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Abstract

Background & Aims—Disruption to endoplasmic reticulum (ER) calcium homeostasis has
been implicated in obesity, however, the ability to longitudinally monitor ER calcium fluctuations
has been challenging with prior methodologies. We recently described the development of a
Gaussia luciferase (GLuc)- based reporter protein responsive to ER calcium depletion (GLuc-
SERCaMP) and investigated the effect of a high fat diet on ER calcium homeostasis.

Methods—A GLuc-based reporter cell line was treated with palmitate, a free fatty acid (FFA).
Rats intrahepatically injected with GLuc-SERCaMP reporter were fed a cafeteria diet or high fat
diet. The liver and plasma were examined for established markers of steatosis and compared to
plasma levels of SERCaMP activity.

Results—Palmitate induced GLuc-SERCaMP release /n vitro, indicating ER calcium depletion.
Consumption of a cafeteria diet or high fat pellets correlated with alterations to hepatic ER
calcium homeostasis in rats, as evidenced by increased GLuc-SERCaMP release. Access to ad /ib
high fat pellets also led to a corresponding decrease in microsomal calcium ATPase activity and
increase in markers of hepatic steatosis. In addition to GLuc-SERCaMP, we have also identified
endogenous proteins (endogenous SERCaMPs) with a similar response to ER calcium depletion.
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We demonstrated the release of an endogenous SERCaMP, thought to be a liver esterase, during
access to a high fat diet. Attenuation of both GLuc-SERCaMP and endogenous SERCaMP was
observed during dantrolene administration.

Conclusions—Here we describe the use of a reporter for jn vitro and /n vivo models of high fat
diet. Our results support that dietary fat intake correlates with a decrease in ER calcium levels in
the liver and suggest a high fat diet alters the ER proteome.
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Introduction

Metabolic disorders have plagued developing countries in the past century. Excessive
nutrient intake, sedentary lifestyles, and increased food availability have all contributed to
disease progression. According to the World Health Organization (WHO), in 2014
approximately 1.9 billion adults were overweight, with 600 million estimated to be obese
[1]. Aside from comorbidities such as cardiovascular disease and type 2 diabetes often
associated with obesity, its effects are also appreciated on a cellular level. Hepatocytes in
particular, are among those most affected by obesity [2]. Within the past decade, much
research has focused on the role of hepatocyte endoplasmic reticulum (ER) in obesity
pathogenesis [3-6]. The ER is an intracellular organelle responsible for many intrinsic
cellular functions and hepatocyte ER have four main functions: protein maturation, lipid
synthesis, detoxification, and calcium storage [2]. Perturbations to these functions during
pathological states, such as obesity, can lead to chronic ER stress and cell death if not
ameliorated. To deal with stress and reestablish homeostasis, the ER employs an adaptive
mechanism called the unfolded protein response (UPR). The UPR is a signal transduction
cascade, comprised of 3 distinct arms responsive to, but not limited to, the accumulation of
unfolded proteins and calcium imbalance. ER stress has been shown to contribute to the
development of glucose intolerance and insulin resistance during obesity. Support for this is
evidenced by decreased ER stress markers in obese livers upon the addition of chemical
chaperones [5] and restoration of euglycemia upon UPR attenuation [7]. Given the presence
of ER stress in the pathophysiology of obesity, it is imperative to delineate contributing
mechanisms.

The endoplasmic reticulum (ER) is the main reservoir for intracellular calcium, with
concentrations estimated to be 1,000-10,000-fold greater than cytosolic levels [8].
Regulation of this gradient is important for the proper function of many ER-resident
chaperones and enzymes. Perturbations to ER calcium levels are associated with a variety of
pathologies and has been implicated as a contributing factor to the development and
progression of obesity-associated disorders [9, 10]. One of the key proteins for maintaining
this crucial gradient is the sacro/endoplasmic reticulum calcium ATPase (SERCA) which
pumps calcium into the ER. Three mammalian genes (ATP1-3) code for three SERCA
isoforms (SERCAL1-3), which can further be divided into two sub isoforms due to post-
translational processing [4]. SERCAZ2b is highly expressed in the liver [4, 11, 12]. Recently,
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the relationship between obesity and ER calcium, particularly SERCAZ2b expression and
function, has been recently identified. Fu et al., 2011 reported genes associated with de novo
lipogenesis were upregulated in the livers of obese mice, which had downstream
consequences on membrane composition and SERCA function [3]. Others have shown
decreased mRNA and protein expression of SERCA2b in liver tissue harvested from
genetically and diet-induced obese mice [4]. Restoration of SERCAZ2b levels by viral
transgene delivery reduced pharmacologically-induced ER stress, as well as increased
glucose tolerance in obese mice [4]. Additionally, /n vitro models using fluorescent calcium
indicators [13, 14] and genetically encoded calcium indicators (GECI) FRET-based D1ER
[6] in hepatic and kidney cell lines report alterations to ER calcium in response to free fatty
acids (FFA). Elevated levels of circulating FFA is a hallmark of obesity and often observed
as a result of insufficient lipid storage by adipocytes, thus leading to the accumulation of
lipids in non-adipose tissue, such as the liver [15]. Collectively, these data indirectly
implicate ER calcium dysregulation because of impaired SERCA function and expression.
Furthermore, the relationship between cellular injury and chronic ER stress remains elusive,
therefore the ability to longitudinally monitor ER calcium in disease models, such as obesity,
is essential for further insight into ER calcium dysregulation in disease pathology.

Our lab has previously developed a reporter protein, GLuc-SERCaMP that is responsive to
ER calcium depletion [16]. Briefly, this construct consists of the final seven amino acids
(ASARTDL) of mesencephalic astrocyte-derived neurotrophic factor (MANF) appended to
Gaussia luciferase (GLuc) to create a secreted, ER calcium modulated protein (SERCaMP).
This C-terminal appendage is similar to the canonical ER-retention sequence, KDEL, thus
allowing for ER localization under homeostatic conditions. Importantly, it also confers
sensitivity to ER calcium depletion by causing the release of GLuc via the secretory pathway
when ER calcium is depleted. Here we highlight the use of GLuc-SERCaMP to investigate
in vitroresponses to FFA as well as how dietary intake influences ER calcium homeostasis
in the rat liver. We also describe the measurement of an endogenous SERCaMP esterase
activity which parallels the activity of our exogenous luciferase reporter.

Materials and Methods

Cell Culture

SH-SY5Y-SERCaMP/No-Tag generation and maintenance have been previously described
[16, 17]. Cells were authenticated by expression of GLuc-reporter and RT-PCR for human
ER stress genes. Cells were tested for mycoplasma after a thawing. Palmitate (Sigma-
Aldrich, St. Louis, MO) was prepared as previously described [14, 18]. Briefly, palmitic acid
was dissolved in ethanol to a final concentration of 195 mM, coupled to BSA (Sigma-
Aldrich) and diluted to final treatment concentration (complete media exchange).

Intrahepatic Injections of AAV-GLuc-SERCaMP

Animal studies were approved by the NIDA IACUC and comply with NIH guidelines for
animal research. AAV1-GLuc-SERCaMP intrahepatic injections and blood collection
techniques have been previously described [16, 19]. For this study, the right medial lobe of
male, Sprague-Dawley rats (6 rats per experimental group unless otherwise noted) was
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injected with AAV1-GLuc-SERCaMP diluted to a final concentration of 7.6 x 10° vg/mL.
Injection volume did not exceed 105 L (injected at 3 sites using approximately 33 uL per
site). Animals were singly housed, on a reverse light/dark cycle (12 h off/ 12 h on) for
experiment duration following surgery.

Commercially available cafeteria diet items were purchased from Peapod. Rodent high fat
soft pellets and control pellets, 36% and 7.2% fat, respectively, were purchased from
BioServ. NIH standard chow (Teclan) contained 5% fat. Animals had restricted access up to
1 week prior to cohort separation (standard NIH chow prior to cafeteria and BioServ control
pellets for all other experiments). Restriction values were based on average ad /ib intake, and
reduced by 35%. Cohort assignment was based on similar percent weight gain among all
animals (approximately 21-22% in each group). Food was weighed and replenished daily.
For cafeteria experiments, animals had access to 1 savory item and 1 sweet item, along with
NIH standard chow. Menu items changed every 2-3 days. Nutritional information found on
food packaging was used for caloric calculations. For pellet experiments, animals were
allowed ad /ib or restricted access to either high fat pellets or control pellets. High fat pellet
restriction was calorically similar to accessible control pellets.

Dantrolene Injections

Dantrolene (Cayman Chemicals, Ann Arbor, MI) was administered by i.p. injections,
15mg/kg daily for 7 days. Dantrolene powder was dissolved to a final concentration of
5mg/mL in a 10% DMSO (Sigma-Aldrich) PBS solution. Following resuspension,
dantrolene was warmed in a 37°C water bath for 15 mins to ensure powder was fully
dissolved. Solutions were prepared daily. Injections occurred daily, immediately following
blood collection and prior to food replenishment.

Liver Function and Histopathology

For liver panel analyses, blood was collected via cardiac stick from rats deeply anesthetized
with isoflurane at 3 weeks post- ad /ib or restricted high fat pellet access (n=6 rats/group).
Collection tubes were provided by IDEXX laboratories (Westbrook, ME). Following
collection, blood samples were centrifuged at 2000 x g for 5 mins at 4°C. Serum was
transferred to a separate tube and stored at —80°C until time of shipment. Comprehensive
liver panel for markers of inflammation and damage was performed by IDEXX laboratories.

For histopathological examination of livers, animals fed either ad /ib high fat pellets or
restricted high fat pellets were anesthetized with isoflurane at 3 weeks post-high fat pellet
start and perfused with saline. The right lateral lobe was removed and flash frozen in
isopentane. The samples were cut into 10 um sections on a cryostat, mounted on glass slides,
and fixed in ice-cold 4% paraformaldehyde for 10 min. The sections were stained in parallel
using hematoxylin (Modified Mayer’s) for 45 secs or Oil Red O lipid stain for 15 min
(Abcam, Cambridge, MA). Images were acquired with a 20x objective lens using Zeiss
Axioskop 2 Plus microscope (Carl Zeiss Microscopy, Oberkochen, Germany) attached to a
Exi Aqua camera (QImaging, Surrey, BC, Canada) under identical acquisition settings for all
sections (iVision-Mac software, BioVision Technologies, Exton, PA).
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Western Blot

For western blot of microsomal preparations, resuspended microsomes (isolation methods
below) were diluted in RIPA buffer and incubated on ice for 20 min. Total protein
concentration was determined using DC assay according to manufacturer’s instructions
(BioRad, Hercules, CA). Fifteen micrograms of protein were separated on 4-12% NuPAGE
gels using MOPS running buffer (Thermo Fisher Scientific, Waltham, MA), transferred to
0.45 pm PVDF membrane (Thermo Fisher Scientific) and immunoblotted with primary
antibody diluted in blocking agent (Rockland Immunochemicals, Gilbertsville, PA); rabbit
anti-SERCAZ2b (1:1000) (Cell Signaling Technology, Danvers, MA). Secondary antibodies
were DyeL ight680 and DyeL ight800 (1:10000) (Rockland Immunochemicals). Blots were
scanned using Odyssey scanner (LI-COR). Image analysis was performed using Image J
software.

GLuc Secretion Assay

Blood collection, plasma preparation, and GLuc secretion assay (/77 vitro and in vivo) have
been previously described [16, 19]. Briefly, 10 uL of plasma or 5 pL of culture medium was
transferred to a white 96-well plate. Prepared substrate, coelenterazine (CTZ; Regis
Technologies, Morton Grove, IL) was diluted to a final concentration of 200uM or 10uM in
1X PBS for in vivo or in vitro assays, respectively, and injected into individual wells using
an automated plate reader (BioTek Synergy Il Winooski, VT). Luminescence was read on a
per well basis and reading parameters included an integration time of 5 secs and a sensitivity
of 150 or 0.5 secs and a sensitivity of 100 for /n7 vivo or in vitro assays, respectively.

Endogenous SERCaMP Assay

The endogenous esterase SERCaMP assay for rat plasma is described elsewhere (Trychta, et
al, under review). Blood collection and plasma preparation have been previously described
[16, 19]. Twenty microliters of plasma were transferred to black-walled, clear-bottomed
plates (Thermo Fisher Scientific). Fluorescein diester substrate was previously described
[20] and generously synthesized by Dr. Kenner Rice, Drug Design and Synthesis Section,
NIDA IRP. Substrate was diluted to a final concentration of 100 mM in DMSO (Sigma-
Aldrich) and stored under dark conditions at —80°C for single use. Prepared substrate was
diluted to 100 pM in esterase assay media (150 mM NaCl, 5 mM KCI, 1 mM MgCl,, 20
mM HEPES, 1 mM CaCl,, pH 5.0). Equal volume of prepared substrate (20 uL) was added
per well of plasma prior to fluorescence read. Immediately following substrate addition,
fluorescence was read every minute for 60 mins at 45°C using a plate reader (BioTek
Synergy H2). Fluorescence was normalized to total protein, quantified by DC assay,
according to manufacturer’s instructions (BioRad). Plasma sample were diluted 1:5 in RIPA
buffer prior to DC assay.

Ca?* ATPase activity assay

Ca®* ATPase activity in the microsomal fraction was measured using a standard NADH
enzyme-linked assay. Briefly, after a short perfusion with heparinized saline the left lateral
lobe from rat liver was removed and homogenized in a buffer consisting of 10 mM HEPES
(pH 7.8), 250 mM sucrose, 25 mM KCI, 1 mM EGTA and protease inhibitors (Sigma-
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Aldrich). After centrifugation at 1,000 x g for 10 min and 12,000 x g for 15 min at 4°C, the
supernatant was further transferred to ultracentrifugation tubes and centrifuged at 100,000g
for 1 h (protocol adapted from Sigma-Aldrich Endoplasmic Reticulum Isolation Kit). The
pellet was resuspended in the homogenization buffer, and samples stored at —80°C until
further analysis.

Microsomal protein concentration was determined with a DC assay (BioRad, Hercules, CA),
and 50 pg protein was loaded onto UV-transparent 96-well plates (Corning, Corning, NY) in
technical triplicates. Samples were incubated in a modified reaction buffer [21] (20 mM
HEPES, 100 mM KCI, 5 mM MgClI2, 0.2 mM EGTA, 1mM CaCl2, 4 uM ionophore
A23187, 0.6 mM phospho(enol)pyruvate, 0.27 mM NADH, 2.4 U/ml pyruvate kinase, 10
U/mL lactate dehydrogenase) at 37°C for 10 min, after which the baseline absorption at 340
nm was measured using Biotek Synergy Il plate reader (Winooski, VT). Following addition
of 1 mM ATP to the samples, absorbance was again read every 5 min. Serial dilutions of
ADP served as a standard curve.

GLuc-SERCaMP can be used to monitor ER calcium over time

To determine the temporal extent to which our sensor could monitor ER calcium /n vivo, rats
expressing GLuc-SERCaMP (Figure 1A) were monitored over an extended period compared
to previous /n vivo experiments [16]. Luminescence in the plasma was consistently detected
in the plasma for at least 9.5 weeks post- intrahepatic injections with transient increases due
to thapsigargin-induced ER calcium depletion (Figure 1B). This data supports the use of
GLuc-SERCaMP for monitoring ER calcium depletion in models of chronic diseases.

Free fatty acid induces GLuc-SERCaMP response

Previous studies found that FFA cause a decrease in ER calcium [6, 13]. Using our GLuc-
SERCaMP reporter cell line (SH-SY5Y-GLuc-SERCaMP) or a control cell line that
constitutively secretes GLuc (SH-SY5Y-GLuc-No Tag) we tested the effect increasing
concentrations of palmitate has on GLuc activity in cell culture media. Palmitate is the most
prevalent circulating FFA in obese individuals and has been used in previous /n vitro reports
[22]. For the SH-SY5Y-GLuc-SERCaMP cells, we observed a dose-dependent increase in
GLuc activity in the media after 24 hrs of treatment (Figure 1C). There was no change in
GLuc activity in the media of the SH-SY5Y-GLuc-No Tag control cells suggesting the
increase is not due to changes in overall secretion.

High fat diet induces GLuc-SERCaMP and endogenous SERCaMP response

ER stress in the liver has been linked to excessive nutrient intake [22, 23], but little is known
about the state of ER calcium during various feeding conditions. To determine if dietary
intake influences ER calcium homeostasis in liver, rats were injected intrahepatically with an
AAV vector expressing the GLuc-SERCaMP reporter (Figure 1A) as described previously
[19] and allowed ad /ib or restricted access to a cafeteria diet plus standard chow or standard
chow only. The cafeteria diet is an established experimental paradigm for feeding animals a
variety of energy-dense, palatable human food items [24]. Following AAV injections, a food
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restriction paradigm that entailed a 35% reduction in available food for 7 days was applied
to ensure equivalent weights between test groups. Rats were sorted into feeding cohorts
based on similar percent weight gain after 1 week of restriction, and blood samples were
collected throughout the study to monitor plasma levels of GLuc-SERCaMP. Rats allowed
ad 1ib access to cafeteria diet had significantly elevated plasma levels of GLuc-SERCaMP
activity when compared to restricted chow (Figure 2A), indicating dietary intake can alter
ER calcium homeostasis. As expected, those on the cafeteria diet consumed more calories
than restricted chow (Figure 2B) and gained more weight (Supplemental Figure 1A). The
cafeteria diet was composed of different menu groups with varying macronutrient
composition, and, interestingly, the number of calories from fat paralleled GLuc-SERCaMP
plasma levels in animals on cafeteria diet (Figure 2D). Similarly, GLuc-SERCaMP remained
constant for animals on restricted diet where fat levels were kept constant (Figure 2C).
Figure 2E shows a significant correlation (r=0.3217, p= 0.0101, n= 6) between average fat
calories from each menu group on the cafeteria diet and the level of GLuc-SERCaMP in
plasma relative to start of diet. No significant correlation was observed for restricted chow
rats (r= 0.1598, p=0.3517, n= 4 rats) where the calories from fat remained relatively
constant (92-94 calories per day). Collectively, these data suggest that high fat diet with
increased caloric intake alter ER calcium homeostasis in liver.

Although the cafeteria diet is a tangible model of human obesity [24], the nutritional
variability among diet items makes it challenging to control fat intake. We switched to high
fat pellets to address the effects of dietary fat intake on ER calcium homeostasis. Rats
expressing GLuc-SERCaMP in liver were allowed ad /ib or restricted access to high fat
pellets or control pellets (nutritionally matched aside from fat content). Access to ad /ib high
fat pellets increased plasma levels of GLuc-SERCaMP and the endogenous esterase
SERCaMP, an effect which could be reversed by switching rats to restricted access (Figure
3B, D). However, it should be noted that plasma levels of GLuc-No Tag also increased
slightly in response to an ad /ib high fat pellet diet, albeit not the extent of GLuc-SERCaMP
(Supplemental Figure 3D). Access to control pellets appeared to have no effect on GLuc-
SERCaMP, as shown by similar fluctuations among ad /ib and restricted groups (Figure 3C).
Endogenous SERCaMP levels in control pellet groups had the same trend as GLuc-
SERCaMP levels, however, a transient but significant increase in endogenous SERCaMP
activity was observed following the switch to ad /ib access (Figure 3E). Caloric intake was
significantly higher in ad /ib high fat pellets when compared to ad /ib control pellets (Figure
3F, G), despite the rats consuming less food mass (Figure 3H). Together, these data suggest
that food content plays a larger role in ER calcium homeostasis than the amount of food.

Liver function and SERCA activity is altered in high fat diet

To investigate a potential mechanism contributing to ER calcium dysregulation, rats were
allowed ad /ib access or restricted access to high fat pellets for 3 weeks. Ad /ib intake of
high fat pellets increased the volume and mass of livers, caused liver discoloration and
altered surface texture of the liver compared to restricted intake of high fat pellets (Figure
4A, B). Histopathological evidence from hematoxylin and Oil Red O staining suggests mild
hepatic steatosis caused by the ad /ib high fat pellets compared to restricted high fat pellets
(Figure 4A). Additionally, liver panel analyses indicated elevated levels of triglycerides,
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ALP and the AST/ALT ratio in plasma of rats on ad /ib high fat pellets versus restricted high
fat pellets (Figure 4C). These indicators of hepatic steatosis corresponded to the increased
SERCaMP levels in plasma of rats fed ad /ib high fat pellets compared to their restricted
counterparts (Figure 3B, D). In light of previous studies that have linked obesity to
alterations in SERCAZ2b expression [4] and function [3], we hypothesized decreased
SERCAZ2b expression contributes to SERCaMP release. On the contrary, expression
remained relatively unchanged (Figure 4D, E). However, calcium ATPase activity, which is
reflective of SERCA function was significantly decreased in liver microsomes isolated from
rats with an ad /ib high fat pellet diet compared to those on a restricted high fat pellet diet
(Figure 4F).

Dantrolene attenuates GLuc-SERCaMP response in high fat diet

Dantrolene is a FDA-approved drug that stabilizes intracellular calcium by selectively
antagonizing ryanodine receptors (RyRs). It has been vastly successful for the treatment of
malignant hyperthermia, as evident by decreased mortality rates [25, 26]. Ryanodine
receptors are located within the membrane of the ER and serve as one of the main release
mechanisms for intracellular calcium [27]. We hypothesized that dantrolene administration
during a high fat diet could stabilize ER calcium levels and reduce SERCaMP release.
Following a food restriction period, rats were allowed ad /ib access to high fat pellets and
administered either vehicle or 15mg/kg (i.p.) dantrolene daily for 7 days. Dantrolene
administration decreased plasma GLuc-SERCaMP activity and endogenous SERCaMP
activity when compared to vehicle during ad /ib high fat diet (Figure 5A, B). Interestingly,
rats administered dantrolene gained less weight compared to vehicle treated rats
(Supplemental Figure 1B), and had decreased caloric intake (Figure 5C). Excessive nutrient
intake and ER stress have been extensively linked [3, 5, 28-32], with a high fat diet leading
to increased expression levels of ER stress response genes, such as BiP [29]. Indeed, BiP
MRNA was significantly decreased with the addition of dantrolene (Figure 5D), supporting
the results from our SERCaMP assays indicating stabilization of ER calcium.

Discussion

Our results demonstrate that dietary intake, particularly of high fat content can alter ER
calcium homeostasis in rat liver. This was observed in two models of diet-induced obesity;
cafeteria diet and high fat pellets. Animals with ad /ib access to these diets rapidly gained
weight and consumed more fat calories when compared to their control counterparts.
Likewise, the significantly elevated plasma levels of GLuc-SERCaMP activity and
endogenous SERCaMP activity and the compromised calcium ATPase activity suggest ER
calcium homeostasis during these periods of high fat intake. Dantrolene attenuated GLuc-
SERCaMP and endogenous SERCaMP in response to high fat diet, however, we cannot fully
attribute this to its activity on the RyR, as evident by decreased food intake. While this is not
the initial use of SERCaMP technology /n vivo[16, 19], it is the first to demonstrate its use
in an animal model of disease.

The seven C-terminal amino acids (ASARTDL) of mesencephalic astrocyte-derived
neurotrophic factor (MANF) confer secretion in response to ER calcium depletion when
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appended to reporter proteins [16, 17]. MANF is an ER-localized protein that is secreted
upon ER stress [33] and implicated as a marker and therapeutic of neurodegeneration [34—
36]. Recently MANF’s potential as a disease biomarker has been investigated in both type |
diabetes and kidney disease [37, 38]. Both found increased levels of MANF in serum and
urine in disease-associated samples, respectively. We have recently identified other C-
terminal tails of endogenous proteins (~80 proteins) within the human proteome with similar
C-terminal sequences to MANF that also act as SERCaMPs in that they are localized to the
ER and secreted in response to ER calcium depletion (Trychta et al, under review). One of
the proteins identified with a SERCaMP tail is carboxylesterase 1 (CES1) which has a
specific enzymatic activity for a previously described fluorescent substrate [20]. Using this
substrate, we find an ER calcium dependent change in extracellular activity (Trychta et al,
under review). Here, we show that the endogenous esterase SERCaMP activity in plasma
tracks with the activity of our exogenously expressed GLuc-SERCaMP. Both are
significantly increased in rats fed ad /ib high fat pellets when compared to rats on a restricted
control pellet diet (Figure 2D, Supplemental Figure 2A). Of the multiple endogenous
SERCaMPs identified, many have enzymatic activities important for lipid metabolism and
protein processing within the ER (Trychta et al, under review). Increased plasma levels of
endogenous SERCaMP imply that the ER proteome is changing and losing key proteins
necessary for ER function. In the liver where fat metabolism, drug metabolism and
carbohydrate metabolism require proper ER function, the disruption of ER calcium
homeostasis may contribute to dysfunction of the liver because of the subsequent secretion
of necessary ER resident proteins. We observed a slight increase in the plasma of rats
intrahepatically injected with a constitutively secreted, non-SERCaMP GLuc (GLuc -No
Tag) reporter in response to ad /ib high fat pellets (Supplemental Figure 3D). Although
general secretion may be increased, the increase in GLuc-SERCaMP was greater. Taken
with our previously published work showing GLuc-SERCaMP secretion is regulated by ER
calcium levels, our data described herein suggest that a high fat diet can alter the ER
proteome as a consequence of ER calcium depletion.

Although the results pertaining to SERCAZ2b protein expression appear inconsistent with
previous work [4, 39], previous feeding paradigms where SERCA2b expression was altered
in response to high fat diet ranged from 6-16 weeks [4, 39]. Our study, however, examined
changes at 3 weeks on high fat diet. Despite unaltered protein expression (Figure 4D, E),
calcium ATPase activity reflecting SERCA activity was significantly decreased in
microsomes isolated from rats allowed ad /ib access to a high fat diet compared to those on
restricted high fat diet (Figure 4F). This data suggests altered ER calcium influx, because of
dietary intake, may contribute to increased GLuc-SERCaMP release.

Hepatic ER function is altered in obese livers [3]. Genes associated with de novo lipogenesis
and phospholipid synthesis are upregulated in livers of obese mice, while genes involved
with ER-associated protein synthesis are downregulated [3]. Membrane lipid composition
affects ER calcium transporters within the membrane [3, 32]. Notably, the ratio of
phosphatidylcholine (PC) to phosphotidylethanolamine (PE) is increased in obese livers
when compared to control [3]. Elevated levels of PC have been reported to hinder SERCA
activity [3, 40, 41]. There is also growing evidence for changes in cholesterol composition of
the ER membrane with UPR activation. Cholesterol is estimated to comprise 1% of the ER

J Hepatol. Author manuscript; available in PMC 2018 November 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wires et al.

Page 10

membrane; a minute amount when compared to the 60-80% found within the plasma
membrane [42]. In cholesterol-enriched macrophages SERCAZ2b activity was inhibited,
suggesting a role for cholesterol content in ER calcium homeostasis [40]. Moreover,
palmitate treatment has been shown to alter lipid raft composition and distribution in a
pancreatic cell line [43]. This disorganization within the membrane also altered PC:PE ratio
[43]. Our in vitro data suggest that the addition of the free fatty acid, palmitate, can cause
GLuc-SERCaMP release which is consistent with other reports showing palmitate can alter
ER calcium homeostasis [6, 13, 14]. /n vivo, we also observed changes in liver morphology
and gross appearance, histopathology, triglyceride levels, ALP levels and AST/ALT ratio
that were all consistent with mild hepatic steatosis suggesting the increased fat in the diet
over a relatively short time course can cause dysregulation of ER calcium in the liver. It
would be of great value, to further investigate whether the changes we observed with GLuc-
SERCaMP and endogenous SERCaMP during a high fat diet correspond to changes in ER
membrane biochemistry that can alter ER calcium. Towards this goal, we did observe a
decrease in microsomal SERCA activity after 3 weeks of diet between ad /ib and restricted
access to high fat pellets, corresponding to the difference in SERCaMP (both GLuc and
endogenous SERCaMP; Figure 3B, D). However, further studies are needed to understand
the interplay of high fat content and ER calcium dysfunction.

Dantrolene’s specificity for RyRs and its current use for the treatment of malignant
hyperthermia made it an obvious choice for the pharmacological manipulation of diet-
induced ER calcium dysregulation. While we did observe a significant decrease in GLuc-
SERCaMP, endogenous SERCaMP and BiP expression in animals on high fat diet that
received systemic dantrolene administration, we cannot attribute these findings solely to its
effect on RyR in liver ER. We observed a decrease in overall caloric consumption (Figure
5C) and less weight gain for dantrolene treated animals on ad /ib high fat diet compared to
the vehicle-treated controls (Supplemental Figure 1B). Minimal literature is available
corroborating this finding, however dantrolene has been reported to prevent the contraction
of masseter muscles, one of the major muscles involved in chewing, in rats [44]. What is
clear however, is that consumption of fewer fat-related calories results in decreased
SERCaMP release and BiP levels in liver. Another regulator of ER calcium homeostasis in
the liver is the inositol-1,4,5-triphosphate (IP3) receptors (IP3Rs). Pharmacological
manipulation of IP3Rs is an alternative approach to modulating ER calcium but has caveats
for the current study. While IP3Rs are indeed expressed in hepatocytes, previous work has
shown the IP3R selective antagonist, xestospongin C, to be ineffective for inhibiting 1P
calcium release [45] and we previously observed minimal attenuation of GLuc-SERCaMP
release using xestospongin C [16]. An alternative to xestospongin such as heparin could be
potentially life-threatening to the animal [45]. Future studies examining other ER calcium
modulating drugs may further advance our understanding of ER calcium homeostasis and
liver dysfunction associated with high fat diets or other liver-related diseases.

Collectively, our results demonstrate high fat consumption alters ER calcium homeostasis in
the liver. Furthermore, our study supports existing literature regarding the effects of
excessive nutrient intake on the ER using new methodologies.
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Lay Summary

ER calcium dysregulation was observed in rats fed a cafeteria diet or high fat pellets, with
fluctuations in sensor release correlating with fat intake. Attenuation of sensor release, as
well as food intake was observed during administration of dantrolene, a drug that
stabilizes ER calcium. The study describes a novel technique for liver research and
provides insight into cellular processes that may contribute to the pathogenesis of obesity
and fatty liver disease.
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Highlights
. A novel technique for monitoring ER calcium dysfunction in liver
. High fat diet decreases lumenal endoplasmic reticulum calcium in the liver

. Levels of GLuc-SERCaMP and SERCaMP esterase track with markers of

hepatic steatosis

. Calcium ATPase activity in the liver is decreased by high fat diet
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Fig. 1. GLuc-SERCaMP is responsive to ER calcium perturbations
(A) Schematic of viral-mediated delivery of GLuc-SERCaMP to the liver and expected

outcomes from challenges that alter ER calcium homeostasis in the liver. (B) Temporal
profile of GLuc-SERCaMP activity in plasma over time with two thapsigargin injections
(Img/kg i.p.) (mean £ SEM, n=4 rats, *p<0.05, **p<0.01, 1-way ANOVA, Dunnett’s
multiple comparison test). (C) SH-SY5Y-GLuc-SERCaMP or SH-SY5Y-GLuc-No Tag
stable cell lines were treated with palmitate (0—-600uM), and luminescence in the cell media
was read 24hrs post-treatment (mean + SEM, n=6 wells/treatment/cell line, ****p<0.0001,
2-way ANOVA, Tukey’s multiple comparison test, OuM vs other concentrations).
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Fig. 2. Cafeteria diet induces GLuc-SERCaMP response

(A) Effect of dietary intake on plasma levels of GLuc-SERCaMP. Rats intrahepatically
expressing GLuc-SERCaMP were allowed ad /ib access to a cafeteria diet plus chow (green
circles) or restricted access to standard chow (blue triangles). Rats allowed ab /ib access to
cafeteria diet plus chow showed increased release of GLuc-SERCaMP (mean + SEM, n=7
rats/cafeteria group, n= 4 rats/restricted chow group, *p<0.05, **p<0.01, 2-way ANOVA,
Sidak’s multiple comparison test). (B) Caloric intake of ad /ib cafeteria diet plus chow
versus restricted chow. (C, D) Fat intake tracks with changes in plasma GLuc-SERCaMP
(percent of calories from fat calculated as percentage of total caloric intake based off
nutritional labels). (E) Increased fat intake (calculated based on average per day on menu
item) correlates with increase in GLuc-SERCaMP release in cafeteria diet-fed rats

(Pearson’s correlation, r=0.3217, p= 0.0101, n= 6 rats).

J Hepatol. Author manuscript; available in PMC 2018 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Wires et al.

Page 18

A i ib >
" High Fat Pellet ad lib

Pellet

Restriction > High Fat Pellet ad lib

~Co = Control Pellet ad lib
\\__Control Pellet ad ib : t

B C

High Fat Pellet ad lib ict Control Pellet ad lib
Restiction
cossese

Restriction
secssese ™

T VRITTTITFITRITT TR v
High Fat Pellet ad i Control Pellet ad lib

Luminescence
(Relative to Diet Change)
Luminescence
(Relative to Diet Change)

Fluorescence
(Normalized to protein mg/mL)
N
Fluorescence
(Normalized Protein mg/mL)
~

1 0
° Vv & © ® Q v » © ®
Weeks Weeks
4000 .
7
3000
§
E High Fat Pellet ad b t el r 85
Restriction g 5 £ 2000
seesesse LE
v IITVY e 33 -
High Fat Pgllef E —
'gh Fat Eglletdgng 2 1000
Control Pellet ad lib Legend
Restriction g
ICion cesosessssossssssssossess s PegRNT oo .
A AR A AA A AT A AT A AT AATA AR AV
High Fat Pellet ad b Control Pelet ad b High Fat Restiction  Control Pelet Restriction
200- Control Pellet ad lib to High Fat Restriction  to Control Pellet Restriction  to High Fat Pellet ad fib to Control Pellet ad lib
'
)
150 \
? '
8
2 '
2 ' H .
8100 : 800-
g : .
£ 0 = e % 600- l—|
50 } 3 g
“ go
: 5 £ 400: p—
' ' G5
{) ' ; —_—
' '
3 200
° ‘v > © ® =
Weeks "
High Fat Pelet ad lb Control Pelletadbto  High Fat Restiiction to  Control Pellt Restriction to
1o High Fat Restriction  Control Peliet Restriction High Fat Pellet ad b Control Pellet ad I

Fig. 3. High fat pellets induce GLuc-SERCaMP and endogenous SERCaMP response
(A) Schematic of experimental paradigm color coded to match subsequent panels. (B) Ad /ib

access to high fat pellets increases GLuc-SERCaMP release (mean + SEM, n=6 rats/group,
*p<0.05, **p<0.01, ***p<0.001, 2-way ANOVA, Sidak’s multiple comparison test). Color
change indicates access change (dark blue= ad /ib access, light blue= restricted access).
Symbols and line pattern (closed circles and solid line versus open triangles and dotted line)
represent same group of animals throughout experiment. (C) Control pellet intake has no
effect on GLuc-SERCaMP release regardless of food access (mean £ SEM, n=6 rats/group,
n.s. p=0.2760, 2-way ANOVA, Sidak’s multiple comparison test). Color change indicates
access change (dark red= ad /ib access, pink= restricted access). (D) Switch from restricted
high fat pellet to ad /ib access increases endogenous SERCaMP release (mean = SEM, n=6
rats/group, *p<0.05, 1-way ANOVA, Dunnett’s multiple comparison test). (E) Switch from
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restricted control pellet to ad /ib access increases endogenous SERCaMP release (mean +
SEM, n=6 rats/group, *p<0.05, 1-way ANOVA, Dunnett’s multiple comparison test). (F)
Caloric intake over the course of the study in rats allowed ad /ib and restricted access to high
fat pellets and control pellets. Color, symbol, and line key same as previous panels. (G) Sum
of caloric intake among feeding cohorts. Rats with ad /ib access to high fat pellets consumed
more calories than rats with ad /ib access to control pellets (mean + SEM, n=6 rats/group,
*p=0.0127, **p=0.0016, unpaired t-test with Welch’s correction). (H) Rats with ad /ib
access to high fat pellets consumed less food than rats with ad /ib access to control pellets
(mean £ SEM, n=6 rats/group, **p=0.0066, n.s. p=0.1588, Unpaired t-test with Welch’s
correction).
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Fig_. 4 Ad lib access to high fat pellets alters liver morphology, function and calcium ATPase
activit

(A) Rgpresentative images of left lateral lobe harvested from rats allowed ad /ib or restricted
access to high fat pellets. (B) Weights of left lateral lobe harvested from rats allowed ad /ib
or restricted access to high fat pellets (mean £ SEM, n=6 rats/group, t-test, P<0.0001,
t=13.52, df=10). (C) Table of peripheral markers of liver inflammation and damage (mean
SEM, n=6 rats/group, t-test, *p<0.05, **p<0.01). (D, E) Western blot analysis of SERCA2b
from liver microsomes (15 pg). No significant changes in the expression levels of SERCA
2b (mean + SEM, n=6 rats/group, t-test, p=0.2375). (F) Ca2* ATPase activity reflecting
SERCA activity in rats allowed ad /ib access to high fat pellets (mean + SEM, n=6 rats/
group, t-test, *p=0.0308).
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Fig. 5. Dantrolene attenuates GLuc-SERCaMP and endogenous SERCaMP
(A, B) Dantrolene decreases GLuc-SERCaMP and endogenous SERCaMP release during ad

/ib access to high fat pellets. Rats were administered dantrolene (15mg/kg) or vehicle for 7
days during diet (mean £ SEM, n=6 rats/group, *p<0.05, 2-way ANOVA, Sidak’s multiple
comparison test). (C) Decreased food consumption among dantrolene injected rats (mean +
SEM, n=6 rats/group, ****p<0.0001, 2-way ANOVA). (D) Dantrolene decreases BiP
MRNA levels in liver tissue (data expressed as fold change (2*-AACt) relative to vehicle-
treated rats (mean + upper and lower limits (222Ct+SD), n=6 rats/group, multiple t-test,
Holm-Sidak method (dantrolene versus vehicle) transformed from ACt+SD, *p=0.01).
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