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ABSTRACT

Non-alcoholic fatty liver disease (NAFLD) is linked to obesity and insulin resistance and is the most prevalent chronic liver disease. During the development of obesity
and NAFLD, mitochondria adapt to the increased lipid load in hepatocytes by increasing the rate of fatty acid oxidation. In concert with this, reactive species (RS)
generation is increased, damaging hepatocytes and inducing inflammation. Hepatic mitochondrial dysfunction is central to the pathogenesis of NAFLD via undefined
mechanisms. There are no FDA approved treatments for NAFLD other than weight loss and management of glucose tolerance. Electrophilic nitro-oleic acid (NO»-OA)
displays anti-inflammatory and antioxidant signaling actions, thus mitochondrial dysfunction, RS production and inflammatory responses to NO,-OA and the insulin
sensitizer rosiglitazone were evaluated in a murine model of insulin resistance and NAFLD. Mice on HFD for 20 wk displayed increased adiposity, insulin resistance
and hepatic lipid accumulation (steatosis) compared to mice on normal chow (NC). The HFD mice had mitochondrial dysfunction characterized by lower hepatic
mitochondrial complex I, IV and V activity compared to mice on NC. Treatment with NO,-OA or rosiglitazone for the last 42 days (out of 20 wk) abrogated HFD-
mediated decreases in hepatic mitochondrial complex I, IV and V activity. Notably, NO,-OA treatment normalized hepatic triglyceride levels and significantly
reversed hepatic steatosis. Despite the improved glucose tolerance observed upon rosiglitazone treatment, liver weight and hepatic triglycerides were significantly
increased over vehicle-treated HFD mice. These observations support that the pleiotropic signaling actions of electrophilic fatty acids limit the complex hepatic and

systemic pathogenic responses instigated by obesity, without the adverse effects of thiazolidinedione drugs such as rosiglitazone.

1. Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most prevalent
chronic liver disease. The most common risk factors associated with
NAFLD are obesity, type 2 diabetes and dyslipidemia, with the pre-
valence of NAFLD occurring in 80-90% of obese adults [1,2]. This
disease is largely under-reported, considering that subjects with NAFLD
are asymptomatic and the prevalence of obesity is still skyrocketing.
The hallmark of NAFLD is neutral lipid accumulation, mainly in the
form of intra-hepatic triglyceride (steatosis), in the absence of sig-
nificant alcohol consumption. In general, hepatic steatosis is defined as
intrahepatic fat > 5% of liver volume, a response that occurs when the
balance shifts towards the uptake of free fatty acids (FFA) and de novo
lipogenesis from the oxidation of FFA. The spectrum of disease starts
with simple steatosis and is generally inert pathologically. However, a
simple fatty liver in the presence of inflammation, defined as non-al-
coholic steatohepatitis (NASH), leads to fibrosis, cirrhosis and even-
tually results in hepatocellular carcinoma, liver failure and death [3].
As waistlines continue to expand, NAFLD is now considered the next
global epidemic, as it is associated with increased risk of metabolic
syndrome, cardiovascular disease and cancer.

Besides lifestyle changes, there are no FDA-approved medications
for the treatment of the more aggressive form of NAFLD, non-alcoholic
steatohepatitis (NASH), defined as steatosis with inflammation with or
without fibrosis. Lifestyle changes are the first and only accepted line of
therapy at the moment, centering on a decrease in weight by improving
diet, increasing physical activity and preventing sedentarity [4-7].
Lifestyle changes have worked with limited success as the key for pa-
tients is to sustain this loss in body weight, which is often difficult to do.
Therefore, drugs that limit hepatocyte lipotoxicity are absolutely
needed. Understanding the pathophysiology of this multifactorial
complex disease will help design therapeutics to address the unmet
need in NAFLD and NASH.

Of all the drugs tested for NASH, the most promising therapeutic
based on randomized controlled trials (RCT) may be thiazolidinediones
(TZDs) [8]. The current guidelines for the treatment of NASH re-
commend TZDs [5]. Hepatic and whole-body insulin resistance is
strongly associated with hepatic steatosis while improving insulin
sensitivity, generally, has protective effects in NAFLD and NASH
[9-11]. TZDs are potent insulin sensitizers that are agonists of the
peroxisome proliferator-activated receptor-y (PPARy), although the
exact mechanism of action is not completely understood. The two key

* Corresponding authors at: Department of Pharmacology & Chemical Biology, University of Pittsburgh, Pittsbrugh, PA 15261, United States.
E-mail addresses: nkhoo@pitt.edu (N.K.H. Khoo), freerad@pitt.edu (B.A. Freeman).

https://doi.org/10.1016/j.redox.2019.101132

Received 19 December 2018; Received in revised form 9 January 2019; Accepted 30 January 2019

Available online 01 February 2019

2213-2317/ © 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/BY-NC-ND/4.0/).


http://www.sciencedirect.com/science/journal/22132317
https://www.elsevier.com/locate/redox
https://doi.org/10.1016/j.redox.2019.101132
https://doi.org/10.1016/j.redox.2019.101132
mailto:nkhoo@pitt.edu
mailto:freerad@pitt.edu
https://doi.org/10.1016/j.redox.2019.101132
http://crossmark.crossref.org/dialog/?doi=10.1016/j.redox.2019.101132&domain=pdf

N.K.H. Khoo, et al.

findings from open label and RCTs with TZDs show decreases in stea-
tosis and peripheral indices of liver injury such as alanine amino-
transferase (ALT) [8]. One mechanism that may account for this re-
sponse is that TZDs decrease circulating free fatty acids (FFA), which
divert the FFA towards adipocytes instead of the liver, thereby limits
the FFA load on the liver [12,13]. As potent as TZDs are as insulin
sensitizers, adverse side effects, such as increased incidence of cardio-
vascular events, congestive heart failure, edema, weight gain (due to
increased fat mass) and certain cancers [13-17], severely compromise
the use of this class of drugs. Additionally, long-term patient com-
pliance is also negatively impacted by weight gain. More studies are
warranted to determine whether long-term TZD use remains a viable
treatment option. Better yet, a therapeutic agent that can target mul-
tiple comorbidities associated with this disease without unwanted side
effects would be an advance.

Over the last decade, numerous studies have demonstrated that
electrophilic nitro-fatty acids (NO,-FA) display beneficial metabolic
and anti-inflammatory actions that inhibit reactive species generation
and pro-inflammatory signaling pathways. The mechanism of action of
NO.-FAs is hypothesized to be via post-translational modification of
multiple transcriptional regulatory factors and pro-inflammatory en-
zymes. Preclinical models supporting these actions include allergic
airway disease [18], atherosclerosis [19], diabetic kidney disease
[20,21], endotoxin-induced vascular inflammation and multi-organ
injury [22,23], hypertension [24,25], insulin resistance [26] and pul-
monary arterial hypertension (PAH) [27,28]. Beyond these experi-
mental animal models, multiple phase I clinical studies (NCT:
02127190, 02248051, 02460146, 02313064, 02547402) have now
been successfully completed with 10-nitro-octadec-9-enoic acid (NO,-
OA); and patients are currently being enrolled for phase II clinical trials
for the treatment of focal segmental glomerulosclerosis and PAH [29].

Due to the fact that steatosis is multifactorial, a drug that targets
multiple pathways could be a beneficial therapy. A therapeutic that can
improve insulin sensitivity, while at the same time decreasing in-
flammation, oxidative stress and fibrosis, may be of benefit for treating
NAFLD or NASH. The effects of NO,-OA include limiting inflammation,
oxidative stress and fibrosis by suppressing downstream NF-kB sig-
naling [30,31], upregulating Nrf2 transactivation [32], inducing ded-
ifferentiation of myofibroblasts [33,34] and inhibiting the catalytic
activity of soluble epoxide hydrolase [35], NADPH oxidase [36] and
xanthine oxidase [37,38]. The goal of this study was to assess whether
NO,-OA attenuates high fat diet-induced obesity (DIO)-induced hepatic
steatosis and insulin resistance. A model of DIO was used because the
metabolic phenotype more closely resembles what is observed clinically
and the metabolic actions of NO,-OA were compared to one of the TZDs
recommended to treat NASH, rosiglitazone.

2. Methods
2.1. Mouse model

All animal studies were conducted under the approval of the
University of Pittsburgh Institutional Animal Care and Use Committee
(protocol 17019691). Male C57Bl/6j mice were purchased from
Jackson Laboratory (Bar Harbor, ME). The diets were purchased from
Research Diets Inc. (New Brunswick, NJ). Obesity was induced by the
HFD (D12492, with 60% of the adjusted calories derived from fat) for
20 wk beginning at age 6-8 wk. Age-matched controls (n = 8) were
maintained on LFD (D12450J, 10% of the adjusted calories derived
from fat with 7% sucrose match with D12492). Diet and water were
supplied ad libitum for 20 wk. Food intake and mouse weight were
monitored twice per wk. At wk 14 of the HFD study, mice were an-
esthetized with isoflurane before Alzet osmotic pumps (Cupertino, CA)
containing vehicle (polyethylene glycol/ethanol) (n = 8), 10-nitro-oc-
tadec-9-enoic acid (nitro-oleic acid, NO,-OA) (n = 8) or rosiglitazone
(n = 6) were implanted subcutaneously in the back region, as
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previously described [38]. The osmotic mini pump delivered a con-
centration of 8 mg/kg/d. There was no difference in food intake after
administration of the treatments on HFD (units are g food/day; ve-
hicle= 2.7, NO,-OA = 2.8 and rosi = 2.7).

2.2. In vivo studies

Mice were fasted for 5h and fasting blood glucose and glucose
tolerance test (GTT) were performed as previously described [38]. Body
weight and all tissue/organ weights were measured using a precision
scale (Scout Pro). Body composition was assessed using EchoMRI model
100 H (EchoMRI).

2.3. Blood chemistry assays

Mice were fasted for 5h for all blood collections. Terminal blood
draw was collected by cardiac puncture during sacrifice under iso-
flurane anesthesia using heparinized syringes and was kept on ice until
centrifugation at 3000 g for 30 min at 4 °C for plasma isolation. Total
triglycerides and cholesterol concentrations were determined using
enzymatic kits according to the manufacturer's instructions from
Cayman Chemical (10010303) and Raichem (R80015), respectively.
Nonesterified fatty acids were measured using the NEFA-HR kit (Wako
Chemicals). Plasma levels of alanine aminotransferase (ALT) were de-
termined spectrophotometrically using standard kits (Thermo Fisher
Scientific, Waltham, MA), as described previously [39].

2.4. Hepatic triglycerides

Briefly, frozen liver samples (~150 mg) were thawed on ice and
homogenized in a bullet blender (Next Advance) for 5min in 50 mM
phosphate buffer (pH 7.4) with butylated hydroxytoluene (0.16%) to a
final concentration of 0.5mg tissue/ml. The liver homogenate was
spiked with 2.34 nmol internal standard glyceryl triheptadecanoate
(Nu-Check Prep) and then the triglycerides were extracted using the
Bligh and Dyer procedure [40]. The organic extracts were dried under
nitrogen, reconstituted in ethyl acetate, diluted 80 X (in ethyl acetate)
and the hepatic lipid profile and molecular species were determined by
HPLC-ESI-MS/MS analysis as previously described [41,42].

2.5. Mitochondrial function

Respiration was measured in isolated liver mitochondria utilizing a
Clark-type oxygen electrode (Instech Inc) as previously described [43].
Briefly, mitochondria were suspended at 1 mg/ml in respiration buffer
and state 4 respiration was initiated by the addition of succinate
(1 mM). State 3 respiration was then initiated by the addition of ADP
(20 mM) and RCR was calculated as the ratio of state 3 to state 4.

The activities of complexes I, IV and V were measured spectro-
photometrically as previously described [44-46]. Citrate Synthase ac-
tivity was measured using oxaloacetate and acetyl CoA as substrates,
coupling the (a) citrate synthase generation of citrate and CoA with the
(b) reaction of CoA with DTNB. The formation of DTNB-CoA was
monitored spectrophotometrically at 412nm. Diluted supernatant
(10-30pg) was equilibrated at 37°C in a reaction mix containing
400 uM DTNB, 200 puM acetyl-CoA, 100 mM Tris pH 8.0% and 0.1%
triton X-100. Reactions were initiated by the addition of 200 uM Ox-
aloacetate. The increase in absorbance at 412nm was monitored for
10 min and the rate of DTNB conversion to DTNB-CoA was expressed as
pmol/min/mg protein based on the extinction coefficient of 13,600
(mol/min/liter) for DTNB-CoA. Complex I activity was measured using
NADH and ubiquinone as substrates and monitoring the rotenone sen-
sitive decrease in absorbance of NADH at 340 nm. Diluted supernatant
(10-30 pg) was equilibrated at 37 °C in a reaction mixture containing
25mM KPO, pH 7.2, 10 mM MgCl,, 2.5mg/ml BSA, 1 mM KCN and
0.1 mM NADH. Reactions were initiated by 50 uM decylubiquinone and
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the decrease in absorbance at 340 nm was monitored for 10 min, after
which rotenone was added to a final concentration of 10 uM and the
reaction was monitored for an additional 10 min. The rotenone sensi-
tive rate was expressed as pmol/min/mg protein based on the extinc-
tion coefficient of 6180 (mol/min/liter) for NADH. Complex IV activity
was measured using reduced cytochrome c as the substrate and mon-
itoring the oxidation of cytochrome c¢ at 550 nm. Diluted supernatant
(1-10 pg) was equilibrated to 30°C in 10 mM KPO, pH 7.0 and the
reaction was initiated by the addition of 50 uM reduced cytochrome c.
The decrease in absorbance at 550 nm was monitored for 3 min and the
oxidation of cytochrome ¢ was expressed as k/min/mg protein. Com-
plex V activity monitored the rate of NADH oxidation in the presence of
ADP at 340 nm. Amplex Red (Thermo) was used to determine the rate
of hydrogen peroxide (H,O-) generation in freshly isolated mitochon-
dria as previously described [47]. Briefly, the oxidation of Amplex Red
(50 uM) to resorufin was monitored spectrophotometrically (excitation
and emission wavelengths of 571 nm and 585 nm). Catalase (100 pM)
was added to a subset of samples to ensure that the signal being de-
tected was due to HyO.

3. Results

3.1. Rosiglitazone treated mice have increased body weight and fat mass
compared to NO,-OA

The mice were subjected to a HFD for a total of 20 wk with drug
treatments starting at wk 14. The mice subjected to a HFD gained

A. Experimental design
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weight compared with age-matched mice on normal chow (NC). At wk
14, the HFD-fed mice were randomly assigned to a treatment group
consisting of vehicle, NO,-OA or rosiglitazone (rosi) for the last 6 wk of
the 20 wk study. The NC mice were treated with vehicle. In Fig. 1A, the
day of treatment at time O refers to the initiation of the intervention
(vehicle, NO,-OA or rosiglitazone) at wk 14. The HFD-fed mice treated
with rosiglitazone gained significantly more weight than the vehicle or
NO,-OA-treated mice starting at d 21 of drug administration. This
weight difference persisted until the end of the 6 wk treatment (a total
of 20 wk on HFD) in Fig. 1B. Similarly, rosiglitazone-treated mice had
increased fat mass over vehicle- and NO,-OA-treated mice on the HFD
at d 30 of treatment. There was no difference in body weight or adip-
osity between the HFD mice treated with NO,-OA or vehicle. As ex-
pected, the mice on the HFD had significantly greater adiposity com-
pared to the age-matched NC mice treated with vehicle (Fig. 1C) and
there was no difference in lean mass between the groups.

3.2. NO,-OA improves glucose tolerance

There was a significant increase in fasting blood glucose levels in the
HFD mice treated with vehicle (open square) compared to NC (Fig. 2A;
200.6 = 4.0 vs 141.3 = 5.0, p < 0.0001). Additionally, the HFD
mice had impaired glucose tolerance compared to NC mice treated with
vehicle (Fig. 2B). Administration of NO,-OA (black squares) resulted in
a significant decrease in fasting blood glucose levels and improved
glucose tolerance compared to HFD mice treated with vehicle. The
fasting glucose levels were similar for NO,-OA- and rosiglitazone-

C. Body composition
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Fig. 1. Rosiglitazone treated mice have increased weight gain and fat mass compared to NO,-OA or vehicle treated mice on the HFD. (A) Mice were subjected to a
HFD or normal chow (NC) for a total of 20 weeks. At week 14 (initiation of treatment, day 0), the HFD-fed mice were randomly assigned to a treatment group
consisting of vehicle, NO,-OA or rosiglitazone (rosi) for the last 6 week of the 20 week HFD study. Mice on NC were treated with vehicle. (B) The body weight was
monitored over the 6 week treatment period. (C) The body composition of the treated mice was measured at day 30. All the data are the mean + SEM. A two-way
and one-way ANOVA was used for weight measurements and body composition, respectively. Significance was determined as: a, p < 0.05 vs NC; ¢, p < 0.05 vs rosi-

treated HFD mice.
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Fig. 2. NO,-OA treatment lowers fasting blood glucose levels and improves glucose tolerance similar to Rosi treated HFD mice. On day 35 of treatment, all mice were
fasted for 5 h and fasting blood glucose levels (A) were measured at time 0 of the glucose tolerance test (GTT). (B) The GTT consisted of blood glucose measurements
at 20, 40, 60, 90 and 120 min following an intraperitoneal injection with 1.3 mg/kg glucose solution. (C) The area under the curve (AUC) during the GTT was
calculated and plotted. All the data are the mean = SEM. A two-way ANOVA was used for the GTT (B) and one-way ANOVA was used for fasting blood glucose levels
(A) and area under the glucose response curves (C). Significance was determined as: a, p < 0.05 vs NC; b, p < 0.05 vs HFD mice treated with vehicle.

treated mice (159.5 * 6.2 vs 150.7 * 5.6, respectively). The area
under the glucose response curves (AUC) for both NO,-OA and ro-
siglitazone were significantly decreased compared to HFD mice with
vehicle (Fig. 2C). There was no statistical difference in fasting blood
glucose or AUC between NO,-OA, rosiglitazone and age-matched NC
treated with vehicle.

3.3. NO,-OA limits HFD-induced dyslipidemia

The mice on the HFD for 20 wk had increased cholesterol, NEFA and
triglycerides (TG) compared to the age-matched mice on NC. Both NO,-

Table 1

OA and rosiglitazone treatment decreased circulating TG and there was
a trend for a decrease in NEFA (although not significant) compared to
HFD (Table 1). NEFA were measured as indices of free fatty acids (FFA).
All three HFD treatment groups had a significant increase in circulating
cholesterol levels compared to NC.

3.4. NO,-OA attenuates hepatic triglyceride accumulation in DIO

The liver weight in both the vehicle and rosiglitazone treated HFD
mice was significantly greater than NC+ vehicle and NO,-OA treated
HFD mice (b and c refer to p < 0.05 vs HFD-vehicle and -rosiglitazone

Plasma alanine aminotransferase (ALT), cholesterol, NEFA and triglyceride levels in NC or HFD-fed mice treated with vehicle, NO,-OA or rosiglitazone. Mice on the
NC were treated with vehicle for the last 42 days out the 20 week study. The plasma used was from the terminal blood draw. Data are the mean + SEM. One-way
ANOVA was used and significance was determined as: a, p < 0.05 vs NC; b, p < 0.05 vs HFD mice treated with vehicle.

Normal Chow (NC)

High Fat Diet (HFD)

Parameters Vehicle Vehicle NO,-OA Rosi

ALT (IU/L) 121.5 + 109b 337.5 = 68.8 157.1 = 47.0b 102.0 = 139b
Cholesterol (mg/dL) 91.2 = 18.0 214.1 = 10.7a 217.7 £ 30.0a 1944 = 14.0a
NEFA (mEgq/L) 0.32 + 0.031 0.54 + 0.034a 0.44 + 0.028 0.42 + 0.022

Triglyceride (mg/dL) 71.4 = 5.1b 1289 + 15.5 65.6 + 8.8b 65.5 = 9.7b
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Fig. 3. NO,-OA treatment significantly decreases total hepatic triglycerides compared to HFD mice treated with vehicle or rosi. (A) The weight of the liver at
sacrifice. (20 wk). (B) The total hepatic TG content was normalized to the age-matched NC group and graphed as a fold increase over NC. (C) Specific TG species were
identified based on carbon length and saturation. For example, TG 52:2 represents a molecular mass consistent with either a combination of 16:0/18:1/18:1 or 16:0/
18:0/18:2. All combinations of TGs were initially screened as ammonium adducts by calculated MRM transitions ranging from C42 to C54 (which contain 10:0, 12:0,
14:0, 14:1, 16:0, 16:1, 18:0, 18:1, 18:2, 18:3 and 20:0 fatty acids). The most predominant hepatic TGs species, C50 to C54, were further characterized to establish the
fatty acid composition. (D) The relative abundance of TG species was calculated by the peak area ratio (analyte/internal standard) normalized for milligrams of liver
protein. All the data are the mean + SEM. One-way ANOVA was used and significance was determined as: a, p < 0.05vs NC; b, p < 0.05 vs HFD mice treated with
vehicle; ¢, p < 0.05 vs rosi-treated HFD mice; %, p < 0.05 vs all groups and treatment.

groups, respectively) in Fig. 3A. The changes in liver weights at the time
of sacrifice in the different treatment groups correlated with total he-
patic TG content. Despite an improvement in glucose homeostasis and
significantly decreased plasma ALT concentrations compared to HFD
vehicle group, the total amount of hepatic TGs increased 74-fold in the
rosiglitazone group compared to the NC mice. Notably, rosiglitazone-
treated mice had a 64% increase in total hepatic TG compared to HFD
vehicle treated mice (Fig. 3B). There was no statistically significant
difference in total hepatic TGs between vehicle-treated NC mice and
HFD-treated mice receiving NO,-OA. Specifically, 6 wk of NO,-OA
treatment at the end of 20 wk of HFD significantly decreased total
hepatic TG 3.8- and 5.9-fold compared to HFD treated with vehicle or
rosi, respectively. Moreover, NO,-OA treatment significantly decreased
plasma ALT levels and prevented liver damage induced by HFD
(Table 1).

3.5. Rosiglitazone, but not NO,-OA, changes overall TG profile

Specific TG species were identified based on carbon length and sa-
turation. For example, TG 52:2 consists of either a combination of 16:0/
18:1/18:1 or 16:0/18:0/18:2. All combinations of TGs were initially
screened as ammonium adducts by calculated MRM transitions ranging
from C42 to C54 (which contain 10:0, 12:0, 14:0, 14:1, 16:0, 16:1, 18:0,

18:1, 18:2, 18:3 and 20:0 fatty acids) [41]. The most predominant
hepatic TGs species were C50 to C54 and were further characterized to
establish the fatty acid composition. The composition of the hepatic TGs
was normalized by percent. There was a consistent presence of the re-
lative distribution profile of these TG species that only differed in
magnitude in both diet and treatment, except for the rosiglitazone
group (Fig. 3C). Specifically, NC with vehicle, HFD +vehicle and HFD
+NO,-OA had similar hepatic TG species profiles. Whereas, HFD mice
treated with rosiglitazone shifted the composition of fatty acid in the
hepatic TGs from shorter chain (and less saturation) to longer chain
fatty acids with more double bonds (%, p < 0.05 vs all the groups) in
Fig. 3C and D.

3.6. NO5-OA improves hepatic mitochondrial function in mice fed a HFD

Obesity and insulin resistance are associated with mitochondrial
dysfunction [48,49]. To ascertain whether mitochondrial function is
impaired in this model, mitochondrial respiration and the activity of
individual respiratory chain complexes was examined. Mitochondrial
respiration was affected by DIO. State 3 respiration was significantly
decreased in the vehicle HFD group compared to NC mice (28.5 = 1.4
vs 49.0 = 2.9 nmol O,/min/mg protein; a, p < 0.05 vs NC, Fig. 4A
top). Conversely, state 4 respiration was significantly increased in HFD
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Fig. 4. NO,-OA protects against obesity-induced mitochondrial dysfunction. (A) State 3 and 4 respiration was measured in freshly isolated liver mitochondria using
glutamate/malate as oxidizable substrates and the RCR was calculated. (B) The rotenone-sensitive rate of NADH oxidation (Complex I) was assessed. Complex IV
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the ability to generate ATP (in the presence of ADP). (C) The rate of H,O, generation was determined via Amplex Red oxidation by isolated hepatic mitochondria. All
the data are the mean + SEM. One-way ANOVA was used and significance was determined as: a, p < 0.05 vs NC; b, p < 0.05 vs HFD mice treated with vehicle.

compared to NC mice (11.5 = 0.9 vs 7.9 = 0.5 nmol O,/min/mg
protein; a, p < 0.05 vs NC, Fig. 4A middle). This decreased state 3 and
increased state 4 respiration translated into a significant decrease in the
respiratory control ratio (RCR) of the HFD versus NC mice (2.7 + 0.2
vs 5.8 = 0.4; a, p < 0.05 vs NC), Fig. 4A bottom. Both NO,-OA and
rosiglitazone treatment protected against DIO-mediated decreases in
RCR. Administration of NO,-OA to HFD mice, significantly restored
state 3 respiration and completely normalized state 4 respiration (b,
p < 0.05 vs HFD + vehicle). Rosiglitazone had a similar effect, with a
significant increase in state 3 respiration and no change in state 4 (al-
though high variability) compared to HFD-treated mice.

Net oxygen consumption is a composite measure of the function of
each respiratory complex, thus the activity of each complex was mea-
sured to identify where the impact of HFD and drug interventions was
located. Mice on this HFD displayed a lower hepatic mitochondrial
complex I (rotenone sensitive rate of NADH oxidation), IV (cytochrome
c oxidase) and V activity compared to mice on NC for 20 wks (Fig. 4B).
Treatment with NO,-OA for the last 6 wk of the HFD significantly
limited HFD-induced decreases in mitochondrial complex I, IV and V
activity. Moreover, rosiglitazone treatment had similar effects in nor-
malizing mitochondrial respiratory complex activities, despite pro-
viding no apparent improvement in the steatotic state (Fig. 3). In all
treatment groups there was no significant change in mitochondrial
protein expression in complex I, IV and V (not shown). Finally, isolated
liver mitochondrial hydrogen peroxide (H,O,) generation rates

revealed that NO»-OA treated HFD mice had a significant decrease in
H,0, generation rate compared to vehicle (115.9 * 13.8 vs
201 *= 24.2 nmol/min/mg, Fig. 4C).

4. Discussion

This murine model of diet-induced obesity and fatty liver disease
reveals that 6 wk of NO,-OA administration improves glucose tolerance
and decreases hepatic TG accumulation. Comparisons with a drug often
administered to a related patient population (rosiglitazone) showed a)
both NO,-OA and rosiglitazone prevented HFD-induced liver damage
(determined by plasma ALT), improved glucose homeostasis and mi-
tochondrial function and b) rosiglitazone increased TG accumulation in
the HFD mice. This difference may be due to further rosiglitazone-in-
duced weight gain, one of the adverse effects associated with TZDs
[50-54]. The HFD-induced increases in body weight and fat mass was
not observed in the NO5-OA treated mice compared to vehicle.

Rosiglitazone is a potent full agonist of PPARy that induces adipo-
cyte differentiation. It is generally assumed that this activation is re-
sponsible for increased fat mass and body weight gain [55-57]. We
reported that leptin deficient (ob/ob) mice given rosiglitazone had ac-
celerated body weight gain and increased adipogenesis and that these
adverse side effects were not observed following NO,-OA treatment
[26]. Both rosiglitazone and NO,-OA bind PPARy with high affinity.
The central difference is that NO,-OA acts a partial agonist by
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covalently adducting to Cys285 in the ligand binding domain of PPARy.
This results in minimal conformational change (in helix 12), thus pro-
moting only partial coactivator recruitment and weak corepressor dis-
placement [26,58]. In contrast, rosiglitazone induces a full PPARy
agonist response, characterized by a strong co-activator recruitment
and full co-repressor displacement, while also inducing potent trans-
activation and targeted gene expression [26,58]. This full PPARy re-
sponse is strongly linked to adverse effects, despite being potent insulin
sensitizers for treating patients with type 2 diabetes [59]. The main goal
of diabetes treatment is to not only control blood glucose levels, but to
also protect against its comorbidities (such as steatosis), therefore
finding a therapeutic agent that has similar insulin sensitizing effects as
TZDs without adverse effects remains an unmet need.

We tested the effects of NO,-OA on hepatic steatosis in a more
clinically-relevant diet induced obesity model. Typically, obesity in-
creases PPARy- 1 and - 2 mRNA expression levels in the liver of animal
models, an event observed clinically [60-65] and considered a pros-
teatotic factor in NAFLD [66]. In non-obese mice, hepatic over-
expression of PPARy significantly increases TG accumulation that co-
localizes only with hepatocytes expressing PPARy [63]. When PPARy
expression is high in the liver, rosiglitazone treatment increases neutral
lipid accumulation [63]. In the current study, rosiglitazone treatment of
HFD mice increased hepatic PPARy mRNA expression 3.5-fold over NC
(p = 0.0339); whereas there was no increase in PPARy expression with
NO,-OA (0.73-fold vs NC, p = 0.9477, not shown). This data suggests
that the increase in hepatic PPARy expression with rosiglitazone
treatment may play a role in the increased TG accumulation.

Obesity and insulin resistance is characterized by chronic nutri-
tional overload [67] and ultimately leads to ectopic fat accumulation
and increased de novo lipogenesis rates in the liver [68,69]. Lipotoxicity
and increased substrate overload leads to mitochondrial adaptations
and remodeling in obesity, insulin resistance and steatosis in both pa-
tients and preclinical models [70-72]. Initially, mitochondria com-
pensate for excess substrate/lipid load by increasing mitochondrial
oxidative bioenergetics. Eventually, compensatory adaptations cannot
overcome substrate overload and lipotoxicity, resulting in inefficient
and incomplete B-oxidation and the accumulation of hepatic ceramides,
diacylglycerols (DAGs) and long-chain acylcarnitines [73]. There is a
direct causal role of increased ceramides, DAGs and long-chain acyl-
carnitines, due to suboptimal fat oxidation in hepatic insulin resistance
and steatosis. This occurs by stimulating inflammatory pathways, gen-
erating reactive species and interfering with hepatic insulin signaling
[74,75]. We previously reported that NO,-OA improves adipose tissue
function, an effect characterized by a significant decrease in in-
flammatory signaling mediators and reactive species generation (xan-
thine oxidase activity), as well as normalization of circulating adipo-
kines (leptin and adiponectin) [38]. Indicative of improved adipose
tissue function, the circulating NEFA in the NO,-OA treatment group
were decreased compared to vehicle-treated HFD mice (0.44 = 0.028
vs 0.54 = 0.034; p = 0.0288, unpaired t-test). Weight loss also im-
proves the steatotic state in patients with NASH and in preclinical an-
imal models. The improved adipose tissue function decreased circu-
lating NEFA concentrations and this, in turn, alleviates the overall FFA
load on the liver. As there was no difference in weight between HFD
mice treated with vehicle or NO,-OA, the improvement in glucose
tolerance and hepatic TG accumulation observed after NO5-OA ad-
ministration is likely due to a number of events being instigated by this
pleiotropic mediator that requires further investigation.

In this study, DIO resulted in impaired mitochondrial function,
characterized by a decrease in state 3 respiration (max ATP/coupled
respiration) with glutamate/malate used as substrates, and an increase
in state 4 respiration (proton leak). This translates into a significant
decrease in the RCR (2.66 + 0.2), a measure of respiratory efficiency.
Additionally, HFD feeding significantly decreased mitochondrial com-
plex I, IV and V activity (Fig. 4B). There was no difference in citrate
synthase activity, commonly considered a mitochondrial housekeeping
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enzyme and a surrogate for mitochondrial number between all the
treatment groups (not shown). These observations indicate that mi-
tochondrial respiration is significantly impaired and not efficient in
generating ATP via oxidative phosphorylation. This data set is con-
sistent with other studies where diet- and genetically-induced obesity
causes mitochondrial dysfunction [60,76]. Whether this is true mi-
tochondrial dysfunction or simply an adaptation to the increased nu-
tritional overload remains to be investigated. Notably, impaired mi-
tochondrial function also occurs in patients with NASH [77].
Characterizing and understanding the basis for this bioenergetic pa-
thophysiology will help address why some are predisposed to NASH
and will also reveal new pathways to target with novel therapeutics.

The direct impact of NO2-OA on hepatic mitochondrial function in
vivo remains undefined and is difficult to determine in models of
obesity. Previous studies have shown that NO,-FAs are protective
against ischemia/reperfusion injury by inducing mild mitochondrial
uncoupling via post-translational modifications (PTMs) of adenine nu-
cleotide translocase (ANT) and uncoupling protein (UCP)-2 [78]. UCPs
and ANT dissipate the ETC proton gradient, allowing energy to be re-
leased as heat, a process that concomitantly decreases superoxide (O5")
production and suppresses oxidative damage [79]. Additionally, NO»-
OA inhibits complex II-linked respiration in isolated rat heart mi-
tochondria and suppresses O,~ formation [80]. Taken together, NO,-
FAs confer cardioprotection in ischemia/reperfusion injury models by
altering mitochondrial function. It is unknown if NO,-OA induces mild
uncoupling in our DIO model, though the decrease in RCR observed
here is consistent with uncoupling. More importantly, NO,-OA atte-
nuated HFD-induced mitochondrial H,O, generation (Fig. 4C). Collec-
tively, these findings demonstrate that NO,-FAs decrease reactive spe-
cies generation and herein, may provide mitochondrial protection
against HFD-induced substrate overload.

Rosiglitazone treatment showed a decrease in circulating NEFA and
ALT compared to the HFD-vehicle group. Yet, there was still a robust
increase in hepatic TG accumulation. The present data reaffirms that
rosiglitazone exacerbates hepatic steatosis [60-63] even with improved
glucose tolerance (Fig. 2) and no liver damage as reflected by plasma
ALT (Table 1). More in depth analysis revealed that the overall hepatic
TG profile was similar between NC, HFD + vehicle and HFD + NO,-OA
but not with the HFD +rosiglitazone group. The hepatic TGs of the
rosiglitazone treated HFD mice had a higher content of more un-
saturated longer chain fatty acids (Fig. 3C). The esterification of more
longer chain unsaturated fatty acids may have implications in down-
stream signaling and provide additional evidence as to why rosiglita-
zone is a potent insulin sensitizer even in the presence of hepatic
steatosis. Despite the significant increase in hepatic TG accumulation,
rosiglitazone only modestly limited HFD-induced mitochondrial dys-
function. This normalization of mitochondrial function was not ob-
served in ob/ob mice, where rosiglitazone decreased complex I activity
and failed to alter activity of any of the other complexes (II-V) com-
pared to vehicle [60]. Notably, rosiglitazone treatment increases weight
gain and changes the distribution of lipids in hepatic TGs. This was not
observed in the NO,-OA-treated mice and may contribute to the ob-
served improvement in mitochondrial function.

Our results demonstrate that rosiglitazone improves glucose toler-
ance but did not protect against hepatic steatosis, which begs the
question of the benefits of improving insulin sensitivity in the presence
of hepatic steatosis. This motivates consideration as to whether it is
more advantageous to improve insulin sensitivity or hepatic steatosis.
This is why it is imperative to find a novel therapeutic for the treatment
of hepatic steatosis without detrimental side effects, in particular
weight gain.

In summary, this is the first demonstration that NO,-OA decreases
hepatic TG accumulation in a HFD model. Both rosiglitazone and NO,-
OA prevented liver damage, improved glucose tolerance and mi-
tochondrial function. Rosiglitazone promoted increased fat mass,
weight gain and hepatic TG accumulation. This preclinical data suggest
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that NO,-OA or other electrophilic species could be a viable therapeutic
agent for obesity without adverse side effects.
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