iIScience

¢? CellPress

OPEN ACCESS

Adipose triglyceride lipase mediates lipolysis and
lipid mobilization in response to iron-mediated

negative energy balance

Dietary iron impairs nutrient absorption

Uy, \N\“ ﬂ Uy,
W ly
j /////, § %

Nutrient absorption Nutrient absorption

e

. Negative energy balance A
" weight loss 3

Atrogene
expression,

FFAand glycerol release

Fat wasting Muscle wasting

Alicia R. Romero,
Andre Mu, Janelle
S. Ayres

jayres@salk.edu

Highlights

Iron causes negative
energy balance by
disrupting intestinal
nutrient absorption

ATGL promotes lipolysis
in response to iron-
induced negative energy
balance

ATGL protects from
cachexia during dietary
iron excess

Romero et al., iScience 25,
103941

March 18, 2022 © 2022 The
Author(s).
https://doi.org/10.1016/
j.isci.2022.103941



mailto:jayres@salk.edu
https://doi.org/10.1016/j.isci.2022.103941
https://doi.org/10.1016/j.isci.2022.103941
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.103941&domain=pdf

iIScience

Adipose triglyceride lipase mediates lipolysis

and lipid mobilization in response
to iron-mediated negative energy balance

Alicia R. Romero, %34 Andre Mu,"? and Janelle S. Ayres’.?:3.>*

SUMMARY

Maintenance of energy balance is essential for overall organismal health. Mam-
mals have evolved complex regulatory mechanisms that control energy intake
and expenditure. Traditionally, studies have focused on understanding the role
of macronutrient physiology in energy balance. In the present study, we exam-
ined the role of the essential micronutrient iron in regulating energy balance.
We found that a short course of dietary iron caused a negative energy balance
resulting in a severe whole body wasting phenotype. This disruption in energy
balance was because of impaired intestinal nutrient absorption. In response to di-
etary iron-induced negative energy balance, adipose triglyceride lipase (ATGL)
was necessary for wasting of subcutaneous white adipose tissue and lipid mobi-
lization. Fat-specific ATGL deficiency protected mice from fat wasting, but
caused a severe cachectic response in mice when fed iron. Our work reveals a
mechanism for micronutrient control of lipolysis that is necessary for regulating
mammalian energy balance.

INTRODUCTION

Mammals have evolved complex homeostatic control mechanisms to maintain their energy balance within
a defined set point. These include mechanisms that regulate nutrient acquisition, nutrient utilization, and
energy storage, to achieve a balance between energy intake and energy expenditure. Energy expenditure
is a function of multiple factors including basal metabolism, adaptive thermogenesis, and physical activity
(Argilés et al., 2014; Spiegelman and Flier, 2001). Basal metabolism of an organism involves processes
within the organism that are necessary to sustain life. Adaptive thermogenesis describes energy that is
dissipated in the form of heat when animals consume a meal or when they adapt to a cold environment.
Physical activity involves voluntary movements by the organism. Homeostatic control of energy balance
is maintained through the interactions between genetic and environmental factors. Disruptions in these in-
teractions that ultimately lead to energy imbalances will manifest as changes in energy storage (Spiegel-
man and Flier, 2001). Animals that have an energy intake that exceeds energy expenditure will have a
net gain, resulting in increased energy storage. If animals have an energy intake that is less than energy
expenditure, there will be a netloss, resulting in a loss of fat and other energy stores. The ability to maintain
energy balance within the homeostatic set point is critical as disruptions to the balance and resulting
changes in energy storage may render the organism more susceptible to diseases. For example, the
increased adiposity in obesity predisposes individuals to cardiovascular disease and type 2 diabetes
(O'|'Neill and O|'Driscoll, 2015; Tune et al., 2017). Extreme causes of net energy loss can result in danger-
ously low body fat content that predisposes animals to infections, cardiovascular damage, and musculo-
skeletal issues (Carrero et al., 2013; Dobner and Kaser, 2018; Rausch et al., 2021). Thus understanding
the genetic and environmental factors that regulate energy balance is necessary for our understanding
of the metabolic basis of disease.

The essential micronutrient iron has emerged as a critical regulator of body weight and energy balance. In
children and adults, there is a greater prevalence of iron deficiency in both overweight and obese individ-
uals (lkeda et al., 2013). The causality of iron in the regulation of adipose tissue stores has been demon-
strated in animal studies. Iron deficient diet causes increased adiposity in rats and excess dietary iron
causes a reduction in body fat mass in rodents (Yook et al., 2019). The possible underlying mechanisms
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and multifactorial. For example, iron status affects energy intake by regulating food consumption. Iron defi-
ciency is associated with appetite loss that can be reversed with iron supplementation possibly through its
effects on the satiety hormone leptin (Gao et al., 2015; Lawless et al., 1994; Stoltzfus et al., 2004). Iron has
dramatic effects on multiple aspects of the gastrointestinal tract that will influence nutrient absorption and
affect the overall energy balance of the individual. For example, changes in luminal iron concentration will
lead to changes in the composition of the intestinal microbiome that can lead to functional changes that
control nutrient harvesting and uptake (Yilmaz and Li, 2018). Iron can also change the inflammatory state of
digestive organs that will affect the ability of an individual to absorb nutrients (Niepel et al., 2018). Iron has
also been shown to regulate systemic responses that control the ability of the small intestine to regulate
nutrient absorption (Sanchez et al., 2018). The critical role of iron for providing adequate levels of oxygen
will control an individual’s capacity to endure the amount and rigor of physical activity. Individuals that are
anemic experience fatigue, reducing the amount of physical activity they undertake. Furthermore, individ-
uals who experience low iron without anemia have impaired adaptation to aerobic activity (Brownlie et al.,
2004). Lastly, as iron regulates various aspects of energy metabolism including cellular respiration, the abil-
ity of an organism to carry out their basic basal metabolic functions will also be dependent on the iron sta-
tus of the individual.

The changes in energy balance and storage controlled by the iron status of an individual will result in phys-
iological responses involved in energy substrate mobilization, storage, and breakdown. White adipose tis-
sue (WAT) serves as the major storage depot for lipids, where excess lipid species are stored as triacylgly-
cerol in lipid droplets. Under conditions of increased energetic demand or in response to stress stimuli,
triacylglycerol is mobilized from WAT to meet organismal energy demands that are not met by diet (Dun-
can et al., 2007). Triacylglycerides (TG) in lipid droplets are hydrolyzed into diacylglycerol (DG) by adipose
triglyceride lipase (ATGL) and monoacylglycerol (MG)/free fatty acids and glycerol by hormone-sensitive
lipase (HSL). FFA and glycerol are then released into circulation where they can be utilized by peripheral
tissues. ATGL and HSL are considered essential lipolytic enzymes and are negatively regulated by insulin
and IGF-1 signaling through the PKA/PKC signaling cascade (Degerman etal., 1998; Wijkander et al., 1998).
In vitro, it was shown that iron and transferrin from serum can induce lipolysis in an acute time frame and is
independent of PKA and PKC signaling (Rumberger et al., 2004). More recently, it was shown that the
elevated levels of fatty acid mobilization, adipose tissue HSL and ATGL in obese women correlated with
elevated levels of ferritin, suggesting that in vivo, elevated iron stores correlates with increased fatty
acid mobilization (Ryan et al., 2018). Although iron has an established correlative relationship with adipose
tissue physiology, a causative role for iron in regulating lipid mobilization in vivo and how this relates to iron
mediated changes in energy balance, as well as the underlying mechanisms for these processes remain
unknown.

In the present study, we examined the role of the essential micronutrientiron in regulating energy balance.
Using a dietary model of iron overload, we found that an acute course of excess dietary iron leads to a nega-
tive energy balance and profound whole body wasting in mice. The negative energy balance was because
of iron dependent intestinal nutrient malabsorption. To meet energetic demands, we found that iron
caused increased lipid utilization associated with increased lipolysis, lipid mobilization, and fat wasting. Us-
ing a transgenic mouse model, we found that lipolysis was dependent on ATGL activity specifically in ad-
ipose tissue. Animals lacking ATGL in adipose tissue shifted to carbohydrate utilization when fed dietary
iron and exhibited a severe cachectic response because of the intestinal nutrient malabsorption. Our
work highlights the multifaceted role of iron regulation of organismal metabolism and provides an in vivo
mechanism for micronutrient control of lipolysis that is necessary for regulating mammalian energy
balance.

RESULTS

Iron rich diet causes negative energy balance and nutrient malabsorption

Although it is well established that iron regulates organismal metabolism and energy balance, the under-
lying mechanisms regulating these processes are not completely known. We established a dietary model to
determine the mechanistic basis for the effects of an acute course of surplus dietary iron on organismal
metabolism and energy balance. Carbonyl iron is a dietary iron supplement that has reduced inflammatory
effects on the gastrointestinal tract relative to iron sulfate-based alternatives (Devasthali et al., 1991). We
fed 6-week-old C57BL/6 mice an iron rich diet (IRD) containing 2% carbonyl iron or a nutrient matched con-
trol iron diet (CID) and found that while CID-fed mice exhibited an expected slight increase in whole body
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weight over the course of the experiment, IRD-fed mice exhibited a drastic whole-body wasting pheno-
type, with mice losing approximately 20% of total body weight by day 8 post diet initiation (Figures 1A
and STA). Net negative energy balance caused by the IRD can be because of an increase in energy expen-
diture and/or a decrease in energy intake. To determine the effects of dietary iron on energy expenditure,
we fed é-week-old C57BL/6 mice CID or IRD for nine days and housed them in the Comprehensive Lab An-
imal Monitoring System (CLAMS) to measure gas exchange volumes and rates continuously over the exper-
imental course (mice were allowed to acclimate for a day before introduction of the diets). We observed a
drastic continuous decrease in energy expenditure of mice following introduction of the IRD (Figures 1B
and S1B). Principal component analysis (PCA) of light/dark cycle EEJ in CID and IRD-fed mice revealed a
distinct clustering of samples according to light cycle and diet, suggesting that patterns of energy expen-
diture are impacted by diet and light cycle (Figure 1C). The clustering is supported by nonoverlapping 95%
Cls (ellipses) (Figure 1C). As energy expenditure is positively correlated with body mass, we performed a
regression-based analysis of daily energy expenditure as a function of daily total body mass (TMB) or daily
lean body mass (LBM) over the eight day dietary regimen (Figures 1D and S1C). We found that the relation-
ship between TBM and energy expenditure significantly depended on diet and that energy expenditure
increased significantly with TBM on both CID and IRD (Figure S1C). Energy expenditure increased signif-
icantly with increased LBM and the influence of LBM on energy expenditure was equivalent for mice fed
CID or IRD (Figure 1D). Interestingly, ANCOVA analysis revealed that IRD resulted in decreased energy
expenditure as a function of mouse LBM relative to mice fed CID, suggesting that IRD does not cause nega-
tive energy balance by increasing energy expenditure (Figure 1E). Changes in activity level and thermogen-
esis can contribute to differences in energy expenditure. We observed no significant difference in total ac-
tivity levels, but PCA of light/dark cycle activity levels revealed distinct clustering of dark cycle activity,
suggesting that activity patterns are impacted by diet during the dark cycle (Figures S1D and S1E). In addi-
tion, mice fed IRD exhibited a decrease in core body temperature over the course of the dietary regimen,
suggesting that reduced energy expenditure caused by excess dietary iron may in part be because of a
decrease in thermogenesis (Figure STF).

Notably, mice fed IRD eat significantly less food during the first 48 h post diet initiation, with no significant
difference in food consumption between the dietary groups by day 3 post diet initiation (Figure 1F). To
determine if this initial food aversion response in IRD-fed mice was responsible for the whole-body wasting,
we performed a pairwise feeding analysis. Pair fed mice on CID had a steep decrease in body mass within
the first 48 h of the diet regimen and increased body mass thereafter; whereas mice fed IRD ad libitum ex-
hibited continual weight loss over the 8 days diet regimen (Figures 1G and S1G). Thus, the initial reduced
feeding alone does not account for the continual whole body wasting caused by the acute course of excess
dietary iron. Mice fed IRD also exhibited comparable body temperature and activity levels as pair fed mice
on CID (Figures STH, S11, and S1J). We next analyzed energy expenditure of mice of the three dietary reg-
imens in the CLAMS and found that mice fed IRD had a significant decrease in energy expenditure relative
to both groups of mice fed CID ad libitum and pair fed (Figures TH, 11, and S1K). Consistently, PCA revealed
distinct clusters of energy expenditure between the three dietary regimens during the light cycles (Fig-
ure 11). We performed regression-based analyses of daily energy expenditure as a function of daily TBM
and daily LBM for our pairwise feeding conditions to determine if dietary regimens caused a mass-indepen-
dent effect on energy expenditure (Figures 1J, 1K, and S1L). Consistent with our previous analyses of CID
and IRD, we found that the relationship between TBM and energy expenditure significantly depended on
diet (F=41.21df=2,102, p <0.0001) and energy expenditure increased significantly with TBM in all dietary
regimens (Figure S1L). Daily energy expenditure increased significantly as a function of daily LBM and the
influence of LBM on energy expenditure was equivalent for mice on the three dietary regimens (Figure 1J).
We observed that IRD decreased energy expenditure as a function of LBM relative to mice pair fed CID or
given CID ad libitum (Figure 1K), demonstrating that IRD does not cause negative energy balance through
reduced energy intake or through increasing energy expenditure.

Energy intake is a function of both food intake and the subsequent nutrient absorption by the gastrointes-
tinal tract. Pancreatic-derived enzymes are essential for digestion and absorption of dietary macronutrients
and excess dietary iron can contribute to dysfunction of exocrine pancreas (Kimita and Petrov, 2020).
Consistent with this, we observed a significant reduction in circulating levels of lipase in mice fed IRD, sug-
gesting that IRD disrupts pancreatic production of lipase and subsequent ability to digest triglyceride and
fats into free fatty acids and glycerol for uptake in the intestines (Figure 1L). As lipase inhibition is also
known to reduce cholesterol absorption (Erdmann et al., 2004; Ke et al., 2020), we saw a corresponding
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Figure 1. Iron rich diet causes negative energy balance and nutrient malabsorption
Six-week old C57BL/6 males were given control diet (CID) or 2% carbonyl iron diet (IRD) and individually housed in static or metabolic cages in the
Comprehensive Laboratory Animal Monitoring System (CLAMS). Weight, energy expenditure and food consumption were monitored.
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Figure 1. Continued

(A) Percent original weight over an eight-day diet regimen on CID or IRD. Data shown represents two pooled independent experiments (n = 11 mice per
group).

(B) Hourly energy expenditure and corresponding area under the curve analysis for mice fed CID or IRD for eight days in CLAMS. White and black/gray
boxes/shaded regions represent light/dark cycles, respectively. Data shown represents one independent experiment (n = five to six mice per group).

(C) Principal component analysis of energy expenditure in (B) for CID and IRD fed mice in light/dark cycles. Ellipses are indicative of 95% confidence intervals.
Data shown represents analysis of one independent experiment (n = five to six mice per group).

(D and E) Linear regression analysis of daily energy expenditure as a function of daily lean body mass (LBM) over an eight day period and corresponding (E)
ANCOVA-predicted EEJ at group average LBM of 15.589 g. Dotted vertical line in (D) represents group average lean mass (CID linear regression, R? =
0.1467, F =7.735, dF = 1, 45, p = 0.0079, Y = 568.2*X + 30,500; IRD linear regression, R? = 0.1396, F = 5.841, dF = 1, 36, p = 0.0208, Y = 519.6*X + 27,524;
pooled slope = 534.5) Data shown represents analysis of one independent experiment (n = five to six mice per group).

(F) Average daily food consumption of mice fed CID or IRD. Data shown represents two pooled independent experiments (n = 11 mice per group). (G-K)
C57BL/6 male mice were fed CID ad libitum (ad libitum), IRD ad libitum (ad libitum), or CID pair fed matched to average historical iron food consumption
values.

(G) Percent original body weight for dietary regimens shown. Data shown represents two pooled independent experiments (n = 9 mice per group). Blue
asterisks denote comparisons between CID ad libitum and CID pair fed. Gray asterisks denote comparisons between CID pair fed and IRD ad libitum. Peach
asterisks denote comparisons between CID ad libitum and IRD ad libitum.

(H) Hourly energy expenditure and corresponding area under the curve analysis for mice on three dietary regimens. White and black/gray boxes/shaded
regions represent light/dark cycles, respectively. Data shown represents one independent experiment (n = 4 mice per group).

() Principal component analyses of energy expenditure in (H) for light/dark cycles of three dietary regimens. Ellipses are indicative of 95% confidence
intervals. Data shown represents analyses of one independent experiment (n = 4 mice per group).

(J) Regression-based analysis of absolute daily EEJ against daily lean mass over an eight day period and corresponding.

(K) ANCOVA-predicted EEJ at group average lean mass of 15.359 g. Dotted vertical line in regression plot represents group average lean mass (CID ad
libitum linear regression, R?=0.2913,F = 13.98, dF = 1,34, p =0.0007,Y = 646.6*X + 38,295; CID pair fed linear regression, R?=0.2585, F = 11.85, dF = 1,34,
p =0.0015,Y = 906.9*X + 29,379; IRD ad libitum linear regression, R?=0.2204,F =9.61,dF = 1,34, p =0.0039,Y =1982*X + 11,641; pooled slope = 1159). Data
shown represents analysis of one independent experiment (n = 4 mice per group).

(Land M) Circulating levels of (L) Lipase and (M) total cholesterol in serum on day 9 of diet regimen. Data shown represents one independent experiment (n =
5 mice per group).

(N) Oral lipid tolerance test of mice fed CID or IRD for eight days. Data shown represents analysis of two pooled independent experiments (n = 10 mice per
group)All CLAMS data plotted in zeitgeber time. Data represent mean + SEM; CID *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Related to Figure S1.

decrease in circulating total cholesterol levels in mice fed IRD (Figure 1M). To address if IRD reduced the
ability of mice to absorb dietary lipids, we performed an oral lipid tolerance test (OLTT) in mice fed CID or
IRD for eight days and found that mice fed IRD exhibited a significant reduction in their ability to absorb
orally administered lipids(Figure TN). Finally, mice fed IRD excreted more calories in their stool and had
decreased net calorie absorption from diets relative to mice fed CID (Figure STM). Taken together, our
data show that IRD causes negative energy balance by causing intestinal nutrient malabsorption.

Dietary iron increases lipid utilization, lipid mobilization, and wasting of fat energy stores

Negative energy balance will cause mobilization of energy substrates from endogenous stores. Mobiliza-
tion of the energy stores in white adipose tissue (WAT) involves the liberation of triacylglycerol from lipid
droplets stored in adipose tissue that provides free fatty acids (FFA) and glycerol to other tissues and or-
gans. Using an ex vivo lipolysis assay, we found that inguinal WAT (IWAT) and gonadal WAT (GWAT) from
IRD-fed mice released significantly higher levels of free nonesterified fatty acids (FFA) and free glycerol
compared to mice fed CID over the course of the dietary regimen (Figures 2A and 2B). Mobilization of
fat stores can result in loss of body fat mass. To determine the extent of fat energy store depletion, we uti-
lized MRI (MRI) to analyze fat and lean body composition of mice fed CID or IRD for eight days. We found
that the whole body wasting and increased lipid mobilization in mice fed IRD was associated with wasting
of fat energy stores (Figure 2C). We also measured masses of representative WAT pads and found a sig-
nificant reduction in the mass of IWAT, GWAT, and mesenteric WAT (MWAT) in mice fed IRD (Figures
2D-2F). MRI and direct measurement of hindlimb muscles that represent varied myofiber composition
and the heartrevealed that mice fed IRD also exhibit wasting of skeletal muscle but not cardiac muscle (Fig-
ures 2C, 2G, and S2A, and S2B). Further, we observed significant upregulation of two muscle-specific atro-
genes, Atrogin-1 and Murf-1, in gastrocnemius muscles of mice fed IRD— a hallmark of skeletal muscle
wasting (Figure 2H) (Baehr et al., 2011; Bodine et al., 2001; Gomes et al., 2001). We also found upregulation
of Myogenin in gastrocnemius muscles from IRD fed mice, which is associated with Type | myofiber devel-
opment (Figure 2H) (Hughes et al., 1999). Consistent with our findings, body composition analysis of mice
from our pairwise feeding experiments confirmed that fat and lean body composition were significantly
reduced in the IRD ad libitum group relative to pair fed mice on CID (Figure S2C). Similarly, we found
that mice fed IRD ad libitum had the greatest decrease in IWAT mass and hindlimb muscle masses after
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Figure 2. Excess dietary iron increases lipid utilization, lipid mobilization and wasting of fat energy stores
Six-week old C57BL/6 males were provided control (CID) or 2% carbonyl iron diet (IRD) for 3, 6, or 9 days

(A and B) Ex vivo lipolysis assay measuring glycerol and free fatty acids (FFA) released from (A) IWAT (B) and GWAT. Data shown represents one independent

experiment (n = 5 mice per group).

(C) Body composition analyses using EchoMRI of mice fed CID or IRD for 6 days. Fat and lean mass were normalized to original body mass. Data shown

represents two pooled independent experiments (n = 11 mice per group).
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Figure 2. Continued

(D-F) Tissue masses of (D) IWAT (E) GWAT and (F) MWAT from mice fed CID or IRD for 6 days. Data shown for D,E represents two pooled independent
experiments (n = 10 mice per group). Data shown for F represents one independent experiment (n = 5 mice per group).

(G) Muscle masses from hindlimb of mice fed CID or IRD for 8 days (Quadricep; Quad, tibialis anterior; TA, extensor digitorum longus; EDL, soleus, and
gastrocnemius; Gastro). Data shown represents one independent experiment (n = 5 mice per group).

(H) Gene expression in gastrocnemius of mice fed CID or IRD for 8 days. Gene expression was normalized to housekeeping expression of Rps17. Data shown
represents one independent experiment (n = 4 mice per group).

(I-K) Mice were housed in the CLAMS and given CID or IRD. The respiratory exchange ratio over the course of the experiment was determined. (I) Principal
component analysis for the respiratory exchange ratio (RER) of CID and IRD fed mice in light/dark cycles. Ellipses are indicative of 95% confidence intervals.
Data shown represents analyses of one independent experiment (n = é mice per group). (J) Average hourly respiratory exchange ratio of mice fed CID or IRD
(RER) calculated as ratio of ml CO, OUT (respired):ml O; IN (inhaled). Data shown represents one independent experiment (n = 6 mice per group). (K) Area
under the curve analysis for RER for periods of matched food consumption.

(L) Circulating levels of glycerol and FFA in serum of fasted CID or IRD mice on days 3, 6, and 9 of diet time course. Data shown represents one independent
experiment (n = 5 mice per group).

(M) Intraperitoneal lipid tolerance test (i.p. LTT) performed on fasted mice fed CID or IRD for nine days. Data shown represents one independent experiment
(n = 5 mice per group). Data represent mean + SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Related to Figure S2.

eight days on the diet regimen (Figures S2D and S2E). In support of IRD-induced skeletal muscle wasting,
we also observed the greatest upregulation of atrogene expression in gastrocnemius muscles from mice
fed IRD ad libitum (Figure S2F). Taken together, our data demonstrate that dietary iron causes lipid mobi-
lization that results in adipose tissue wasting, as well as muscle wasting, that is independent of the initial
food aversion response.

We hypothesized that the increased lipid mobilization was indicative of IRD causing a shift toward lipid uti-
lization. To determine how IRD influences energy substrate preference, we measured respiratory exchange
ratio (RER) by housing mice fed CID or IRD in the CLAMS. An RER close to one is indicative of carbohydrate
utilization, whereas an RER closer to 0.7 is indicative of lipid substrate utilization (Speakman, 2013). Using
PCA, we found that mice from the different dietary conditions exhibited distinct clustering during their day
and night cycles, indicating that there were distinct RE-Rs for each dietary condition and their respective
light/dark cycles (Figure 21). We found that IRD-fed mice exhibited a dramatic shift toward lipid utilization
(Figure 2J). Increased lipid utilization is characteristic during periods of fasting when mice will draw from
white adipose tissue (WAT) stores (Rosen and Spiegelman, 2006; Schmidt-Nielsen, 1997). Therefore, we
performed an RER area under the curve analysis for days 3-8, when food consumption was comparable be-
tween CID and IRD-fed mice to analyze energy substrate utilization independent of differences in food con-
sumption (Figure 2K). We found that the IRD induced an increase in lipid utilization independent of the
fasted state. We performed RER analyses for the pair fed experimental cohort and found that IRD induced
a significant shift toward lipid utilization relative to pair fed mice fed CID—further demonstrating that IRD
increases reliance on lipids as an energy substrate (Figures S2G and S2I). Interestingly, the increased reli-
ance on lipids as an energy source did not result in a decrease in circulating lipids or glycerol in fasted mice
fed CID or IRD over the course of the experiment (Figure 2L). Consistently, mice fed IRD had a comparable
rise and clearance of FFA and triglycerides in a lipid tolerance test performed on day 9 post diet initiation,
suggesting that although IRD induces a shift toward lipid utilization, this does not increase rates of lipid
turnover (Figure 2M). Taken together, our data demonstrate that dietary iron excess causes negative net
energy balance, inducing a global shift toward lipid utilization that is fueled by mobilization of endogenous
fat energy stores.

An acute course of excess dietary iron does not induce insulin resistance

Iron metabolism can influence glucose homeostasis by altering insulin sensitivity. We previously demon-
strated in C3H/HeJ mice that an acute course of dietary iron caused transient insulin resistance (IR) during
infection with an enteric pathogen and that this was associated with iron overload in WAT (Sanchez et al.,
2018). In C57BL/6 mice it was previously shown that long-term administration of dietary iron causes IR asso-
ciated with an increase in hepatic and adipose tissue iron levels as well as an increase in serum iron (Don-
giovanni et al., 2013). We found that in C57BL/6 mice, an acute course of IRD resulted in significantly higher
levels of iron in the liver and serum, but not other metabolic tissues including the visceral fat (GWAT), sub-
cutaneous fat (IWAT), and muscle (gastrocnemius) (Figures 3A and 3B). The livers of IRD fed mice were
significantly smaller than that of CID ad libitum fed mice. However CID pair fed mice had comparable liver
size as IRD mice indicating that the reduced food consumption amount rather than hepatic iron overload
caused a reduction in liver size (Figures S3A and S3B). IRD fed mice exhibited significantly elevated ALP
levels but no difference in AST levels, and only a modest and insignificant increase in ALT levels (Figure 3C
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Figure 3. An acute course of dietary iron does not cause insulin resistance

Six-week old C57BL/6 males were provided control (CID) or 2% carbonyl iron diet (IRD).

(A and B) Total iron (ferric and ferrous) content in (A) tissues and (B) serum from mice fed CID or IRD for 6 days. Data shown represents one independent
experiment (n = 5 mice per group).

(C) Circulating levels of alkaline phosphatase (ALP) in mice fed CID or IRD for nine days. Data shown represents one independent experiment (n = 5 mice per
group).
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Figure 3. Continued

(D-G) Gene expression in (D) liver, (E) GWAT, (F) IWAT and (G) gastrocnemius muscles of mice 6 days post diet initiation. Genes were normalized to
expression of housekeeping gene Rps17 and subsequently normalized to the lowest normalized Gene:Rps17 value within each tissue for each respective
gene. Data shown represents one independent experiment (n = 5 mice per group).

(Hand ) Insulin tolerance test (ITT) normalized to basal glucose levels and (I) corresponding area under the curve (AUC) analysis performed on day 6 post diet
initiation. Data shown represents one independent experiment (n = 5 mice per group).

(J) Diagram for experimental setup to analyze insulin signaling. Following a 6 h fast on day 6 of the diet time course, mice were i.p. injected with insulin and
liver, fat pads, and muscle was harvested 15 min post insulin injection to analyze tissue-specific insulin signaling.

(K=N) Western blot analyses for AKT protein activation in protein extracts from (K) GWAT, (L) IWAT, (M) liver, and (N) gastrocnemius muscle from hindlimb.
Data shown represents one independent experiment (n = 5 mice per group). Data represent mean + SEM *p < 0.05, ***p < 0.001, ****p < 0.0001. Related to
Figures S3-S5.

and Figures S3C and S3D), suggesting that IRD may cause liver damage. Consistent with a systemic iron
overloading response, IRD induced hepcidin (Hamp) expression in liver and significantly reduced expres-
sion of genes involved with iron uptake (Tfr1, Dmt1) (Figures 3D and S3E). Both GWAT and IWAT showed
reduced expression of heme oxygenase-1 (Hmox1) which is considered to be a marker of iron overload and
inflammation in adipose tissue (Moreno-Navarrete et al., 2017). IRD caused a reduction in transferrin
expression in GWAT and reduced ferroportin (Fpn) expression in IWAT—suggesting that both visceral
and subcutaneous adipose tissues depots respond to dietary iron overload (Figures 3E, 3F, S3F, and
S3G). IRD induced a modest reduction in gastrocnemius expression of iron uptake genes (Dmtf,
Hmox1, Steap?2) and a significant reduction in transferrin receptor 1 (Tfr1) (Figures 3G and S3H).

We next asked whether an acute course of IRD could affect insulin sensitivity in C57BL/6 mice. We per-
formed an insulin tolerance test (ITT) on days 3, 6, and 9 post-diet initiation on mice fed CID and IRD.
We found no difference in insulin sensitivity between mice fed the different diets at any of the examined
time points (Figures 3H, 3I, S4A-S4J). It has been previously demonstrated that iron overload can lead
to tissue-specific insulin resistance; notably, Dongiovanni and colleagues observed insulin resistance in
visceral WAT but not subcutaneous WAT in mice fed excess dietary iron (Dongiovanni et al., 2013; Sanchez
et al., 2018). Therefore, we examined activation of insulin signaling in the GWAT and IWAT, as well as the
liver and gastrocnemius muscle in CID and IRD fed mice. Mice fed CID and IRD for six days were injected
with insulin and tissues were harvested 15 min post-insulin injection and processed to measure activation of
AKT, a central kinase in the intracellular insulin signaling cascade (Figure 3J). We found no differences in
phosphorylated AKT in the GWAT from mice in either dietary condition (Figures 3K, S5A, and S5B). Inter-
estingly, we found a trend toward increased phosphorylation of AKT in the IWAT, liver, and gastrocnemius
muscles from mice fed IRD (Figures 3L-3N and S5C-S5H). Thus, our model of acute dietary iron enrichment
in C57BL/6 mice causes changes in organismal lipid physiology that is not associated with insulin
resistance.

Iron-induced lipid mobilization and adipose tissue wasting is dependent on fat-specific ATGL
activity

The bulk of lipid mobilization from adipose tissue is mediated through lipolysis. In canonical adipose tissue
lipolysis, triglycerides stored in lipid droplets are hydrolyzed by adipose triglyceride lipase (ATGL) and hor-
mone-sensitive lipase (HSL) to produce free glycerol and fatty acids to be supplied into circulation and fuel
peripheral tissue metabolism (Haemmerle et al., 2006; Zimmermann et al., 2004). ATGL is the rate limiting
lipase present on lipid droplets that is responsible for hydrolyzing triacylglycerol to diacylglycerol. We
found that mice fed an IRD exhibited elevated levels of ATGL protein in both subcutaneous (IWAT) and
visceral adipose tissue (GWAT) (Figures 4A, 4B, S6, and S7). ATGL activity is directly regulated by its coac-
tivator CGI-58, which is regulated by protein kinase A (PKA). Activated PKA will phosphorylate Perilipin-1
that is conjugated with CGI-58 on lipid droplet surfaces, thereby liberating CGI-58 to activate ATGL
(Gruberetal., 2010; Lass et al., 2006). It was previously demonstrated that adipose tissue cultures exposed
to iron rich media and human sera (transferrin rich) upregulate lipolysis in a PKA-independent manner, sug-
gesting that iron-induced lipolysis may be regulated in a noncanonical manner, though a mechanism was
not determined (Rumberger et al., 2004). Contrary to previous in vitro observations, we found a significant
increase in the levels of phosphorylated PKAc in IWAT and GWAT of IRD fed mice, indicating that iron diet
leads to increased activation of PKA in WAT in vivo (Figures 4A, 4B, Sé, and S7). Finally, IRD led to an in-
crease in the activation of the downstream lipase, HSL, in IWAT and GWAT (Figures 4A, 4B, S6, and S7).
Taken together, our data demonstrate that an acute course of excess dietary iron leads to increased acti-
vation of the regulators of canonical adipose lipolysis in both subcutaneous and visceral WAT.
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Figure 4. Iron induced lipid mobilization and adipose tissue wasting is dependent on fat specific ATGL activity

(A and B) Six-week old C57BL/6 males were given control (CID) or 2% carbonyl iron diet (IRD) for 3 days. Following a 6-h fast, mice were sacrificed and fat pads
were harvested for analysis. (A) Western blot analysis for activated proteins in the canonical lipolysis pathway in (A) IWAT and (B) GWAT protein extracts.
(HSL/phospho-HSL Ser563, hormone sensitive lipase; ATGL, Adipose triglyceride lipase; PKA-c, cAMP dependent protein kinase catalytic subunit alpha;
GAPDH, Glyceraldehyde3-phosphate dehydrogenase). n = 5 mice per condition.

(C and D) Pnpla2;Fabp4 cre+ (Pnpla2WAT X©) and Pnpla2;Fabp4 cre- (Pnpla2"’T) male littermates between six and eight-weeks old were given 2% carbonyl
iron diet (IRD) for 3 days and ex vivo lipolysis assays were performed following a 6 h fast. Glycerol and free fatty acids (FFA) released from (C) IWAT (D) and
GWAT. n = five to seven mice per condition.

(E) Circulating levels of glycerol and FFA in serum of Pnpla2™AT ¥© and Pnpla2™"T littermates fed IRD for 6 days n = five to seven mice per condition.
(F-H) Raw mass of fat pads from F’anaZWAT KO and PanaZWT littermates fed IRD for five days (F) IWAT (G) GWAT (H) MWAT. For (F) n = eight to nine mice per
condition and represent two experiments combined. For (G-H) n = 4 mice per condition.

(Iy Body fat composition of Pnpla2VATX© and Pnpla2™" littermates fed IRD for 5 days using EchoMRI. Fat mass was normalized to original total body mass. n =
four to five mice per condition. Data represent mean + SEM; ****p < 0.0001. Panels 4A-E, G-I represent one independent experiment and panel 5F

represents two pooled experiments. Related to Figures Sé and S7.

To test if ATGL-dependent lipolysis in adipose tissue is necessary for mediating IRD-induced lipid
mobilization and adipose tissue wasting, we generated a transgenic mouse model with the gene that
encodes ATGL, Pnpla2, specifically deleted from adipose tissue (floxed Pnpla2 x Fab4 cre). Using an
ex vivo lipolysis assay, we found that the IWAT from IRD-fed mice lacking adipose-specific ATGL (floxed
Pnpla2;Fab4 cre+, designated Pnpla2VAT ©) secreted significantly less FFA and glycerol than wild type
mice fed IRD (floxed Pnpla2;Fab4 cre-, designated Pnpla2") (Figure 4C). Notably, we observed compara-
ble levels of secreted FFA and glycerol from GWAT and no difference in circulating levels of FFA or glycerol
between Pnpla2AT “© and Pnpla2™™ mice fed IRD (Figures 4D and 4E). The apparent difference in rates of
lipid mobilization between subcutaneous and visceral adipose tissue may reflect a preferential pattern of
organismal lipid storage across fat depots in response to dietary iron excess (Luong et al., 2019; Schoettl
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Figure 5. Dietary iron induced adipose-specific ATGL activity protects from wasting of lean energy stores

Littermate Pnpla2;Fabp4 cre- (Pnpla2™’") and Pnpla2;Fabp4 cre+ (Pnpla2VAT “©) males between six and eight-weeks old were housed in comprehensive
laboratory animal monitoring system (CLAMS) metabolic cages for 6 days. Mice were provided a 2% carbonyl iron diet (IRD) after a brief acclimation period.
Daily measurements were taken for body mass and food intake.

(A) Percent original weight of Pnpla2”’T and Pnpla2™AT X© mice fed IRD. n = eight to nine mice per condition. Data shown represents two pooled
independent experiments.

(B) Daily average food intake of Pnpla2™/™ and Pnpla2VAT X© mice before and during IRD feeding period. Data shown represents three pooled independent
experiments (n = 5-10 mice per group and per timepoint. For some timepoints, food was shredded by some mice and was not weighable for those animals at
those timepoints).

(C and D) Average hourly energy expenditure (EEJ) calculated from VO, and VCO, (mL/h) using the modified Weir equation and corresponding (D) area
under the curve analysis for EEJ. Data shown represents one independent experiment (n = four to five mice per group).

(E) Principal component analysis of average EEJ from light/dark cycles from Pnpla2’T and Pnpla2VAT K© mice fed IRD. Ellipses are indicative of 95%
confidence intervals. Data shown represents analysis of one independent experiment (n = four to five mice per group).

(F and G) Daily energy expenditure as a function of daily lean body mass (LBM) over a five day period and corresponding (G) ANCOVA-predicted EEJ at
group average LBM of 14.04 g. Dotted vertical line in regression plot represents group average lean mass (Pnpla2*/ linear regression R? = 0.1645, F = 3.545,
dF=1,18,p =0.076, Y = 795.3*X+ 30,861; Pnpla2VAT “© |inear regression R? = 0.4920, F = 22.28, dF = 1, 23, p < 0.0001 Y = 1041*X+ 28,522; pooled slope =
949.6) Data shown represents analysis of one independent experiment (n = four to five mice per group).

2WT 2WATKO mice fed IRD using Echo MRI. Lean mass was normalized to original total body mass. Data shown

(H) Lean body composition of Pnpla and Pnpla
represents one independent experiment (n = four to five mice per group).
() Muscle masses from hindlimb of Pnpla2™’T and Pnpla2VAT “© mice fed IRD for five days (Quadricep; Quad, tibialis anterior; TA, extensor digitorum longus;
EDL, soleus, and gastrocnemius; Gastro). Data shown represents one independent experiment (n = four to five mice per group).

(J) Gene expression in gastrocnemius of Pnpla2V™ and Pnpla2WAT K© mice fed IRD for six days. Gene expression is normalized to Rps17. Data shown
represents one independent experiment (n = 4 mice per group).

(K and ) Respiratory exchange ratio (RER) and (L) Principal component analysis of average RER from light/dark cycles from Pnpla2™'T and Pnpla2VAT K© mice
fed IRD. Ellipses are indicative of 95% confidence intervals. Data shown represents analysis of one independent experiment (n = four to five mice per group).
(M) Area under the curve (AUC) analysis of RER for light cycle periods of CLAMS monitoring following introduction of IRD. Data shown represents one
independent experiment (n = four to five mice per group).

(N) Model of dietary iron regulation of energy balance and ATGL-dependent lipid mobilization. All CLAMS data plotted in zeitgeber time. White/black
boxes on the X axis represent light/dark cycles of 24-h day. AUC of CLAMS analyses taken from total average values per mouse. Data represent mean + SEM;

**p < 0.01, ***p < 0.001, ****p < 0.0001. Related to Figure S8.

etal., 2018; Tchkonia et al., 2013). Consistent with this, PnplaZWAT KO mice were protected from IRD-induced
IWAT wasting, but were only moderately protected from wasting of visceral fat pads, GWAT and MWAT
(Figures 4F-4H). Though we observed differences in the pattern of subcutaneous and visceral fat pad
wasting, body composition analyses showed that Pnpla2VAT “© mice had significantly more total fat mass
relative to Pnpla2*/T littermates fed IRD (Figure 41). Together, these data suggest that ATGL activity is neces-
sary for IRD-induced lipolysis, lipid mobilization, and fat wasting primarily in subcutaneous adipose tissue.

Dietary iron induced adipose-specific ATGL activity protects from wasting of lean energy
stores

Having established a role for adipose tissue specific ATGL in IRD-mediated lipid mobilization and fat
wasting, we next asked if ATGL activity in fat was required for the changes in energy balance we observed
in IRD-fed mice (Figure 1). Despite being protected from wasting of subcutaneous fat and having a higher
body fat composition (Figures 4F and 4l), Pnpla2™VAT X© displayed comparable total body wasting to that
exhibited by their wild type littermates when fed dietary iron (Figures 5A and S8A). This suggests that mice
lacking ATGL activity in adipose tissue are not protected from the negative energy balance caused by IRD.
Consistent with this, we found that food consumption was comparable between Pnpla2VAT KO and their
wildtype littermates when fed IRD (Figure 5B). Our analyses with the CLAMS showed that energy expendi-
ture of Pnpla2”’T and Pnpla2AT © mice was comparable under normal chow conditions (Figures 5C and
S8B). Following the introduction of IRD, Pnpla2”’T and Pnpla2VAT ¥© mice showed equivalent changes in
energy expenditure (Figures 5C, 5D, and S8B). When we examined the light/dark cycle EEJ for Pnpla2VT
and Pnpla2™AT KO mice by PCA, we saw no influence of genotype on EEJ for light or dark cycles when
animals were fed IRD (Figure 5E). Furthermore, we found that Pnpla2™" and Pnpla2VAT ¥© mice fed IRD
displayed comparable daily EEJ relative to daily TBM and daily LBM over the course of the experiment (Fig-
ures 5F, 5G, S8C, and S8D). Analysis of body temperature and activity over the course of the diet regimen
revealed no difference in body temperature, total activity levels, or differences in light/dark cycle activity
levels between genotypes (Figures SBE-S8H). Taken together, our results demonstrate that ATGL activity
in adipose tissue is not necessary for the effects of dietary iron on net energy balance, and does not change
energy expenditure, activity levels, basal metabolism or food consumption when animals are fed an acute
course of IRD.
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We hypothesized that Pnpla2AT ¥© mice undergo a compensatory increase in lean energy store wasting
that can account for the whole body weight loss driven by IRD. Consistent with our hypothesis, we found
that Pnpla2WAT KO
termates fed IRD (Figure 5H). These differences in body composition were specific to mice fed IRD because
mice lacking ATGL in adipose tissue and their wild type littermates exhibited comparable body composi-
tion when fed control chow (Figure S8l). Direct measurement of hindlimb muscle masses similarly showed
that Pnpla2AT KO mice fed IRD had decreased mass of individual muscle groups compared to their wild
type littermates fed IRD (Figure 5I). As muscle mass is regulated by protein synthesis and degradation cas-
cades in muscle, we analyzed the expression of both atrogenes, Atrogin-1and Murf-1, and myogenesis fac-
tors, MyoD and myogenin in gastrocnemius of IRD-fed mice. We observed increased expression of both
Atrogin-1 and Murf-1, and significant downregulation of MyoD expression in Pnpla2VAT K©
gesting that both atrophic factors and lack of myogenesis signaling may contribute to enhanced muscle
wasting in Pnpla2VAT K© fed IRD (Figure 5J).

mice exhibited increased wasting of lean tissue stores compared to their Pnpla2™'T lit-

muscles, sug-

Excess dietary iron in wild type mice causes increased lipid utilization (Figure 2). We hypothesized that the
reduced lipid mobilization and increased lean wasting in IRD-fed Pnpla2VAT K©
decrease in global lipid utilization. Consistent with this, we observed modest separation in RER values be-
tween Pnpla2™AT KO and Pnpla2™'™ mice following introduction of IRD (Figure 5K). Principal component
analysis of the light/dark cycle RER values from Pnpla2VAT X© and Pnpla2’™ mice showed that the pattern
of clustering is based on the light vs. dark cycle and independent of genotype (Figure 5L). Therefore, we
analyzed AUC of RER by light/dark cycles and observed a significant increase in Pnpla2’AT ¥© RER values
during the light cycle following introduction of IRD (Figure 5M). This suggests that during the diurnal “fast-
ing” state, Pnpla2™VAT KO mice fed IRD utilized less lipid substrates relative to Pnpla2V" littermates (Fig-
ure 5M). Thus, ATGL activity in adipose tissue protects from lean energy store wasting by promoting lipol-

mice would result in a

ysis and lipid mobilization in response to IRD-induced negative energy balance (Figure 5N).

DISCUSSION

Organismal macronutrient metabolism is intimately linked to micronutrient metabolism. Although a role
for iron in regulating lipid metabolism is well appreciated, the mechanistic underpinnings of these regula-
tory processes are unknown. Here, using an acute course of dietary iron excess, we demonstrate that iron
causes profound changes in whole organismal metabolism including nutrient malabsorption and lipid
mobilization, resulting in a negative energy balance. We demonstrate that lipid mobilization is dependent
on ATGL activity in adipose tissue and that this lipid mobilization protects from cachexia. Although our data
support a model that the systemic effects of iron and nutrient absorption lead to ATGL activation, lipolysis,
and lipid mobilization, it is formally possible that in addition to these systemic effects iron also directly acts
on adipocytes to induce ATGL activity (Figure 5N) ((Rumberger et al., 2004).

We found that an acute course of excess dietary iron caused reduced energy expenditure in mice, and we pro-
pose that this is because of a hypometabolic state triggered by the reduced nutrient absorption caused by IRD.
Nutrient absorption is largely dependent on proper digestion of macronutrients in the duodenum via digestive
enzymes secreted by the exocrine pancreas (Kimita and Petrov, 2020). Iron overload disorders that lead to depo-
sition ofiron in parenchymal tissues, like liver and pancreas, are associated with metabolic syndrome and reduced
levels of circulating pancreatic-derived digestive enzymes (Gullo etal., 1993; Horme et al., 1997; Kimita and Petrov,
2020). It has been proposed that pancreatic insufficiency caused by iron loading may contribute to malabsorption
issues observed in individuals with iron overload disorders (Horne et al., 1997).

Our finding that IRD decreases serum levels of lipase is consistent with experimental and clinical models of
iron-overload induced pancreatic dysfunction and atrophy of exocrine pancreatic acinar cells. Further, we
observed reduced cholesterol levels in mice fed IRD, which is consistent with pharmacologic inhibition of
lipase activity (Erdmann et al., 2004; Ke et al., 2020). In further support of IRD-induced pancreatic insuffi-
ciency, lipid absorption was severely blunted in mice fed IRD and we observed decreased net calorie ab-
sorption in mice fed IRD. Though we predict that IRD-induced nutrient malabsorption extends to insufficient
digestion of proteins and carbohydrates as well, we did not measure levels of other pancreatic-derived
digestive enzymes in the current study. It is important to note that while our study implicates iron-induced
pancreaticinsufficiency in reduced nutrient uptake, iron metabolism can just as likely affect nutrient absorp-
tion and turnover through a systemic mechanism independent of digestive function. For example, our lab
previously showed that excess dietary iron can indirectly affect luminal macronutrient content through
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inducing insulin resistance (Sanchez et al., 2018). Furthermore, iron can also influence the microbial land-
scape of the gut and contribute to gastrointestinal inflammation, compromise barrier integrity, and regulate
iron metabolism at the local level to control infection (Bessman et al., 2020; Yilmaz and Li, 2018). Excess iron
is known to drive expansion of facultative anaerobes like Enterobacteriaceae, thus displacing and driving
competition against Lactobacillus and Firmicutes (Yilmaz and Li, 2018). Moreover, it was recently demon-
strated thatiron supplementation can similarly influence microbiome composition independent of the route
of administration (La Carpia et al., 2019). Altogether, these findings highlight the diverse role of micronu-
trient metabolism on nutritional status beyond nutrient absorption and digestive function.

It has been previously reported that when fed a chronic 16-week course of dietary iron, C57BL/6 mice develop IR
specifically in visceral adipose depots as well as impaired organismal insulin tolerance (Dongiovanni et al., 2013).
In our study, we used an acute course of dietary iron and found that C57BL/6 mice did not develop IR in adipose
tissue, skeletal muscle or liver, and also showed no changes in organismal insulin tolerance. The discrepancies
between our study and that of Dongiovanni et al. may be because of the length of the feeding regimens and sug-
gests that in C57BL/6 mice that the IR caused by excess dietary iron may be largely influenced by length of the
dietary iron regimen. In a mouse model of infectious colitis using C3H/HeJ, an acute course of dietary iron excess
resulted in IR in visceral adipose tissue and changes in organismal glucose tolerance (Sanchez et al., 2018), sug-
gesting that the ability of a short course of dietary iron to cause IR may be mouse strain specific. It is well estab-
lished that inbred mouse strains have differences in iron physiology including basal differences in tissue iron con-
tent. C75BL/6 mice in particular, have a dampened iron-overloading response following introduction to an iron
rich diet (Clothier et al., 2000; Dupic, 2002; Leboeuf et al., 1995; Morse et al., 1999). When considering the phys-
iological differences in iron handling between C3H and C57BL/6 mice that could contribute to differential man-
ifestations in IR development, itis important to note that C57BL/é mice lack functional Nramp 7 while C3H have a
viable Nramp1 allele. Though Nramp 1 does not appear to be directly involved in tissue iron loading, it has been
shown to be important for heme recycling and influence hepcidin expression. Failure to release heme-derived
iron from macrophages dampens hepcidin signaling—leading to increased basal iron uptake. Mice lacking
Nramp1 accumulate iron in liver and spleen following erythrophagocytotic stimuli in vivo (Soe-Lin et al., 2009).
The differences in the studies of Sanchez et al. and our work also suggest that the effects of excess dietary iron
on IR may be dependent on the disease state of the host, and that under conditions in which homeostasis is dis-
rupted, as observed during infection, the short course of excess iron may be sufficient to induce IR. Future studies
addressing the role of Nramp1 in mediating the IR response to dietary iron in different mouse strains and an un-
derstanding of the role of acute dietary iron excess in disease states are needed.

Subcutaneous fat (SAT) is considered to have greater flux in terms of storage and mobilization capacity
compared to visceral fat (VAT). Specifically, excess lipids are preferentially stored in SAT, and mobilized
from SAT to accommodate negative energy balance (Luong et al., 2019; Schoettl et al., 2018; Tchkonia
et al., 2013). We found that an acute course of dietary iron induces wasting and mobilization of SAT and
VAT indiscriminately and to a similar degree, suggesting that dietary iron excess leads to lipid mobilization
events in an unconventional pattern that operates in response to negative energy balance. Curiously, we
found that mice lacking adipose-specific ATGL are protected from iron-induced fat wasting in SAT, but
not VAT. We demonstrated that IWAT and GWAT have comparable levels of ATGL protein expression
and activation of the PKA signaling cascade upon introduction of IRD. Therefore, the difference in fat
wasting between SAT and VAT cannot be attributed to differences in ATGL expression or activation
through the PKA cascade. Though PKA activation is considered the canonical signaling cascade for
ATGL activation, other pathways can alter ATGL activity including PKC, MAP kinase, PI3K, NF-kB, and lipid
peroxidation resulting from Fenton and Haber Weiss reactions (Rejholcova et al., 1988; Rumberger et al.,
2004; Winterbourn, 1995; Yang and Stockwell, 2016). Indeed, in an in vitro study utilizing visceral adipocytes
from rats, iron induced lipolysis independent of the PKA lipolytic cascade, and was proposed to occur
through increased levels of lipid peroxides (Rumberger et al., 2004). In the current study, our data supports
amodel where iron induces lipolysis in SAT via the canonical PKA-ATGL cascade; however, we propose that
VAT is more sensitive to iron-derived lipolytic stimuli such as lipid peroxides or ROS.

We found that an acute course of dietary iron excess caused cachexia with IRD-fed animals exhibiting
wasting of muscles with varied oxidative capacity and myofiber composition, suggesting that iron induces
muscle wasting in an indiscriminate manner. Cachexia is dependent on the transcriptional upregulation of
two muscle specific E3 ubiquitin ligases, Murf-1 and Atrongin-1 (Baehr et al., 2011; Bodine et al., 2001;
Gomes et al.,, 2001). In agreement with this, we found that iron-induced cachexia was associated with
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the transcriptional upregulation of Murf-1 and Atrogin-1in wasting hindlimb muscles. Iron-induced muscle
wasting was more severe in IRD-fed animals lacking ATGL function in adipose tissue. We propose that this
increase in the cachectic response in ATGLYATK® mice is necessary to supply muscle-derived substrates to
meet the iron-induced heightened energetic demands when lipid mobilization is impaired. In support of
this, we observed that ATGL"WATC mice fed IRD displayed a significant shift toward carbohydrate utiliza-
tion during light cycles in metabolic cages. Our finding is consistent with previous reports highlighting a
diurnal pattern of WAT lipolysis driven by circadian clock transcription factors CLOCK and BMAL (both
in vivo and ex vivo). Light cycles represent the diurnal murine “fasting cycle” where they preferentially utilize
lipids for energy, which is dependent on circadian regulation of HSL and ATGL in WAT (Duncan et al., 2007;
Shostak et al., 2013). We propose that ATGLYATO mice fed an IRD undergo increased gluconeogenesis
during a prolonged period of inactivity—a process that relies on supply of muscle-derived amino acid sub-
strates (Wu et al., 2012), to meet the increased energetic demands induced by the diet. Interestingly, we
found upregulation of Myogenin in gastrocnemius muscles from IRD-fed mice, which is a muscle composed
of both Type | and Type Il myofibers. As Myogenin expression is associated with Type | myofiber develop-
ment, this may represent adaptive remodeling of muscles to accommodate increased reliance on lipids/
beta-oxidation (Hughes et al., 1999, Wu et al., 2012), which may be necessary to meet the energetic de-
mands caused by the acute course of dietary iron excess. In summary, this work defines the mechanistic
basis for dietary iron-induced lipid mobilization in response to negative energy balance and highlights
the multifaceted role of iron regulation of organismal metabolism.

Limitations of the study

Our work was performed in mice and there are considerable differences between human and murine iron
metabolism; therefore, it is difficult to estimate how the iron content in our study would translate to human
diets. For instance, because of the small body mass and increased relative food consumption of mice, it'|'s
estimated that mice turnover half of their body’s iron stores daily and because meat is not a staple of mouse
diets, exhibit poor heme absorption relative to humans(Coffey and Ganz, 2017). Moreover, common inbred
strains exhibit substantial variability in iron homeostasis and responsivity to fluctuations in iron status
(Clothier et al., 2000; Dupic, 2002; Fleming et al., 2001)
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit mAb AKT Cell Signaling Cat#:9272S

Rabbit mAB Phospho-AKT (Serd73)(193H12) Cell Signaling Cat#:4058S

Rabbit mAb GAPDH XP (D16H11) Cell Signaling Cat#:2118S

Anti-Rabbit IgG HRP-linked Ab Cell Signaling Cat#: 7074S

Rabbit mAB ATGL Cell Signaling Cat#:2439S

Rabbit mAB phospho-HSL(Ser660) Cell Signaling Cat#:4126S

Rabbit mAB HSL Cell Signaling Cat#: 18381T

Rabbit mAB PKA-C Cell Signaling Cati#: 5842T

Rabbit mAB phospho-PKA-C (Thr197) Cell Signaling Cat#: 5661T

Chemicals, peptides and recombinant proteins

Tissue extraction reagent Il Invitrogen Cat#:FNO081

Trans-Blot® Turbo™ Midi 0.2 um BioRad Cat# 1704159

Nitrocellulose Transfer Packs

SYBR Green BioRad Cat# 1725125

Humulin R regular insulin u-100 HI-210 Lily Cat# 07-843-8053

Halt Protease and Phosphatase inhibitor
cocktail (100x)

Nupage Tris-Acetate SDS Running Buffer
Nupage 7% Tris-Acetate Gel 1.0mm X 12 well
Nupage LDS Sample Buffer (4x)

Protease Inhibitor Cocktail (100x)

Ponceau

D-(+)-Glucose

Sodium Chloride

Dulbecco’s Phosphate Buffered Saline
Bovine Serum Albumin, heat shock treated
Tris, Hydrochloride, ULTROL Grade
Tween20

Potassium Phosphate Monobasic
Magnesium Sulfate

Calcium Chloride

Hepes

Sodium Bicarbonate

Albumin, Bovine Serum, Low Fatty Acid, Low
Endotoxin, Low IgG (NZ) (BSA)

Sodium Dodecyl Sulfate (SDS), Laury!
Glycine

Glycerol

UltraPure distilled water

Sodium Deoxycholate

NP-40
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Fischer Scientific

ThermoFischer Scientific
ThermoFischer Scientific
Invitrogen

Sigma

Sigma

Sigma

Fisher Chemical

Gibco

Fisher Bioreagents
Millipore Sigma
Sigma-Aldrich

Fischer Scientific

Fischer Scientific

Sigma

Sigma

Tocris Bioscience

US Biological Life Sciences

ThermoFischer Scientific
Millipore Sigma

Fischer Scientific
Invitrogen

Sigma

Sigma

Cat# 78440

Cat# LA0041
Cat#EA03552BOX
Cat#: NPOOO7
Cat# P8340
Cat#:G7021
Cat#:G7021

Cat#: S271-3
Cat#: 14190-144
Cat#:BP1600100
Cat#:1185-53-1
Cat#:P1379-500ml
Cat#:P285-500
Cat#: M63-500
Cat#:C1016-500
Cat#:3375
Cat#:3152

Cat#: A1311

Cati#: 28365

Cat#: 410225-250G
Cati#: BP229-1
Cat#: 10977-015
Cat#: D6750-100
Cati#: 492018-50ML

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER
Intralipid Sigma Cat#:1141-100ml
Olive oil Sigma Cat#: O1514-500ML
Indicating Drierite Drierite Cat#:23005
Critical commercial assays
Superscript IV Reverse Transcriptase Invitrogen Cat# 18090010
RNase OUT Invitrogen Cat#: 10777019
Trizol Reagent Invitrogen Cat#: 15596026
RNeasy Mini Kit Qiagen Cat#: 74104
RNase-Free DNase Set Qiagen Cat#: 79254
Wako HR series NEFA-HR(2) Color reagent A WAKO Fuji Film Cat#: 999-34691
Wako HR Series NEFA-HR(2) Solvent A WAKO Fuji Film Cati#: 995-34791
Wako HR Series NEFA-HR(2) Color Reagent B WAKO Fuji Film Cat#: 991-34891
Wako HR Series NEFA-HR(2) Solvent B WAKO Fuji Film Cat#: 993-35191
Multi-Calibrator Lipid WAKO Fuji Film Cat#: 464-01601
Triglyceride M Enzyme Color A (L-Type) WAKO Fuji Film Cat#: 992-02892
Triglyceride M Enzyme Color B (L-Type) WAKO Fuji Film Cat#: 998-02992
Free Glycerol Reagent Sigma Cat# F6428-40ml
Iron Assay Kit (Colormetric) Abcam Cat#: ab83366

OneBlock Wes protein stain
Pierce BCA Protein Assay Kit
ProSignal Dura

2% carboyl iron enriched chow

Control iron chow

Prometheus Protein Biology Products
Fischer Scientific

Prometheus Protein Biology Products
Envigo

Envigo

Cat# 20-311
Cat# 23225
Cat# 20-301
Cat# TD.08714
Cat# TD.99398

Experimental models: organisms/strains

Mouse: C57BL/6 The Jackson Laboratory 000664
Mouse: B6.Cg-Tg(Fabp4-cre)1Rev/J The Jackson Laboratory 005069
Mouse: B6N.129S-Pnpla2tm1Eek/J The Jackson Laboratory 02478
Software and algorithms

SoftMax Pro 5.4.5 Microplate Data Acquisition Molecular devices SMPSACAD
and Analysis Software

QuantStudio5 Design and Analysis software Applied Biosystems A28140
v1.5.0

Image Lab Software 5.2.1 BioRad 12012931
Other

Ohaus® - CS200 - Portable Scale Ohaus CS200
(discontinued)

VERSAmax Microplate reader Molecular devices VERSAMAX
Nova Max glucose test strips Novacares Cat# 43437
Nova Max plus glucose meter Novacares Cati# 43435
EchoMRI™-100H Body Composition Analysis EchoMRI ECHOMRI-100H
BeadMill24 benchtop bead-based tissue Fischer Scientific 15-340-163
homogenizer

QuantStudio5 Real-Time 384-well Applied Biosystems A28140

Gel doc XR +Gel documentation System BioRad 1708195

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER
Digi-sense Type J/K/T Thermocouple meter Digi-sense Cat#:20250-91
NanoDrop™ One/OneC Microvolume UV-Vis ThermoFisher Scientific ND-ONE-W
Spectrophotometer

CLAMS Columbus Instruments CLAMS-12M-A(XZ)-CTENC54
BD Microtainers SST BD Cat#:202204030

Mini Gel Tank Invitrogen Cat#: A25977
Microvette® Capillary Blood Collection Tubes Sarstedt Cati#: 16.440.100

Parr 6100 Calorimeter Parr Instrument Company SKU#:PAR#6100Series
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents can be directed to the lead contact, Janelle
Ayres (jayres@salk.edu)

Materials availability

This study did not generate new or unique resources or reagents. All reagents are commercially available.

Data and code availability

@ Original western blot images are included in the supplemental information

® Any additional information required to reanalyze the data reported in this paper is available form the
lead contact upon request

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

Six week-old male C57BL/6 mice were purchased from Jackson Laboratories and housed in our facility to
acclimate for 2 days prior to experimentation. To study ATGL-dependent lipolysis, we performed crosses
with B6N.129S-Pnpla2tm1Eek/J mice to B6.Cg-Tg(Fabp4-cre)1Rev/J both from Jackson labs to generate
Pnpla2;Fabp4 cre+ and Pnpla2;Fabp4 cre- mice. For experiments, 6-8 week old male littermates were
used. All animal experiments were done in accordance with The Salk Institute Animal Care and Use Com-
mittee and performed in our AALAC-certified vivarium.

METHOD DETAILS

Mouse diets and pairwise feeding

Mice were fed a 2% carbonyl iron supplemented diet or a control diet from Envigo. Daily food intake was
determined by measuring mass of food pellets daily from single-housed mice. For pair feeding experi-
ments, iron and control diets were supplied ad libitum while the third pair fed group of mice were given
control diets that were weight-matched to the historical daily food intake of a mouse given iron diet ad
libitum.

Body composition measurements

Total body fat and lean mass were measured using an EchoMRI machine. Total fat or total lean mass(g) was
normalized to total body mass(g) to determine the percent body composition of fat and lean tissues. Fat
pad masses were measured by dissecting and weighing subcutaneous fat pads (inguinal WAT), visceral
fat pads (gonadal WAT), and mesenteric WAT post mortem. Muscles from hindlimb were dissected and
weighed postmortem. The following muscles were harvested to represent muscles of varied myofiber
composition: Quadricep (primarily fast twitch), Tibialis anterior (fast/slow twitch), extensor digitorum lon-
gus (fast/slow twitch), Soleus (slow twitch), gastrocnemius (fast/slow twitch).
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Metabolic phenotyping by indirect calorimetry

Mice were singly housed in metabolic cages from the Columbus Instruments Comprehensive Lab Animal
Monitoring System (CLAMS) where O, consumption, CO, production, and activity data were collected.
Food consumption was measured by weighing food pellets daily in order to determine calorie intake.
Mice were removed from metabolic cages daily to measure body mass with a scale and body composition
using EchoMRI. Energy Expenditure was calculated using the modified Weir equation (modified for sys-
tems lacking urine collection):

EEJ(Joules/hour) = 15.818 J/ml * VO, + 5.176 J/ml *VCO2

where VO, and VCO; are in units of ml/hour. Respiratory Exchange Ratio (RER) was determined by dividing
VCO,/VOs.

Insulin tolerance tests

Animals were fasted for 6 hours in fresh cages with ad libitum access to water. Blood glucose measure-
ments were taken using a Nova Max plus by making small cuts to the tips of tails using a sterile razor blade
and gently squeezing the tail from base to tip. Insulin was administered according to body mass (1U/kg) in a
single intraperitoneal injection at time = 0 minutes. Blood glucose measurements were taken every 15 mi-
nutes for the first hour post insulin injection and then again at 90 and 120 minutes post injection. Blood
glucose measurements were normalized to their time = O fasted blood glucose levels to generate a curve
representing the percent drop in glucose levels from basal.

Lipid tolerance test

Animals were fasted for 9 hours in fresh cages with ad libitum access to water on day 9 of dietary regimens.
Mice were injected intraperitoneally with 10uL/g of Intralipid. Blood was collected at 0, 1, 2, 3, 4, and 5
hours post injection in Microvettes by tail bleed. The microvettes were centrifuged at 6000 RPM for 20 mi-
nutes and serum was harvested for quantifying non esterified free fatty acids (Wako) and total triglycerides
(Fujifilm L-Type Triglyceride M kit) and following the manufacturers protocol.

Oral lipid tolerance test

Animals were fasted for 14-16 hours overnight in fresh cages with ad libitum access to water on day 8 of
dietary regimens. Mice were orally administered 250 ul of olive oil by gavage. Blood was collected at 0,
1,2, 3,4, and 5 hours following administration of oil in Microvettes by tail bleed. The microvettes were
centrifuged at 6000 RPM for 20 minutes and serum was harvested for quantifying non esterified free fatty
acids (Wako) total triglycerides using the (Fujifilm L-Type Triglyceride M kit) and following the manufac-
turers protocol.

Bomb calorimetry

Mice were co-housed (5 mice per cage) in Pure-o'Cel bedding and provided ad libitum access to water and
control iron diet (CID) or 2% carbonyl iron diet (IRD). Body mass and food mass was measured daily to
determine daily food intake (calorie intake). All bedding was collected daily and stored in sealed bags
at —20°C until further processing. Fecal pellets were collected from bedding and desiccated in an airtight
chamber with drierite for >20 hours. Fecal pellets were combined from two cages per day per respective
diets. Combined desiccated fecal pellets were weighed and ground using mortar and pestle. ddH,O was
mixed into ground feces 50 ul at a time to reach a mealy-pasty consistency. Parr 6100 Calorimeter instru-
ments and accessories were used to determine caloric content of fecal matter thereafter. Fecal mixture was
used to form a compacted cylindrical pellet and placed in a brass dish inside bomb containing 1 ml ddH,0
and twisted ignition string touching fecal pellet. Bomb was filled with O,, sealed and carefully inserted into
2000 g of room temperature deionized H,O. Ignition leads were connected to bomb and calorimetry cham-
ber was closed for testing. Calculations were performed according to the Parr instrument manual to deter-
mine calories/gram of fecal matter. Net caloric absorption was determined by subtracting total fecal caloric
content from pooled daily caloric intake from respective diets.

Insulin signaling experiments and western blot

To examine insulin signaling in tissues, mice were fasted for 6 hours in fresh cages with ad libitum access
to water and injected with insulin as described above (insulin tolerance test). Injections were performed in
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15-minute staggered intervals. Exactly 15 minutes following insulin injection, mice were sacrificed and liver,
muscle and fat pads were harvested, immediately flash frozen in liquid nitrogen, and stored at —80°C. Tis-
sues were subsequently processed for western blot analyses as described below.

Western blot

Snap frozen tissues were ground into fine powder using ceramic mortar and pestles equilibrated in liquid
nitrogen. Powder was homogenized in BeadMill24 with a ceramic bead in Tissue extraction reagent or ad-
ipose tissue protein extraction buffer with phosphatase and protease inhibitors added (Adipose tissue pro-
tein lysis buffer: 50mM Tris pH 7.5, 150mM NaCl, 1% NP-40, 0.5% Sodium Deoxycholate, 5% Glycerol). Ly-
sates were purified by three consecutive centrifugations at 4°C to remove debris and fat and quantified
using Pierce BCA protein assay kit. Samples were loaded into a 7% Tris-acetate gel following a 10-minute
sonication, and a 10-minute boil at 70°C. Gels were ran for 150V for 60 minutes in Invitrogen Mini Gel Tank
and transferred to nitrocellulose blot using the BioRad Turbo Transblot system for 10 minutes at 25V (1.3 A).
Blots were stained with OneBlock Wes protein stain and cut into strips according to size of target protein.
Strips were then washed in TBST (20mM Tris, 150mM NaCl, 0.1% Tween20 w/v) and blocked with 5% BSA in
TBST for 1 hour at room temperature. Blots were incubated with primary antibodies overnight at 4°C on an
orbital shaker (p-AKT, AKT, ATGL, p-HSL, HSL, p-PKAc, PKAc, GAPDH; see Catalog details in materials ta-
ble). Blots were washed 3 x 10 minutes with TBST and incubated with anti-rabbit for 1 hour at room tem-
perature with Anti-Rabbit IgG HRP-linked antibodies with gentle shaking and subsequently washed 3 x
10 minutes with TBST. Blots were developed and imaged using ProSignal Dura chemiluminescence in
the BioRad Gel Doc XR system. Densitometry analyses were performed suing the Imagelab Software
and phosphorylated proteins were normalized to total protein level and subsequently to housekeeping
protein, GAPDH. Phosphorylated target proteins were probed/measured first, and the same membrane
was used to measure total levels of that respective protein using the following stripping protocol: Blot
was covered with stripping buffer for 5 mins and discarded. Blot was covered with fresh stripping buffer
again for 5 minutes and discarded. Blot was washed two times with PBS for 10 minutes by gentle shaking.
Blot was washed two times with TBST for 5 minutes by gentle shaking. After final wash, blot was blocked
with 5% BSA for 1 hour at room temperature and used for subsequent antibody incubations as described
above. (Mild stripping buffer (500ml): 7.5 glycine, 5 ml Tween20, 0.5g sodium dodecyl sulfate, pH 2.2)

Gene expression analyses

Tissues were flash frozen in liquid nitrogen immediately following harvest from sacrificed animals. Tissues
were ground into a powder using ceramic mortar and pestles equilibrated in liquid nitrogen. Powder was
added to Trizol reagent and homogenized with a ceramic bead in a bead beater. Chloroform was added to
homogenate and centrifuged to separate the organic and aqueous layers. Aqueous layer was carefully
transferred to fresh nuclease-free tubes where isopropanol was added and mixture was left to precipitate
at —20°C for at least 1 hour. Isopropanol/aqueous layer solution was added to a Qiagen RNeasy column
and RNeasy protocol was followed from this step, including the removal of genomic DNA using Qiagen'’s
on-column DNase kit. RNA was eluted in nuclease-free H,O and quantified using a Nanodrop Spectropho-
tometer. cDNA was synthesized using SuperScript IV using ~200 ng RNA and oligo dT for mammalian
cDNA. Real time quantitative PCR was performed using SYBR green Mix on QuantStudio 5 from Applied
Biosystems. Relative standard curves method was used to analyze gene expression relative to a pooled
sample dilution series. Rps17 was used as an endogenous housekeeping control for relative normalization.
Annealing temp of 60°C was used for all RT-qPCR reactions. The primers used for gene expression analyses
are listed in Table 1.

Ex vivo lipolysis assay

Mice were fed control or 2% carbonyl iron diets for a period of 3, 6, and 9 days and fasted for 6 hours in fresh
cages with ad libitum access to water. Inguinal and gonadal white adipose tissue pads were harvested, cut
into 2 ~30-50 mg pieces and placed into separate wells in a 24 well plate with 300 pl of ice-cold PBS.
Following the completion of tissue harvest, all fat pads were gently dabbed on a paper towel, cut with scis-
sors in a central latitudinal location to introduce freshly cut exposed tissue, and carefully transferred to 24
well plates containing 300 pl of room-temperature Krebs-Ringer bicarbonate Hepes buffer ph 7.4 (120mM
NaCl,, 4mM KH,;PO,4, TmM MgSQOy, 0.75 mM CaCl,, 30 mM Hepes pH 7.4, 10mM NaHCOg; solution was
sterilized and stored at 4°C until day of ex vivo lipolysis assay when fatty acid free bovine serum albumin
(to 2% wbv) and D-glucose (5mM) was added. Plates were incubated for 4 hours in a 37°C tissue culture
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Table 1. Primers used for gene expression analysis

Gene target

Forward 5'->3'

Reverse 5'->3
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Atrogin-1 CAGCTTCGTGAGCGACCTC GGCAGTCGAGAAGTCCAGTC
MuRF-1 AGTGTCCATGTCTGGAGG TCGTTT ACTGGAGCACTCCTGCTTGTAGAT
MyoD CAGTGGCGACTCAGATGC CGCCTCACTGTAGTAGGCG
Myogenin GCAATGCACTGGAGTTCG GTCCACGATGGACGTAAGG
Rps17 CGCCATTATCCCCAGCAAG TGTCGGGATCCACCTCAATG
Fpn CCCTGCTCTGGCTGTAAAAG TAGGAGACCCATCCATCTCG
Dmt1 CAATGGAATAGGCTGGAGGA CCCAATGCAATCAAACACTG
Tfr1 TCGCTTATATTGGGCAGACC ATAAGGGGCTGGCAGAAACT
Transferrin GCGCATTCAAGTGTCTGAAA GAGCCACAACAGCATGAGAA
Ftl GGGCCTCCTACACCTACCTC CTCCTGGGTTTTACCCCATT
Fth CTGAATGCAATGGAGTGTGC TCTTGCGTAAGTTGGTCACG
Hmox1 ACGCATATACCCGCTACCTG CCAGAGTGTTCATTCGAGCA
Steap2 ATGCCAGAAACCAGCAGAGT TGCAAAGAAGAAGCTCAGCA
Hepcidin TTGCGATACCAATGCAGAAG GGATGTGGCTCTAGGCTATG

Genotyping primers

cre recombinase CGCGCTCTGGCAGTAAAAACTATC CCCACCGTCAGTACGTGAGATATC

incubator and supernatants were transferred to fresh tubes and frozen at —20°C until they were used to
quantify free fatty acids and glycerol content as described below.

Free fatty acid, glycerol and triglyceride assays

Serum from fasted mice and supernatant from ex vivo lipolysis assay were added to a 96 well plate accord-
ing to the Wako Fuji Film protocol and reagents were added and incubated according to the respective
FFA or glycerol Wako protocols. Standards were generated using a dilution series of glycerol or non-ester-
ified fatty acids (WAKO). A 1:2 dilution series from 1mM to 0.03125mM was used to generate the FFA stan-
dard curve. The standard curve for glycerol used the following series in mM: 8,7, 6, 5, 4, 3,2, 1, 0.5, 0.25.
Triglyceride standards were generated from multi-calibrator lipids in the following series (mg/dL): 48, 96,
144,192, 240, 288, 384, 480. To determine FFA and glycerol content, 5 pl of samples and standards were
used. To determine triglyceride content, 4 ul of samples were used. Following methods outlined in man-
ufacturer’s protocols, samples were quantified from standard curve analyses using a 96-well VERSAmax mi-
croplate reader and SoftMax Pro software. FFA and glycerol levels from ex vivo lipolysis assays were
normalized to recorded tissue masses.

Iron assay for determining tissue iron content

Total iron content was determined using colorimetric Iron Assay from Abcam according to manufacturer’s
protocol. For serum, blood was collected via cardiac puncture in microtainers and centrifuged at 6000 rpm
for 20 minutes and serum was stored at —80°C. Tissues were flash frozen in liquid nitrogen immediately
following harvest from sacrificed animals. Tissues were ground into a powder using ceramic mortar and
pestles equilibrated in liquid nitrogen. 10-30 mg of tissue powder and 10 ul serum was suspended in
Iron assay buffer and gently homogenized by pipetting. Tissue samples were centrifuged at 13000 rpm
for 10 minutes to remove insoluble materials and supernatant was used for iron content quantification ac-
cording to manufacturer’s protocol in 96-well plates. A standard curve was generated using the following
dilution series (nmol/well): 0.5, 1.0, 1.5, 2.0, 2.5, 4, 6, 8, 10, 20, 40. Samples were quantified using a 96-well
VERSAmax microplate reader and SoftMax Pro software. Iron content was normalized to respective tissue
masses.

Principal component analyses

To determine the light/dark cycle and diet relationships between samples, EEJ, RER and total activity
spreadsheets were transformed to represent hourly blocks of the light/dark cycle during periods of
matched food consumption; this was the primary derived data used for PCA (Jolliffe, 2005). Principal
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component analysis was computed using the mixOmics R package (v6.14.1) with 10 components consid-
ered in the calculations (Rohart et al., 2017) . Eigenvalues of the variance-covariance matrix were calculated,
and the data centered and scaled (standardized) to account for heterogeneity in variances across the vari-
ables. Multivariate analysis plots were generated using the R function plotindiv (Plot of Individuals). The first
two principal components were projected onto the sample space with the ellipses representing 95% con-
fidence intervals.

Linear regression and ANCOVA

For linear regression analyses of energy expenditure based on total or lean mass, the daily energy expen-
diture for each mouse was determined by summing J/hr per 24 hour periods preceding total and lean mass
measurements. Daily energy expenditure (J/day) was plotted as a function of total body mass or lean mass
for each mouse over the course of the experimental window for respective dietary groups. GraphPad Prism
9.0e was used to perform regression analyses. Simple linear regression was performed for each dietary
group and linear regression lines were compared to determine if the slopes and y intercepts were signif-
icantly different between dietary groups. ANCOVA analyses were performed when slopes between dietary
group linear regression lines were not significantly different and the pooled slope was used to calculate an
adjusted daily energy expenditure at the group mean mass. Group mean mass was determined by calcu-
lating the mean total or lean body mass for the groups presented in linear regression plots. ANCOVA
adjusted daily energy expenditure was determined by using the following equation: (actual J/day)-
[(average group LBM or TBM (g))-(actual TBM or LBM (g))I*pooled slope (J day™" per g change in mass).
The NIDDK Mouse Metabolic Phenotyping Centers (MMPC, www.mmpc.org) and Energy Expenditure
Analysis page (http://www.mmpc.org/shared/regression.aspx) was used as a reference to guide the EE
ANCOVA analysis done for this work. NIDDK MMPC is supported by grants DK076169 and DK115255.

Clinical pathology analysis

Six week old C57BL/6 male mice were provided ad libitum access to water and control iron diet (CID) or 2%
iron rich diet (IRD) for 8 days. On day 9 of dietary regimens, animals were fasted for 6 hours in fresh cages
with ad libitum access to water prior to sacrifice. Blood was collected via cardiac puncture in BD micro-
tainers and centrifuged at 6000 rpm for 20 minutes to collect serum. Serum was stored at —80°C. Serums
were sent to IDEXX Laboratories for quantification of ALP, AST, ALT, lipase and cholesterol levels.

QUANTIFICATION AND STATISTICAL ANALYSIS

All variables were analyzed using GraphPad Prism 9.0e. Categorical variables are expressed as numbers
and percentages, and quantitative variables as means + standard error of the mean (SEM). Where data
is shown as dot plots, each dot represents a single mouse or biological replicate. One-way analysis of vari-
ance (ANOVA) with a post Tukey's test or Two-way ANOVA were used as appropriate. Student’s two tailed
t-test was performed to evaluate the differences between two independent groups or paired samples as
appropriate. A P value <0.05 was used to reject the null hypothesis. All experiments used an n of 3 or
more and represent 1-3 independent experiments. Further information regarding specific P values, n
used in each experiment, and how data are presented can be found in the figure legends.
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