillary column (J&W Scientific, Folsom, CA). Helium flow with

10 psi inlet pressure was maintained by electronic control. The temperatures of the injector

and the detector were kept at 230°C and 300°C, respectively. For isotopomer distribution

analysis of methyl palmitate and its isotopomers (M+0 to M+16 (m/z=270 to 286)), GC

column temperature was started at 100°C and held for 1 min. The temperature was then

increased to 250°C at 10°C/min, and held for 5 min. It was increased to 300°C at 25°C/min

and held for 2 min. Mass range of 100 to 350 was recorded at 2.7 scans per second. For

isotopomer distribution analysis of acid derivatives, GC temperature was started at 100°C

and held for 5 min. The temperature was then increased to 300°C at 10°C/min, and held for

5 min. Mass range of 50 to 550 was recorded at 1.5 scans per second. The most abundant

fragments (M-57) of the following acid derivatives (tert-butyldimethylsilyl; TBDMS) were

analyzed for their isotopomer distributions: pyruvate (m/z=174-178), lactate (m/z=261-265),

fumarate (m/z=287-293), a-ketoglutarate (m/z=346-354), malate (m/z=419-423), aspartate

(m/z=418-424), glutamate (m/z=432-440), and citrate (m/z=459-468).

Measurement of uptake fluxes for glucose and glutamine

Uptake fluxes for glucose and glutamine into IRS-1 KO cells were calculated from the

rates of consumption of glucose and glutamine from medium as reported previously (11).
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Data analysis

The methods for data analysis are essentially identical to those described in "Data

analysis" section of Chapter 2. Fractional contribution of 13C-labeled carbon sources to

fatty acid synthesis (D value) and fractional new synthesis of fatty acids during time t (g(t)

value) were estimated with the isotopomer distribution measurements of palmitate based on

the model of isotopomer spectral analysis (ISA) as reported previously (34). For estimation

of fluxes in the metabolic network model (Fig. 2.9) by integrating the isotopomer

distributions of palmitate, pyruvate, lactate, fumarate, a-ketoglutarate, malate, aspartate,

glutamate, and citrate, a MATLAB program was used. Given a metabolic network

consisting of a set of reactions with specific atomic transitions between defined metabolites,

mass balance, metabolic/isotopic steady state, and unknown fluxes, the program can set up

equations for all possible isotopomers for all metabolites. The exhaustive technique like

this makes the equations non-linear so that the solution can be best derived computationally

by least-square fit method. The program can then estimate fluxes for reactions in the

metabolic network model that fit the inputs of the metabolic network and measurements of

isotopomer distributions of some metabolites. Using measurement errors for the

isotopomer distribution data, the program can also calculate how good the fit for each

metabolite's measurement is and the uncertainty of each estimated flux.

Glucose and glutamine taken up from medium and preexisting palmitate were defined as

substrates, and production of lactate (exported into medium), palmitate, and protein

synthesis from aspartate were treated as sink. The rest of the metabolites were regarded as

balanced except for C02, which was allowed to be unbalanced.
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The equations for the whole metabolic network were set up with 32 variables (fluxes).

The number of independent measurements for solving the equations was 50, the sum of

"the number of isotopomers - 1" for nine metabolites. Each measurement of isotopomer

distribution was corrected for natural abundance by the program before estimating fluxes.

For each set of flux estimation results, statistical evaluation of how good the fit was for

each metabolite's isotopomer distribution was calculated in terms of sum of square

residuals (SSRES) based on measurement errors. SSRES was defined as z (difference

between data and fit / measurement error)2 . Overall goodness of fit was calculated by summing

up SSRES values for all nine metabolites, which was compared with the range of SSRES

values for 95% confidence calculated by the program.
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Results

[5-'3C] glutamine's contribution to palmitate synthesis in IRS-1 KO brown adipocytes

In order to assess the significance of reductive carboxylation pathway in glutamine's

contribution to palmitate synthesis in IRS-1 KO brown adipocytes (11), incorporation of

' 3C from [5-13C] glutamine into palmitate synthesis was examined after 4-day incubation of

IRS-1 KO cells with 25 mM unlabeled glucose and 4 mM [5-13C] glutamine from day 2 to

day 6. Substantial incorporation of 13C from C-5 of glutamine into palmitate was also

analyzed for fractional contribution of [5-13C] glutamine to lipogenic acetyl-CoA according

to ISA model, yielding D value of 0.185 + 0.001 (Fig. 3.1).

Isotopomer distribution of nine metabolites related to fatty acid synthesis

Nine metabolites that are directly related to glutamine's metabolic routes to fatty acid

synthesis (glutamate, a-ketoglutarate, citrate, fumarate, malate, aspartate, pyruvate, and

lactate, as well as palmitate) were detected by MeOH extraction, TBDMS derivatization,

and GC/MS in IRS-1 KO cells on day 4. After 6-hr incubation in 25 mM unlabeled

glucose and 4 mM [U-'3C] glutamine, isotopomer distribution of the metabolites were

measured and compared with those of WT cells from Chapter 2 (Figs. 3.2-3.10).

Isotopomer distributions of glutamate, a-ketoglutarate and citrate in IRS-1 KO cells were

most distinct from those of WT cells in the fractional abundance of M+5 isotopomer (Figs.

3.2-3.4). M+4 isotopomers of fumarate, malate, and aspartate of IRS-1 KO cells were

remarkably higher in fractional abundance than those of WT cells (Figs. 3.5-3.7). In

contrast, lactate and pyruvate of IRS- KO cells were not much different from those of WT

cells in their isotopomer distributions, except for slightly higher M+1 isotopomer of
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Fig. 3.1. Contribution of [5-13C] glutamine to palmitate synthesis in IRS-1
adipocytes.

KO brown

Isotopomer distribution of palmitate isolated from IRS-1 KO brown adipocytes under
incubation in media containing 4 mM [5-13C] glutamine from day 2 to day 6. Data shown
are mean + SEM (n = 3).
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pyruvate in IRS-1 KO cells (Figs. 3.8 and 3.9). Extent of 13C-labeling of palmitate from

[U-13C] glutamine in IRS-1 KO cells was significantly lower than in WT cells (Fig. 3.10),

as reported previously (11; see also Chapter 1).

Assessment of goodness of fit and flux estimation

A metabolic network identical to that described in Chapter 2 (Fig. 2.9) was used for

integration of the isotopomer distribution data of nine metabolites from IRS-1 KO cells into

flux estimation. Overall goodness of fit in this flux estimation was calculated in terms of

sum of square residuals (SSRES) as described previously (Chapter 2). SSRES value of

60.294 was well within 95% confidence range of 27.575 - 64.201.

Uptake rate for glutamine and glucose into IRS-1 KO cells were measured and the

relative uptake fluxes were set to be 100 for glutamine and 1100 for glucose. When the

absolute rates of glutamine uptake from IRS-1 KO cells and WT cells were compared, the

ratio was 40 to 100. Estimated fluxes for all reactions in the metabolic network for IRS-1

KO cells are summarized in Table 2, as compared with those for WT cells under the same

experimental condition (Chapter 2).

Compared to the positive net flux of reductive carboxylation in WT cells, the opposite

net carbon flux (from citrate to a-ketoglutarate) was determined as 128 + 4 in IRS-1 KO

cells, which was also added to make the flux of a-ketoglutarate to succinate 6-fold higher

in IRS-1 KO cells than in WT cells. Glycolytic fluxes were comparable between WT and

IRS-1 KO cells until pyruvate was divided into dehydrogenation (AcCoA) or carboxylation

(OAA). Pyruvate flux was heavily geared towards synthesis of acetyl-CoA in IRS- KO

cells while it was more invested into carboxylation to oxaloacetate in WT cells.
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Fig. 3.2. Isotopomer distribution of glutamate from WT and IRS- KO cells upon
incubation with [U-13C] glutamine.

Isotopomer distribution of glutamate from WT and IRS-1 brown adipocytes on day 4 under
6-hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-13C]
glutamine.
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Fig. 3.3. Isotopomer distribution of a-ketoglutarate from WT and IRS- KO cells upon
incubation with [U-13C] glutamine.

Isotopomer distribution of a-ketoglutarate from WT and IRS-1 brown adipocytes on day 4
under 6-hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-'3 C]
glutamine.
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Fig. 3.4. Isotopomer distribution of citrate from WT and IRS- 1 KO
with [U-13C] glutamine.

cells upon incubation

Isotopomer distribution of citrate from WT and IRS-1 brown adipocytes on day 4 under 6-
hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-13C] glutamine.
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Fig. 3.5. Isotopomer distribution of fumarate from WT and IRS- 1 KO cells
with [U-13C] glutamine.

upon incubation

Isotopomer distribution of fumarate from WT and IRS-1 brown adipocytes on day 4 under
6-hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-13C]
glutamine.

113

0.4 

8 03
C
c'O
t3
< 0.2
(U
C0
C,

E 01
U-

0

M+O M+1 M+2 M+3

0.6 

8 .5

v 0.4 
C
.0

0.3
C

.2 0.2

o

0. -



06 0~6~~~~~~~~~~~~1 -WT
zD ~~~0,e5 - 0~ *IRS-I KO

0.4
O0A-

C

.0
0 0,2 < 0.:3

f
o 02

M

IL~~~~~~~~~~~~~~~~~~~~ u_0

M+O M+1 M+2 M+3 M+4 M+5 M+6 M+7

Mass isotopomers ofmalate

Fig. 3.6. Isotopomer distribution of malate from WT and IRS-1 KO cells upon incubation
with [U-13C] glutamine.

Isotopomer distribution of malate from WT and IRS- 1 brown adipocytes on day 4 under 6-
hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-13C] glutamine.
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Fig. 3.7. Isotopomer distribution of aspartate from WT and IRS-1 KO cells upon incubation
with [U-I3C] glutamine.

Isotopomer distribution of aspartate from WT and IRS- brown adipocytes on day 4 under
6-hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-13C]
glutamine.
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Fig. 3.8. Isotopomer distribution of lactate from WT and IRS- 1 KO
with [U-13C] glutamine.

cells upon incubation

Isotopomer distribution of lactate from WT and IRS- 1 brown adipocytes on day 4 under 6-
hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-13C] glutamine.
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Fig. 3.9. Isotopomer distribution
with [U-13C] glutamine.

of pyruvate from WT and IRS- 1 KO cells upon incubation

Isotopomer distribution of pyruvate from WT and IRS-1 brown adipocytes on day 4 under
6-hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-13C]
glutamine.
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Fig. 3.10. Isotopomer distribution of palmitate from WT and IRS-1 KO cells upon
incubation with [U-13C] glutamine.

Isotopomer distribution of palmitate from WT and IRS-1 brown adipocytes on day 4 under
6-hr incubation in media containing 25 mM unlabeled glucose and 4 mM [U-13C]
glutamine.
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Table 2. Estimated fluxes for WT and IRS-1 KO brown adipocytes

The fluxes estimated based on the metabolic network model (Fig. 2.9) for WT and IRS-1
KO brown adipocytes under 6-hr incubation with 25 mM glucose and 4 mM [U-13C]
glutamine are compared. WT data was from Chapter 2. Rate of glutamine uptake in IRS- 1
KO cells were set to be the same as in WT cells for the purpose of comparison, although
the absolute rate is 40 for IRS-1 KO cells when it is 100 for WT cells.
Abbreviations used are: Gln- glutamine, Glu - glutamate, aKG - a-ketoglutarate, Cit -
citrate, Suc - succinate, Fum - fumarate, Mal - malate, Glc - glucose, Pyr - pyruvate, Lac
- lactate, OAA - oxaloacetate, AcCoA - acetyl-CoA, Ac - acetate, Pal - palmitate, Asp -
aspartate, (ext) - external, (Cyt) - cytosolic, (pre) - preexisting.

reactions
GIn(ext) -> Gin -> Glu -> aKG

aKG + CO2 -> Cit
aKG -> Suc + CO2, Suc->Fum->Mal
Gic (ext) -> GIc -> Pyr + Pyr
Pyr-> Lac -> Lac (ext)
Pyr + CO2 -> OAA

Pyr -> AcCoA + CO2

Mal -> Pyr + CO2

OAA + AcCoA -> Cit
Cit -> AcCoA (Cyt) + OAA
AcCoA(Cyt) -> Ac -> AcCoA
8 AcCoA -> Pal

Pal (pre) -> Pal

OAA -> Asp -> sink

WT IRS-1 KO
10C 100

64 -130

36 23C

1547 115C
2895 1936

519 129

156 286

477 51

266 324
330 194
110 39
27 19

273 119

143 178

WT IRS-1 KO

0 C

1 E
1 5

50 50
118 104

13 5

9 18

31 7

29 34
29 35
30 35

1 2

21 14

29 8
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The flux of acetyl-CoA to palmitate synthesis relative to glutamine uptake rate was

comparable between WT cells and IRS-1 KO cells, indicating relatively high activity of

fatty acid synthase in IRS-1 KO cells. On the other hand, the flux of malate to pyruvate

(catalyzed by malic enzyme) was 9-fold higher in WT cells than in IRS-1 KO cells.

Flux from malate to pyruvate verified by 13 C-aspartate experiment

The flux from malate to pyruvate in IRS-1 KO cells (Table 2), approximately 10-fold

smaller than in WT cells, was verified by an independent experiment with 3 mM [U-13C]

aspartate, just as in Chapter 2. IRS-1 KO cells were incubated in medium containing 4 mM

unlabeled glutamine, 25 mM unlabeled glucose and 3 mM [U-'3C] aspartate for 6 hrs on

day 4. Then, the isotopomer distributions of malate and pyruvate in IRS-1 KO cells were

measured and compared with those in WT cells (Fig. 3.11). M+4 isotopomer of malate in

IRS-1 KO cells, derived from [U-13C] aspartate via exchange reactions of aspartate +

oxaloacetate +- malate, was approximately twice higher than that in WT cells. On the

other hand, M+3 isotopomer of pyruvate in IRS-1 KO cells, indicative of the flux from

malate to pyruvate, was slightly lower than in WT cells.
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Fig. 3.11. Flux
experiment.

from malate to pyruvate in IRS-1 KO cells verified by '3C-aspartate

Isotopomer distributions of malate (A) and pyruvate (B) from IRS- KO brown adipocytes
on day 4 under 6-hr incubation in media containing 25 mM unlabeled glucose, 4 mM
unlabeled glutamine and 3 mM [U-'3C] aspartate were measured (white bars) and compared
with those of malate and pyruvate from WT cells under the same condition (solid bars),
which was taken from Figure 2.14. The isotopomer distributions presented here have been
corrected for natural abundance.
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Discussion

In order to investigate in detail the effect of insulin signaling on the lipogenic activity

specifically involving glutamine's metabolic route to fatty acid synthesis, the fluxes of

individual reactions related to the route were estimated through integration of isotopomer

distribution data of nine metabolites from WT and IRS-1 KO brown adipocytes incubated

with [U-13C] glutamine. Since WT cells were shown to considerably employ reductive

carboxylation pathway in their utilization of glutamine for fatty acid synthesis (11; see also

Chapter 1), the existence of the same pathway was first tested by measuring the

incorporation of 13 C-label from [5-13C] glutamine into palmitate synthesis (Fig. 3.1).

Although 13 C-labeling of palmitate in IRS-1 KO cells was not as large as in WT cells (Fig.

2.3), significant amount of 13C in palmitate from [5-13C] glutamine indicated that reductive

carboxylation pathway should be included in the metabolic network of IRS-1 KO cells.

When isotopomer distribution data for nine lipogenesis-related metabolites were

compared between WT cells and IRS-1 KO cells under 6-hr incubation with 4 mM [U-13C]

glutamine, the general similarity of isotopomer patterns also suggested that WT and IRS- 1

KO cells have the same metabolic network with different profile of individual fluxes (Figs.

3.2-3.10). M+5 isotopomers of glutamate, a-ketoglutarate, and citrate were distinctively

smaller in IRS-1 KO cells than in WT cells (Figs. 3.2-3.4). Because this isotopomer can

originate from [U-13C] glutamine only through reductive carboxylation pathway, the

smaller peaks of M+5 isotopomer strongly indicate that IRS- 1 KO cells have relatively less

activity of reductive carboxylation. On the other hand, a common feature of the isotopomer

distributions of fumarate, malate, and aspartate from IRS-1 KO cells was greater abundance

of M+4 isotopomer than in WT cells (Figs. 3.5-3.7). M+4 isotopomer can be derived from
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[U-13C] glutamine via direct conversion of a-ketoglutarate to succinate, fumarate, malate,

and oxaloacetate along the conventional direction of TCA cycle. Thus, greater abundance

of M+4 isotopomers in fumarate, malate, and aspartate shows that IRS- 1 KO cells have

larger fluxes from a-ketoglutarate to the direction of succinate than WT cells.

In order to integrate the isotopomer distribution of the metabolites (including palmitate)

into flux estimation, the same metabolic network as in WT cells were used. Overall

goodness of fit for the flux estimation in terms of SSRES value fell within 95% confidence

range of SSRES values, suggesting that this flux estimation is as close to reality as in WT

cells. For the purpose of comparison between corresponding fluxes of WT and IRS-1 KO

cells, uptake fluxes of glutamine and glucose in IRS- KO cells were set to be 100 and

1150 based on the measurement of consumption rate, although the absolute rate of

glutamine uptake in IRS- KO cells was only 40% (40 and 460 for uptake fluxes of

glutamine and glucose, respectively) of that in WT cells. Among all the estimated fluxes of

WT and IRS-1 KO cells under standard condition, five fluxes were considered to be most

meaningful for elucidating the fundamental difference in individual lipogenic fluxes (Fig.

3.12). Most distinctive was the net flux of a-ketoglutarate to citrate, which was a large

negative flux as opposed to the positive net flux in WT cells. The limited contribution of

reductive carboxylation pathway in IRS-1 KO cells as shown by [5-13C] glutamine

experiment (Fig. 3.1) was overcome by large flux of TCA cycle in the conventional

direction, which was also demonstrated by 6-fold higher flux of a-ketoglutarate to

succinate in IRS- KO cells. This result and the low D(Gln) (fractional contribution of

glutamine to lipogenic acetyl-CoA) of IRS- KO cells in Chapter 1 indicate that the extent
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of glutamine's contribution to fatty acid synthesis depends more on the flux through

reductive carboxylation pathway than the flux of conventional glutaminolysis

122



250-
100

I
50

0

-50 

100 

-150

200 -

150 -

100 -

50 

0

aKG + C02 --> cit (net)

Luv . r

200 1 
100

0

aKG > suc + C0 2

ED

20

10

0

pyr > AcCoA + C02 8 AcCoA > pal mal --> pyr + CO2

Fig. 3.12. Estimated fluxes for
adipocytes.

selected metabolic reactions in WT and IRS- KO brown

Estimated fluxes for ao-ketoglutarate to citrate (A: represented in net flux), a-ketoglutarate
to succinate (B), pyruvate to acetyl-CoA (C), acetyl-CoA to palmitate (D), and malate to
pyruvate (E) in WT (solid bars) and IRS- KO (white bars) brown adipocytes under
incubation with 25 mM unlabeled glucose and 4 mM [U- 3C] glutamine were taken from
Table 2. Data shown are mean + SEM (n = 3).
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pathway.

Relatively larger flux of pyruvate to acetyl-CoA in IRS-1 KO cells than in WT cells is

consistent with D(Glc) (fractional contribution of glucose to lipogenic acetyl-CoA) in WT

cells being significantly lower than that of IRS-1 KO cells (Chapter 1) because conversion

of pyruvate to acetyl-CoA is the first committed step for glucose flux to lipogenic acetyl-

CoA pool. On the other hand, the extent of decrease in the flux of acetyl-CoA to palmitate

(catalyzed by fatty acid synthase) due to the absence of insulin signaling was not as

significant despite the 9-fold smaller flux of malate to pyruvate via malic enzyme, which

has been believed to heavily contribute to the supply of NADPH for fatty acid synthesis in

brown adipose tissue (9).

The relatively small flux from malate to pyruvate in IRS- 1 KO cells was further verified

by an independent experiment with [U-13C] aspartate in comparison with that in WT cells

(Fig. 3.11). Higher fractional abundance of M+4 isotopomer of malate in IRS-1 KO cells

than in WT cells is consistent with lower diluting fluxes from unlabeled glucose and

glutamine (the absolute rates of glucose uptake (460) and glutamine uptake (40) in IRS-1

KO cells are much lower than those in WT cells (1540 for glucose and 100 for glutamine)).

Low fractional abundance of M+3 isotopomer of pyruvate in IRS-1 KO cells as compared

to that of M+4 isotopomer of malate (0.014 to 0.148) is consistent with low level of malate-

to-pyruvate flux (Table 2 and Fig. 3.12). The ratio between these two fractional

abundances (0.097) was considerably higher than the ratio of the 'malate -- pyruvate' flux

to the 'glucose -> pyruvate' flux in IRS-1 KO cells (0.022: from Table 2), just as in WT

cells (Chapter 2), which can be explained by large additional flux from malate to pyruvate

due to added aspartate.
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Taken together, the low lipogenic activity in IRS-1 KO cells as shown by limited fat

accumulation (1,11) was deconvoluted into differential contribution of individual fluxes

related to the metabolic routes of glucose and glutamine to fatty acid synthesis. At least in

brown adipocytes, lack of insulin signaling affected the lipogenic fluxes from glutamine to

fatty acids to a greater degree than those from glucose to fatty acids. Decreased

contribution of glutamine to fatty acid synthesis was mainly due to reduced flux of

reductive carboxylation from a-ketoglutarate to citrate. Thus, together with the results

from Chapter 2, it was revealed that reductive carboxylation through NADP-dependent

isocitrate dehydrogenase can be a critical site of regulation for glutamine utilization in fatty

acid synthesis of adipose cells and its activity can be manipulated either by hormone

(insulin) or exogenous chemicals (specific inhibitors of NADP-ICDH).
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Chapter 4. Restoration of fat synthesis in IRS-1 KO cells by

metabolite supplementation

Introduction

Regulation of fat synthesis in adipocytes by insulin signaling has been established by a

series of studies by Kahn and coworkers, which has also supported the role of adipocytes in

the development of obesity and type 2 diabetes (1). The multi-faceted effects of insulin

signaling on fat synthesis include stimulation of glucose uptake by activation of glucose

transporter-4 (GLUT4) and upregulation of fatty acid synthase expression through

upregulation of transcription factors, C/EBPP3 and PPARy, by mediation of insulin receptor

substrate-1 (IRS-1) and phosphatidylinositol 3-kinase (PI3K) (2, 3). Thus, IRS-1 KO

brown adipocytes were shown to have limited capability of fat synthesis due to lack of

insulin-signaling, which led to inactivation of glucose uptake and fatty acid synthase

expression (3).

While a lot of emphasis has been put on the dominating roles of insulin signaling in fat

synthesis system of adipocytes, some researchers have paid more attention to the

complementary roles of metabolites in regulation of lipogenic enzymes' activity. Ferre and

coworkers have published a series of reports on the role of glucose in the expression of

fatty acid synthase in liver and adipose tissue ((4) and references therein). Hexosamine

biosynthesis pathway has been identified as the mediating factor for glucose-induced

desensitization of glucose transport and insulin resistance (5). More recently, it was shown

that glucosamine can upregulate the expression of fatty acid synthase mRNA in a dose-

dependent manner in primary adipocytes (6). Based on these reports, we have postulated

that it might be possible to replace insulin signaling with supplementation of metabolites in
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the medium of cultured adipocytes for regulation of fat synthesis. If these modified

conditions can stimulate fat synthesis of adipocytes together with enhanced glucose uptake

in insulin-resistant cells, they may give us insights on alternative approach to the

therapeutics of diabetes. IRS-1 KO brown adipocyte was selected as a model system for

this endeavor, and attempts were made to find a set of conditions with supplementation of

metabolites that may help restoring the level of fat synthesis in IRS-1 KO cells.
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Experimental Procedures

Materials

Biochemicals were obtained from Sigma Chemical Co., St. Louis, MO. Tissue culture

media were obtained from Invitrogen, Co., Carlsbad, CA.

Cell culture and adipocyte differentiation

See "Experimental Procedures" in Chapter 1 for details.

Oil Red O staining

Staining of cells for quick screening of triglyceride content was done by Oil Red O (Fig.

4.1), following the procedure in Fasshauer, et al. (3). On day 6 of differentiation procedure,

medium was removed and cells were rinsed with phosphate-buffered saline (PBS). Then,

cells were fixed by covering with 1 mL buffered formalin per well. Oil Red O working

solution was prepared by adding 6 mL stock solution (0.5 g Oil Red O in 100 mL

isopropanol) to 4 mL distilled water and filtering the well-mixed solution through

Whatman #1 filter paper). After 1 hr of fixation at room temperature, fixation agent was

removed and 1 mL of the Oil Red O working solution was added per well of 6-well plate

(10 cm2). After 2 hrs or longer at room temperature, staining solution was removed and the

cells were carefully rinsed several times with distilled water to remove excess stain and any

precipitate that forms. The cells in 6-well plates were digitally scanned for recording their

redness, which is indicative of the amount of triglyceride in the cells.
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CH3 CH3 OH

N=O--NN
CH3 3

Fig. 4.1. Chemical structure of Oil Red O.

Oil Red O is a lysochrome (fat soluble dye) predominantly used for demonstrating
triglycerides in frozen sections, which may also stain some protein bound lipids in paraffin
sections (7).
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Measurement of amounts of total fatty acids

See "Experimental Procedures" in Chapter 1 for details.

Glucose uptake assay

The rate of glucose uptake was assayed essentially as described in Fasshauer et al. (3).

On day 6 of differentiation procedure, the medium was removed from a well of 6-well plate,

and cells were washed twice with 1 mL of DMEM medium. Cells were then incubated

with 4 mL of DMEM high medium at 37°C for 16 hrs for serum deprivation. Cells were

then washed three times with KRP buffer (136 mM NaCl / 4.7 mM KCl / 1.25 mM CaC 2 /

1.25 mM MgSO4 / 10 mM NaH 2PO4 / pH 7.4) and incubated in 0.9 mL of KRP buffer at

37°C for 30 min. In the beginning of this incubation, 100 nM insulin was added alone or

together with 10 pM of cytochalasin (as control for non-specific uptake of 2-deoxyglucose).

After the 30-min incubation, 50 gM (0.5 gCi/mL) of 2-3H-deoxyglucose (DOG) was added

and the plate was swirled. After 5-min incubation at 37°C, the medium was removed and

the cells were washed three times with 0.5 mL cold PBS buffer. Cells were then

solubilized with 0.7 mL of 1 % Triton X-100 for 20 min at 37°C, which was centrifuged at

14000 rpm for 2 min. The supernatant was used for radioactivity measurement using liquid

scintillation counting by Tri-carb 1500 Liquid Scintillation Analyzer from Packard. Part of

the supernatant was also used for determination of protein amount by Lowry assay.
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Results and Discussion

Results of screening for increased fat production in IRS-1 KO brown adipocytes

In order to test the effects of metabolites and other hormones for bypassing insulin

signaling, the cell differentiation protocol was first examined for perturbation. When

various combinations of the three compounds for induction during the first two days were

tried, the Oil Red O staining experiments on day 6 led to interesting results: among the

seven combinations with partial combination of the three compounds, only those without

dexamethasone resulted in noticeably higher level of fat than the standard condition (Fig.

4.2). Also, in order to test various metabolites for replacing glucose as lipogenic precursor,

WT cells were deprived of glucose and supplemented with glycerol, lactate, and

acetoacetate. Glycerol was tested for providing alternative carbon source for glycerol

backbone of triglyceride while lactate and acetoacetate were tested for precursors of

lipogenic acetyl-CoA. Interestingly, acetoacetate was effective in increasing the impaired

fat synthesis in glucose-deprived WT cells (Fig. 4.3).

Dexamethasone is a synthetic glucocorticoid to substitute for the effects of natural

hormone cortisol and corticosterone. Brown adipose tissue has been shown to contain high

level of glucocorticoid receptors (8), but little is known about the significance of the

receptor for the function of the tissue. Dexamethasone has been studied for its differential

effect on two kinds of glucose transporters, GLUT1 and GLUT4 in brown adipocytes (9,

10). Within the gene family of facilitative glucose transporters, GLUT1 is an insulin-

independent glucose transporter while GLUT4 is responsible for insulin-induced glucose

uptake in muscle and adipose tissues (11). Thus, dexamethasone was shown to increase the

expression of GLUT4 and decrease that of GLUT1 in a dose-dependent manner (9).
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of induction chemicals on fat synthesis of IRS- 1 KO brown

Results of triglyceride staining by Oil Red O for IRS-1 KO brown adipocytes on day 6
from 2-day incubation (day 0 - day 2) with eight different combinations (A H) of three
induction chemicals: dexamethasone (5 gM), indomethacin (0.125 mM), IBMX (0.25 mM).
(*WT: WT brown adipocytes grown under standard condition shown as control)
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Fig. 4.3. Screening for additive
source.

metabolites to substitute for glucose as lipogenic carbon

Results of triglyceride staining by Oil Red O for WT brown adipocytes on day 6 grown in
the absence of glucose from day 0 to day 6 and added lactate (10 mM, B), glycerol (5 mM,
C), or acetoacetate (10 mM, D). A:WT cells grown under standard condition.
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Therefore, it was hypothesized that absence of dexamethasone in the medium of IRS- 1 KO

cells during induction period may help the cells maintain the activity of GLUT1 so as to

increase glucose uptake relative to the standard condition.

In a preliminary experiment, the rates of glucose uptake were measured for WT and IRS-

1 KO cells on day 6 to test this hypothesis (Fig. 4.4). In accordance with the hypothesis,

insulin-stimulated glucose uptake was repressed in WT cells grown in the absence of

dexamethasone (WTstd vs. WT_Dex-, change from -ins to +ins) while the rate of glucose

uptake in the absence of insulin was increased (KO std vs. KO Dex-, -ins) with little effect

on insulin-stimulated glucose uptake in IRS-1 KO cells grown in the absence of

dexamethasone (KOstd vs. KO_Dex-, change from-ins to +ins). However, this effect did

not lead to the increase in D(Glc) value of IRS-1 KO cells under Dex- condition (Fig. 1.6A),

and the amount of total fatty acids in IRS-1 KO cells under Dex- condition was marginally

increased relative to that under standard condition (Fig. 1.3).

The hypothesis that acetoacetate may be able to replace glucose as precursor for

lipogenic acetyl-CoA was supported by 13 C-labeling of acetoacetate followed by ISA (Fig.

1.6A). However, inability of acetoacetate or glutamine to provide carbon source for

glycerol backbone of triglyceride (Fig. 1.1 OB) limited the extent to which WT cells could

use acetoacetate to increase fat synthesis in the absence of glucose (Fig. 1.9B). Therefore,

addition of acetoacetate in the medium for IRS-1 KO cells during 4-day differentiation

period did not help noticeably increasing the amount of fat synthesis in IRS-1 KO cells (Fig.

1.3). In another preliminary experiment, when Dex- and AcAc+ conditions were combined

(removal of dexamethasone from day 0 to day 2 and addition of acetoacetate from day 2 to
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Fig. 4.4. Glucose uptake assay
Dex- condition.

for WT and IRS- KO brown adipocytes under standard or

Rate of [2-3 H]-deoxyglucose uptake was measured on day 6 for WT and IRS- 1 KO brown
adipocytes grown under standard condition (std) or without dexamethasone from day 0 to
day 2 (Dex-). See "Experimental Procedures" for experimental details.
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day 6), IRS-1 KO cells produced 30% more total fatty acids per protein mass than under

standard condition.

Supplementation of metabolites for alternative carbon source of glycerol backbone of

triglyceride

Although AcAc+ condition did not result in considerable enhancement of fat synthesis in

IRS- 1 KO cells, the fact that addition of acetoacetate led to approximately 50% increase in

the amount of total fatty acids in WT cells under glucose-deprived condition (Fig. l.9B)

was considered very promising. Therefore, in an attempt to find the metabolites that could

alternatively provide precursors for glycerol backbone of triglyceride, the metabolites with

such capacity were tested. Since such metabolites as glycerol, lactate, and pyruvate have

been reported to show this capacity (12, 13), these metabolites were added to WT cells

under the AcAc+/Glc- condition and the amount of total fatty acids were measured (Fig.

4.5: WT(Glc-)). Addition of lactate and pyruvate in a 10:1 ratio ("lac/pyr"), in order to

maintain the physiological reduction potential, was most effective (- 30%) in increasing fat

synthesis of WT cells under glucose-deprived AcAc+ condition. When the same

metabolites were tested in IRS-1 KO cells under AcAc+ condition, addition of lactate and

pyruvate (10:1) was also most effective to a similar extent (- 30%) (Fig. 4.5: KO).

In an attempt to further increase the amount of fat synthesis in IRS-1 KO cell by

metabolite supplementation, the concentration of lactate/pyruvate (10:1) was varied from 5

mM to 25 mM and the amount of total fatty acids was compared with that in IRS-1 KO

cells under standard condition (Fig. 4.6). Contrary to the expectation, increasing amounts

of lactate and pyruvate (10:1) from 5 mM to 25 mM in addition to 10 mM acetoacetate
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Fig. 4.5. Screening for additive metabolites to substitute
glycerol backbone of triglyceride.

for glucose as precursor of

WT brown adipocytes grown without glucose and added 10 mM acetoacetate (control, left)
or IRS-1 KO cells grown with 25 mM glucose and added 10 mM acetoacetate (control,
right) were supplemented with 5 mM lactate/0.5 mM pyruvate (lac/pyr), 5 mM pyruvate
(pyr), or 5 mM glycerol (glycerol) from day 2 to day 6 and the respective amount of total
fatty acids per well was measured as percentage of that amount in WT cells under standard
condition on day 6.
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repressed fat synthesis in IRS-1 KO cells.

Supplementation with glucosamine and its combination with Dex- / AcAc+ conditions

Among the limiting factors in lipogenesis system of IRS-1 KO cells, low expression of

fatty acid synthase (FAS) would be difficult to overcome by supplementation of

metabolites or hormones. Recently, glucosamine has been shown to induce upregulation of

the mRNA expression of FAS in adipocytes, possibly via activating hexosamine

biosynthesis pathway (6). In preliminary experiments with addition of 2 mM glucosamine

from day 2 to day 6 in medium for IRS- KO cells, the amounts of total fatty acids per well

was increased only by 5%. In order to provide more lipogenic precursors together with

increased expression of FAS, the Dex- condition and Dex- / AcAc+ conditions were

combined with glucosamine+ condition. Combination of Dex- condition and glucosamine+

condition (removal of dexamethasone from day 0 to day 2, and addition of glucosamine

from day 2 to day 6) led to 25% increase in amounts of total fatty acids. Considering the

possibility that addition of glucosamine from day 0 instead of day 2 might be better in

increasing the expression of FAS, another preliminary experiment was performed with

removal of dexamethasone from day 0 to day 2 and addition of glucosamine and

acetoacetate from day 0 to day 6. Contrary to expectations, the amount of total fatty acids

was increased only by 10%, even less than the amount of total fatty acids under Dex- /

AcAc+ condition (30% increase, see above).

139



U)ra :
_~ ;;

:M Y.90(U

X ._

C>

200% -

150% -

100 -

50% -

0%-

0 5 10 15 20 25 30

concentration of lactate (mM)

Fig. 4.6. Effect of increasing amount of lactate/pyruvate (10:1) on fat synthesis in IRS- 1
KO brown adipocytes grown in the presence of 10 mM acetoacetate.

IRS-1 KO brown adipocytes were grown in the presence of 10 mM acetoacetate and 5 to 25
mM lactate/pyruvate (10:1) from day 2 to day 6 and the amount of total fatty acids were
measured as percentage of the amount in IRS-1 KO cells under standard condition.
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Conclusion

Among the discussed conditions, 10 mM AcAc / 5 mM lactate / 0.5 mM pyruvate

condition was most effective in increasing the level of fat synthesis in IRS-1 KO cells, but

the extent of increase was not more than 50%. In IRS- KO cells, absence of

dexamethasone was helpful in increasing the insulin-independent glucose uptake and

addition of acetoacetate, lactate, and pyruvate provided further increase in the level of fat

synthesis probably by providing alternative carbon source for lipogenesis. However,

addition of glucosamine, which was hypothesized to stimulate the expression of fatty acid

synthase, was not helpful in increasing the level of fat synthesis when combined with other

perturbed conditions. Although it is deemed still possible that further combination of these

perturbed conditions could lead to more impressive results, the repressed fat synthesis in

IRS- KO cells seems to involve more extensive defects in lipogenesis system than lack of

lipogenic precursors or low expression of FAS. As discussed in Chapters 2 and 3, WT cells

utilizes glutamine to a larger degree than glucose and IRS-1 KO cells have much lower

capacity for this utilization. It is plausible that enhancement of the system for converting

glutamine (as well as glucose) to lipogenic acetyl-CoA may be crucial in improving fat

synthesis in IRS-1 KO cells.
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Chapter 5. Conclusion and Future experiments

Conclusion

The whole research in this thesis has started with a hypothesis that addition of a set of

metabolites to cell culture medium carefully selected to compensate for lack of insulin

signaling might be able to stimulate the defective lipogenesis system of adipocyte cell line

where insulin signaling pathway has been impaired by knockout of an important mediator,

insulin receptor substrate-l (IRS-1). The endeavor to find those metabolites led to

discovery of the combination of metabolites where acetoacetate, lactate, and pyruvate can

substitute for glucose as lipogenic precursors of fatty acids and glycerol backbone of

triglyceride (Chapter 4). Under this condition, fat synthesis in IRS-1 KO brown adipocytes

(which can produce only one third of total fatty acids per protein mass in WT brown

adipocytes by day 6 of standard differentiation procedure) was increased by less than 50%.

However, with quantitative examination of individual carbon fluxes for fat biosynthesis in

WT and IRS-1 KO brown adipocytes using 13C-labeling, GC/MS analysis, and flux

estimation, detailed knowledge of the flow of carbon sources to fat synthesis has been

gained. While no other carbon sources than glucose were able to supply carbon sources for

glycerol backbone of triglyceride, glutamine and acetoacetate were utilized more actively

than glucose in fatty acid synthesis of WT brown adipocytes (Chapter 1). Unlike the well-

known pathways for utilization of glucose and acetoacetate for fatty acid synthesis, there

has been a controversy on the metabolic routes of glutamine to fatty acid synthesis between

glutaminolysis pathway (via the conventional pathway of tricarboxylic acid (TCA) cycle)

and reductive carboxylation pathway (via the novel pathway of reductive carboxylation of

a-ketoglutarate to isocitrate/citrate). In Chapter 2, these two pathways were integrated into
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a metabolic network model together with glucose utilization pathway for quantitative

estimation of lipogenic fluxes based on isotopomer patterns of the component metabolites

following incubation of the cells in [U-13C] glutamine containing media. Unexpectedly, the

contribution of reductive carboxylation pathway was so significant that the net carbon flux

from a-ketoglutarate to isocitrate/citrate was observed in WT cells under standard

condition. This net carbon flux was further supported by dose-dependent repression of this

flux upon treatment with specific inhibitors of NADP-ICDH, the enzyme responsible for

reductive carboxylation. In Chapter 3, the significance of reductive carboxylation pathway

for utilization of glutamine as lipogenic carbon source was associated with the metabolic

effect of insulin signaling, by showing dramatically repressed carbon flux through reductive

carboxylation in IRS-1 KO cells as compared with that in WT cells, which is also

consistent with reduced capacity of IRS-1 KO cells to utilize glutamine as precursor for

fatty acid synthesis (Chapter 1). Thus, quantitative understanding of the individual carbon

fluxes for fat synthesis by stable-isotope labeling and flux estimation was crucial in

revealing the importance of other carbon sources such as glutamine in fat synthesis and the

means by which the contribution of these carbon sources to fat synthesis can be

manipulated. Moreover, detailed information of individual carbon fluxes in connection

with the global influence of insulin signaling on the use of the carbon sources in lipogenesis

provided a unique perspective as to the end-point results of presence or absence of insulin

signaling in the lipogenic process, so that an in-depth understanding of the effects of insulin

signaling on lipid metabolism was obtained. This understanding in metabolite level will

complement the studies focused on the hormonal effects in terms of the changes in mRNA
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and protein levels of lipogenic genes, leading to comprehensive grasp of the lipogenic

system.

Future experiments

The flux estimation in Chapters 2 and 3 was based on a relatively simple model of

metabolic network (Fig. 2.9), which only contained those metabolic reactions that are

immediately related to fatty acid synthesis. It was surprising that the data set of isotopomer

distribution for as many as nine metabolites could fit this model with 95% statistical

confidence. Considering that the flux estimation was based on the 13 C-labeling of only

glutamine as a carbon source, the validity of this model can be further examined in two

ways: 1) to use another 13 C-labeled carbon source and see how close the flux estimation

gets to the previous estimation; 2) to extend the range of metabolites and see how good the

fit becomes for the more complicated network. In the present study, attempts were made to

use [U-13C] glucose for fitting the model with measurements from 13C-labeled metabolites.

Unfortunately, the isotopomer patterns of all nine metabolites did not reach steady-state

within 6 hours, making it impossible to use those data for flux estimation because all the

equations and their solutions for the estimation were based on steady-state assumption. It

seems most likely that the steady state was not reached within 6 hours because of slow

labeling of the large intracellular pool of lactate by 13C-glucose. Thus, longer incubation of

the cells with 13 C-glucose may lead to steady state by metabolites of interest, when the

metabolic network model can be cross-examined by flux estimation results from two

independent labeling schemes with 13 C-glucose and 13 C-glutamine. As a second way to

examine the validity of the model, a set of amino acids can be included in the extended
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model because the reactions between many amino acids and the TCA cycle intermediates

are well established. Besides those amino acids that were included in the present model

(glutamate and glutamine, and aspartate), alanine can be derived from pyruvate, asparagine

from aspartate, and proline from glutamate. Also, aspartate can generate lysine, threonine,

and methionine while pyruvate carbon can be incorporated into valine, leucine, and

isoleucine. Thus, extensive measurement of isotopomer distribution of these amino acids

and careful examination of the reactions between them and the pre-existing metabolites can

make the model more compelling with additional flux estimation results.

In addition, isotopomer distribution of other fragments of the nine metabolites can be

considered in the flux estimation to verify the present model. The present study examined

only the main fragments (M - tert-butyl: tert-butyl from derivatizing agent, MTBSTFA)

that contain all of the original carbons of the metabolites in order to gather the most

information out of GC/MS measurement. Although m/z values from other fragments may

not necessarily distinguish between loss of one carbon versus the other, which would make

it difficult to assign the GC/MS data to a specific subset of the original carbons of the

metabolite, there may be some cases where loss of a certain carbon is much more favored

than any other during ionization for GC/MS measurement. This relationship can be

established by careful preliminary experiments of GC/MS with standard metabolites

labeled at specific position(s). Then, careful inspection of the current GC/MS data will lead

to obtaining additional information to validate the flux estimation and the metabolic

network model.

Although the results of flux estimation in Chapter 2 and Chapter 3 were shown to be

reliable within 95% confidence range by statistical examination, the metabolic network
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model used in the flux estimation (Fig. 2.9) did not distinguish between mitochondrial and

cytosolic activities of NADP-ICDH in terms of the flux from glutamine to fatty acid

synthesis via reductive carboxylation. This issue could not be resolved by specific

inhibition of NADP-ICDH with oxalomalate or 2-methyisocitrate because these inhibitors

are supposed to be effective for both mitochondrial and cytosolic activities of NADP-ICDH.

Results from inhibition of tricarboxylic acid transport across mitochondrial membrane

(using benzenetricarboxylate (BTC): Chapter 2) were consistent with the reductive

carboxylation flux within mitochondria in that fractional contribution of [U-13C] glutamine

to palmitate synthesis (D(Gln)) was 20% reduced. However, concurrent 50% decrease in

fractional new synthesis of palmitate (g(6hr)) suggests that the process of fatty acid

synthesis was also affected by the inhibition, which leaves the possibility that reduced

cytosolic flux of reductive carboxylation could have lowered the amount of lipogenic

acetyl-CoA and decreased fractional new synthesis of palmitate while the small decrease in

D value could have been due to nonspecific or indirect effect of the BTC inhibition on the

cytosolic flux. The limitation of this experiment can be overcome by another set of

experiment where g(t) value is maintained by providing sufficient amount of alternative

source for lipogenic acetyl-CoA. As shown in Chapter 1, acetoacetate can be used as the

major lipogenic carbon source at 10 mM concentration in the presence of 25 mM glucose

and 4 mM glutamine. Therefore, the BTC inhibition experiment can be performed for 13C-

glutamine in the presence of unlabeled glucose and acetoacetate, where decreased D(Gln)

value with constant g(t) value would strongly indicate the involvement of mitochondrial

reductive carboxylation in fatty acid synthesis. As a control, the same experiment can be

repeated for 13 C-glucose in the presence of unlabeled glutamine and acetoacetate. D(Glc) is
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expected to decrease because it is well known that glucose's route to fatty acid synthesis

has to go through mitochondrial citrate and its transport to cytosol. If glutamine also has to

go through mitochondrial citrate in its route to fatty acid synthesis, the inhibition by BTC

should affect D(Glc) and D(Gln) to the same extent. One thing to be seriously considered

in design of this experiment is that in the presence of 10 mM acetoacetate neither D(Glc)

nor D(Gln) was larger than 0.2 (Fig. 1.6), which may be too small for reliable estimation of

D values in the inhibition studies. Thus, the appropriate concentration of acetoacetate

should be carefully examined and selected as well as the appropriate time span of the

labeling, in order to detect distinct changes in D values while maintaining constant g(t)

values.

A more compelling evidence for reductive carboxylation flux in mitochondria can be

obtained if the mitochondrial and cytosolic activities of NADP-ICDH can be differentially

modulated. Protein sequences for mitochondrial (ID: AAC52473) and cytosolic (ID:

AAD02919) enzymes of murine NADP-ICDH have only 68% sequence identity (by

LALIGN) while protein sequences for mitochondrial (or cytosolic) NADP-ICDH are well

reserved across mammals (e.g. human - pig - mouse) with -95% sequence identity.

Therefore, it is conceivable that mammalian application of the RNA interference

technology (1) can be employed to specifically knockdown the expression of mitochondrial

NADP-ICDH (idh2) and maintain the expression level of cytosolic NADP-ICDH (idhl).

Considering that murine idh2 gene sequence (ID: U51167, 1.8 kb) has 75% sequence

identity with the corresponding idhIl gene sequence (ID: AF020039), one or more

sequences of small interfering RNA (siRNA) with 21-22 nucleotides may be found. Good

candidate sequences of siRNA can be designed either manually by using the empirical
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criteria (2) or from commercial sources such as Ambion, Inc. Through careful

consideration of synthesis and degradation of idh2 gene in both mRNA and protein levels

as well as the effective range of dose for the designed siRNA molecule based on a set of

preliminary experiments (3), it may be possible to perform the inhibition experiments

comparable to those performed in Chapter 2 with oxalomalate or 2-methylisocitrate for 6-hr

inhibition of NADP-ICDH activity. If the activity of mitochondrial NADP-ICDH can be

readily controlled by combination of the parameters of siRNA experiment as demonstrated

with mouse hepal-6 cells (3), appropriate timeframes for the incubation of cells with 13C-

labeled glutamine and for the transfection of cells with idh2-specific siRNA can be used to

test whether repression of mitochondrial NADP-ICDH would give rise to corresponding

reduction in estimated flux of reductive carboxylation from a-ketoglutarate to

isocitrate/citrate. Results of the experiments with idh2-specific siRNA or idhl-specific

siRNA would provide definitive evidences for the question of whether the reductive

carboxylation happens in mitochondria or cytosol of mouse brown adipocytes. Moreover,

the outcome of these experiments would make it possible to develop methods for precise

manipulation of the glutamine's flux to fatty acid synthesis, as compared to the selective

control by NADP-ICDH inhibitors (Chapter 2) or the global regulation of this flux by

insulin as proposed in Chapter 3. In this regard, it is interesting to note that an in vitro

evidence was recently put forth to suggest that cytosolic NADP-ICDH is more involved in

regulation of fatty acid biosynthesis than its mitochondrial counterpart (4). This hypothesis

was supported later by an in vivo study where overexpression of the cytosolic enzyme

stimulated overall fat synthesis in transgenic mice (5). Although both studies associated

these results with the lipogenic role of NADP-ICDH to supply NADPH by catalyzing
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oxidative decarboxylation, these studies may as well be interpreted in terms of its direct

role for lipogenesis through reductive carboxylation, especially because the level of

NADPH did not change significantly in liver and adipose following overexpression of

cytosolic NADP-ICDH (5).

The abolition of net flux through reductive carboxylation in IRS-1 KO brown adipocytes,

as demonstrated in Chapter 3, could be caused by either low expression of NADP-ICDH or

lack of NADPH in the compartment where the reductive carboxylation happens. In order

to examine the first possibility, mRNA and protein expression levels of mitochondrial and

cytosolic NADP-ICDH can be measured and compared with the corresponding levels of

other lipogenic enzymes such as fatty acid synthase with normalization by 3-actin. The

same set of experiments have been recently reported for rat brain cells using RT-PCR

analysis and western blotting with minimal cross-activities of antibodies for cytosolic and

mitochondrial isozymes (6). This experiment can be complemented by examining the

effect of overexpressing mitochondrial or cytosolic NADP-ICDH in IRS- 1 KO cells, as

recently performed using retroviral transfection of cytosolic NADP-ICDH into NIH3T3

white adipocytes (7). Measurement of the in vivo level of NADPH is generally performed

by using indicator metabolites with the provision that the reaction catalyzed by the relevant

enzyme can be shown to be at equilibrium (8). This measurement has been more difficult

to do for mitochondrial matrix because substantial fraction of mitochondrial nucleotides are

bound to proteins. Thus, gathering evidence for lack of NADPH causing abolition of net

flux of reductive carboxylation will be less straightforward.
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Appendices

Appendix A. Effect of increasing inhibition of NADP-ICDH by oxalomalate on
isotopomer distribution of fumarate, malate, aspartate, pyruvate, and lactate.

Isotopomer distribution of fumarate (a), malate (b), aspartate (c), pyruvate (d), and lactate
(e) from WT brown adipocytes on day 4 under 6-hr incubation in media containing 4 mM
[U-]3C] glutamine and 0, 5, or 10 mM oxalomalate (OM). Data shown are mean + SEM (n
= 3).
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Appendix B. Confirmation of steady-state assumption by time-course 13C-labeling
experiment.

Isotopomer distribution of glutamate (a), ct-ketoglutarate (b), fumarate (c), aspartate (d),
pyruvate (e), and lactate (f) from WT brown adipocytes measured at 2 hr, 4 hr, and 6 hr
after incubation with 4 mM [U-13C] glutamine on day 4.
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Appendix C. Estimated fluxes for WT brown adipocytes upon specific inhibition of
NADP-ICDH.

The fluxes estimated based on the metabolic network model (Fig. 2.9) for WT brown
adipocytes under 6-hr incubation with 25 mM glucose and 4 mM [U-13C] glutamine in the
presence of 0, 5, 10 mM oxalomalate (a) or 0, 2, 4 mM 2-methylisocitrate (b) are compared.
Abbreviations used are: Gin - glutamine, Glu - glutamate, aKG - a-ketoglutarate, Cit -
citrate, Suc - succinate, Fum - fumarate, Mal - malate, Glc - glucose, Pyr- pyruvate, Lac
- lactate, OAA - oxaloacetate, AcCoA - acetyl-CoA, Ac - acetate, Pal - palmitate, Asp -
aspartate, (ext) - external, (Cyt) - cytosolic, (pre) - preexisting.

a.
estimated fluxes standard error

oxalomalate conc. (mM) oxalomalate conc. (mM)
reactions 0 5 10 0 5 10

Gln(ext) -> Gn -> Glu -> aKG 100 100 100 0 0 0

aKG + C2 -> Cit 63 32 5 1 2 2

aKG -> Suc + CO 2, Suc->Fum->Mal 37 68 95 1 2 2

Ic (ext) -> Gc -> Pyr + Pyr 154C 1552 1550 50 50 50
Pyr -> Lac -> Lac (ext) 2905 2648 2583 116 113 109
Pyr + C02 -> OAA 460 513 497 11 13 12

Pyr -> AcCoA + C0 2 153 244 215 8 15 19

Mal -> Pyr + C 2 438 303 195 27 27 21

OAA + AcCoA -> Cit 236 357 305 23 27 38
Cit -> AcCoA (Cyt) + OAA 299 389 310 23 27 38

cCoA(Cyt) -> Ac -> AcCoA 8 113 90 24 16 23
8 AcCoA -> Pal 27 35 28 1 2 3
Pal (pre) -> Pal 181 340 234 10 26 20
g(6hr): Fractional Synthesis of Palmitate 0.13 0.09 0.11 0.00 0.009 0.013

OAA -> Asp -> sink 122 310 401 25 25 21
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b. 

estimated fluxes standard error
2-MIC conc. (mM) 2-MIC conc. (mM)

reactions 0 2 4 0 2 4

GIn(ext)-> Gln -> Glu -> aKG 100 100 100 0 0 0

aKG + CO2 -> Cit 64 34 9 1 2 2

aKG -> Suc + CO 2 , Suc->Fum->Mal 36 66 91 1 2 2

Glc (ext) -> Gc -> Pyr + Pyr 1547 1550 1559 50 5( 50
Pyr-> Lac -> Lac (ext) 2895 2789 2729 118 121 121

Pyr + CO2 -> OAA 519 543 607 13 14 18

Pyr -> AcCoA + C0 2 156 231 238 9 28 29

Mal -> Pyr + CO 2 477 463 455 31 33 35

OAA + AcCoA-> Cit 266 270 311 29 16 41
Cit -> AcCoA (Cyt) + OAA 330 303 320 29 17 41

cCoA(Cyt) -> Ac -> AcCoA 110 39 73 30 32 49
8AcCoA-> Pal 27 33 31 1 4 4

Pal (pre)-> Pal 273 315 411 21 39 50
g(6hr): Fractional Synthesis of Palmitate 0.09 0.09 0.07 0.008 0.016 0.012

OAA -> Asp-> sink 143 180 251 29 3C 31
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