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Abstract

Nutritional ketosis as a therapeutic tool has been extended to the treatment of metabolic diseases, including obesity,
type 2 diabetes, and nonalcoholic fatty liver disease (NAFLD). The purpose of this study was to determine whether dietary
administration of the ketone ester (KE) R,S-1,3-butanediol diacetoacetate (BD-AcAc2) attenuates markers of hepatic stel-
late cell (HSC) activation and hepatic fibrosis in the context of high-fat diet (HFD)-induced obesity. Six-week-old male
C57BL/6J mice were placed on a 10-wk ad libitum HFD (45% fat, 32% carbohydrates, 23% proteins). Mice were then
randomized to one of three groups (n = 10 per group) for an additional 12 wk: 1) control (CON), continuous HFD; 2) pair-
fed (PF) to KE, and 3) KE (HFD þ 30% energy from BD-AcAc2, KE). KE feeding significantly reduced histological steatosis,
inflammation, and total NAFLD activity score versus CON, beyond improvements observed for calorie restriction alone
(PF). Dietary KE supplementation also reduced the protein content and gene expression of profibrotic markers (a-SMA,
COL1A1, PDGF-b, MMP9) versus CON (P < 0.05), beyond reductions observed for PF versus CON. Furthermore, KE feed-
ing increased hepatic markers of anti-inflammatory M2 macrophages (CD163) and also reduced proinflammatory markers
[tumor necrosis factor (TNF)-related apoptosis-inducing ligand (TRAIL) and cellular communication network factor 1 (CCN1)]
versus CON and PF (P � 0.05), in the absence of changes in markers of total hepatic macrophage content (F4/80 and
CD68; P > 0.05). These data highlight that the dietary ketone ester BD-AcAc2 ameliorates histological NAFLD and inflam-
mation and reduces profibrotic and proinflammatory markers. Future studies to further explore potential mechanisms are
warranted.

NEW & NOTEWORTHY To our knowledge, this is the first study focusing on hepatic outcomes in response to dietary ketone
ester feeding in male mice with HFD-induced NAFLD. Novel findings include that dietary ketone ester feeding ameliorates
NAFLD outcomes via reductions in histological steatosis and inflammation. These improvements were beyond those observed
for caloric restriction alone. Furthermore, dietary ketone ester feeding was associated with greater reductions in markers of he-
patic fibrogenesis and inflammation compared with control and calorie-restricted mice.

fibrosis; ketone ester; ketosis; NAFLD; NASH

INTRODUCTION

Nonalcoholic fatty liver disease (NAFLD) is a progres-
sive disease of the liver, comprising a spectrum of liver
injury ranging from simple steatosis to nonalcoholic stea-
tohepatitis (NASH), fibrosis, and end-stage cirrhosis and
hepatocellular carcinoma. In the general population, the
prevalence of NAFLD ranges from 10% to 30% and as
high as 80%–100% in individuals with obesity (1, 2).
Progression of NAFLD to NASH and more advanced

fibrosis and cirrhosis is the most rapidly increasing indi-
cation for liver transplantation in the United States (3)
and is considered an independent risk factor for cardio-
vascular, liver-related, and all-cause mortality (4, 5).

Hepatic fibrosis is a complex process orchestrated by a
multitude of cells and signaling pathways culminating in the
activation of hepatic stellate cells (6). Activation, prolifera-
tion, and migration of hepatic stellate cells result in increas-
ing amounts of type I and III collagen and fibronectin
deposited in the extracellular matrix, contributing to hepatic
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fibrosis and a worsening NAFLD/NASH phenotype (6, 7).
Currently, there are no Food and Drug Administration
(FDA)-approved pharmacological treatments for NAFLD/
NASH and associated fibrosis. Indeed, the prevalence of
NAFLD and the multiple factors that contribute to its onset
highlight the need to develop novel and therapeutic inter-
ventions to prevent the progression of disease (8).

The recent application of nutritional ketosis as a therapeu-
tic tool has extended beyond its origin as a treatment for re-
fractory epileptic seizures to the treatment of metabolic
diseases such as obesity, type 2 diabetes, and NAFLD (9, 10).
The ketone bodies acetoacetate (AcAc), b-hydroxybutyrate
(b-HB), and acetone are small molecules derived from
increased mitochondrial flux of hepatic fatty acid oxidation-
derived acetyl-CoA, a process amplified during prolonged
fasting, starvation, very low carbohydrate intake, and gly-
cogen-depleting exercise (11–13). It has long been estab-
lished that ketone bodies act as an alternative substrate for
fuel, particularly in the brain, and exert anticatabolic
effects in the liver, adipose, heart, and skeletal muscle (12,
14–16). Moreover, hepatic macrophage metabolism of en-
dogenous AcAc is known to attenuate high-fat diet (HFD)-
induced hepatic fibrogenesis (16). The growing body of evi-
dence for nutritional ketosis has prompted interest in the
ability to increase circulating ketones in the absence of
total energy or carbohydrate restriction using exogenous
ketone esters.

Exogenous ketone supplements can be ingested in the form
of ketone salts (e.g., sodium-potassium b-HB) or ketone esters
(KE) (both monoester and diester forms). The R,S-1,3-butane-
diol acetoacetate diester (BD-AcAc2) has been extensively stud-
ied (17). Dietary BD-AcAc2 produces modest increases in
circulating ketone concentrations ranging from 0.5 to 1.0mM
and reductions in adiposity and body weight, with limited
understanding of the contributing mechanisms (18–21). In
addition, little is known regarding the possible effects of BD-
AcAc2 on liver outcomes in diet-induced obese mice. We
hypothesized that dietary KE feeding with BD-AcAc2 would
beneficially attenuate NAFLD outcomes compared with calo-
rie restriction alone inmalemice with diet-induced obesity.

MATERIALS AND METHODS

Animals and Diets

A portion of the animal characteristics have been previ-
ously published elsewhere (22). Five-week-old male C57BL/6J
mice (n = 30) were purchased from The Jackson Laboratory
(Bar Harbor, ME). Mice were allowed to acclimate for 7days
upon arrival at the University of Alabama at Birmingham ani-
mal facility. Mice were single housed and maintained in a
standard 12:12 light-dark cycle (lights on, 6 AM) room at 22�C–
23�C. At 6 wk of age, all mice were given ad libitum access to a
high-fat diet (HFD) containing 45% kcal from fat (Cat. No.
104212; Dyets Inc., Bethlehem, PA; Table 1) and remained on
the diet for 10wk. Mice were then randomized to one of three
groups (n = 10 per group): 1) control group (CON, remained on
HFD), 2) pair-fed (PF; HFD with energy intake matched to the
mean intake of the KE group from the previous day and pro-
vided in a single allotment at �10 AM each morning), and 3)
KE (HFD þ 30% carbohydrate energy replaced by KE;
Table 1). Mice remained in these conditions for an addi-
tional 12wk. BD-AcAc2 was purchased from SavInd
(Urbana, IL) and shipped to Dyets Inc. for production. The
KE group was acclimated to the diet with a mixture of
the powdered KE group diet and CON diet (50:50) during
the first week of the experimental phase. All analyses were
performed with 10 animals per group, except for the PF
group, which had nine after removal of one animal that
was not eating during week 7 of the experimental phase of
the study, for reasons unknown. The University of
Alabama at Birmingham Institutional Animal Care and
Use Committee approved the investigation, and all condi-
tions conformed to the care procedures used by the
University of Alabama at Birmingham (UAB) Animal
Resources Program.

Body Composition

Body composition wasmeasured by quantitativemagnetic
resonance (EchoMRI 3-in-1 version 2013; Echo Medical
Systems, Houston, TX).

Table 1. High-fat control and ketone ester diet

Ingredient Amount, kcal/g CON, g/kg KE, g/kg CON, kcal/g KE, kcal/g

Casein 3.6 200.0 200.0 716.00 716.00
Cornstarch 3.6 72.8 0.0 262.08 0.00
Dyetrose 3.8 100.0 0.0 380.00 0.00
Sucrose 4.0 162.8 27.5 651.20 110.00
Cellulose 0.0 50.0 50.0 0.00 0.00
Soybean oil 9.0 25.0 25.0 225.00 225.00
t-Butylhydroquinone 0.0 0.005 0.005 0.00 0.00
Lard 9.0 177.5 177.5 1,597.50 16.00
Salt mix 21008 1.6 10.0 10.0 16.00 16.00
Dicalcium phosphate 0.0 13.0 13.0 0.00 0.00
Calcium carbonate 0.0 5.5 5.5 0.00 0.00
Potassium citrate H2O 0.0 16.5 16.6 0.00 0.00
Vitamin mix 300050 3.9 10.0 10.0 39.20 39.20
L-cystine 4.0 3.0 3.0 12.00 12.00
Choline bitrate 0.0 2.0 2.0 0.00 0.00
Peanut flavor 4.0 10.0 10.0 40.00 40.00
Ketone ester 4.7 0.0 252.0 0.00 1,184.45
Total - 858.11 802.02 3,938.98 3,940.15

Diets are from Dyets Inc. Data in this table have been previously reported (22). CON, control; KE, ketone ester.

A DIETARY KE MITIGATES NAFLD AND FIBROSIS IN OBESE MALE MICE

AJP-Gastrointest Liver Physiol � doi:10.1152/ajpgi.00259.2020 � www.ajpgi.org G565

Downloaded from journals.physiology.org/journal/ajpgi (023.245.077.230) on February 4, 2026.

I 

http://www.ajpgi.org


Blood β-Hydroxybutyrate Measurements

Whole blood D-b-HB concentrations were measured with
a Nova Vet ketone meter (Nova Biomedical, Waltham, MA)
from a tail nick. Animals had food withheld for 4 h and refed
for 4 h before testing at the start of the dark cycle. This mea-
sure was performed during week 6 of the experimental phase
of the study. AcAc concentrations are not measurable by the
ketonemeter and are not available.

Tissue Collection and Histology

Before being euthanized, mice were fasted for 6 h.
Immediately following decapitation, livers were quickly
excised, snap frozen in liquid nitrogen, and stored at �80�C.
Snap-frozen liver tissue was thawed in 10% formalin for 24h,
then embedded in paraffin, serially sliced, and stained with
hematoxylin and eosin (H&E) to examine liver morphology
by IDEXX RADIL (Columbia, MO). In addition, slides were
stained with Picro-Sirius Red to examine collagen deposi-
tion/fibrosis. Liver specimens were graded and scored by an
individual blinded to the study groups for changes in
NAFLD activity score (NAS; comprising fat accumulation,
inflammation, and hepatocellular ballooning) according to
the Brunt scale (23).

Western Blot Analysis

Western blot analysis was completed in liver homoge-
nates, as described previously (24). Briefly, Triton X-100 cell
lysates were prepared, and Laemmli gel loading buffer (No.
161–0737; Bio-Rad Laboratories, Hercules, CA) was added to
the lysate (3mg protein/uL) and boiled at 100�C for 10min.
Following gel electrophoresis and transfer, the membrane
was incubated overnight in blocking solution [5% dry milk
in Tris-buffered saline (TBS), 0.1% Tween 20 buffer] fol-
lowed by overnight incubation in the primary antibody.
Membranes were washed with TBS-Tween 20 buffer and
placed in a horseradish peroxidase-conjugated secondary
antibody (Nos. 7074 and 7076; Cell Signaling Technology,
Danvers, MA). Blots (n = 8–10 per group) were analyzed via
densiometric analysis (Image Lab 4.0). Amido-black staining
was used to control for differences in protein loading. The
total protein staining for each lane, quantified by laser densi-
tometry, was used to correct for any differences in protein
loading or transfer of all band densities. The primary anti-
bodies used are as follows: a-smooth muscle actin (aSMA;
No. 5694, Abcam,MA), collagen 1 A1 (COL1A1) (No. 8784, Santa
Cruz Biotechnologies, Dallas, TX), cluster of differentiation 68

(CD68; No. 17832, Santa Cruz Biotechnology), F4/80 (No.
52664, Santa Cruz Biotechnology), interleukin-1b (IL-1b; No.
52012, Santa Cruz Biotechnology), CD11b (No. 110–89474;
Novus Biologicals; Centennial, CO), CD163 (No. 58965, Santa
Cruz Biotechnology), tumor necrosis factor (TNF)-related apo-
ptosis-inducing ligand (TRAIL; No.7877, Santa Cruz Bio-
technology), cellular communication network factor 1 (CCN1;
No. 24448, Abcam), matrix metalloproteinase 2 (MMP2; No.
97779, Abcam), MMP9 (No. AB9016, EMD Millipore, Billerica,
MA), and platelet-derived growth factor b (PDGFb; No. 3169,
Cell Signaling Technology).

mRNA Expression Analysis

RNA was extracted from liver tissue using a commercially
available kit (No. 74104, Germantown, MD), and a cDNA
library was synthesized (Promega, Madison, WI). RNA and
cDNA purity and quality were assessed with a Nanodrop
spectrometer. Quantitative real-time PCR (qPCR) was con-
ducted using SYBR Green reagents (No. 172–5121, Bio-Rad
Laboratories) and primer pairs (Sigma, St. Louis, MO). Data
are represented relative to cyclophilin B (Ppib) using the
2�DDCTmethod. See Table 2 for primer sequences.

Statistical Analysis

Differences among groups (CON, PF, and KE) were ana-
lyzed by one-way ANOVA. A significant main effect (P �
0.05) was followed up with Fisher’s least significant differ-
ence post hoc comparisons to explore significant differences
among groups. Significance was set a priori at P � 0.05 (two-
tailed). Data are expressed as means ± SE. All statistical anal-
yses were conducted with GraphPad Prism version 8.0 (San
Diego, CA).

RESULTS

Animal Characteristics

Select animal characteristics have been reported previ-
ously (22). Ten weeks of HFD feeding increased body weight
of the entire cohort from 20.8±0.2 g to 42.9±0.8g (means
±SD) (22). At the end of the experimental phase, 12 wk of KE
supplementation significantly lowered body weight, com-
pared with CON (P� 0.05; Table 3). Despite matching energy
provisions, final body weight of the PF group was 23% higher
than the KE group (Table 3). Fat mass was 74% lower for KE
versus CON (P � 0.05) and 54% lower for KE versus PF (P �
0.05; Table 3). Both KE and PF groups displayed similar
reductions in lean body mass versus CON, with the KE group

Table 2. Primer sequences

Gene Name Forward (5 0–3 0) Reverse (3 0–5 0)

aSma AAACAGGAATACGACGAAG CAGGAATGATTTGGAAAGGA
Col1a1 ACGCCATCAAGGTCTACTGC ACGCCATCAAGGTCTACTGC
cd68 GTGTCTGATCTTGCTAGGACC GTGCTTTCTGTGGCTGTAG
Il-1b TCACAGCAGCACATCAACAA TGTCCTCATCCTGGAAGGTC
Tnfa AGGCACTCCCCCAAAAGATG CTTGGTGGTTTGCTACCACG
Mcp1 AGCTGTAGTTTTTTGTCACCAAGC GTGCTGAAGACCTTAGGGCA
Cd163 TCCTTCTGGAATAGATTGGG TCCTTCTGGAATAGATTGGG
Arg1 GCAACCTGTGTCCTTTCTCCTGAA TCGCAAGCCAATGTACACGATGTC
Mrc1 GTTCACCTGGAGTGATGGTTCTC AGGACATGCCAGGGTCACCTTT
Ppib TGGAGATGAATCTGTAGGAC CAAATCCTTTCTCTCCTGTAG
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displaying the greatest reduction (P � 0.05; Table 3).
Circulating D-b-HB concentrations were elevated in the KE
group (0.51 ±0.12mM) compared with CON (0.32±0.06) and
PF (0.32±0.10mM; P � 0.05 for all comparisons; Table 3)
groups. Compared with the CON group, both PF and KE
groups displayed a significantly lower liver weight at the end
of the study (50% and 58% lower, respectively; P � 0.05),

whereas there was no significant difference in liver weight
for KE versus PF (P> 0.05; Table 3).

KE Supplementation Attenuates NAFLD Activity Scores

Overall, total NAFLD activity scores were significantly
lower for KE versus CON and PF (P � 0.05 for all compari-
sons; Fig. 1, A and B). In addition, KE supplementation sig-
nificantly attenuated histological steatosis, inflammation,
and ballooning scores versus CON and steatosis and inflam-
mation versus PF (P� 0.05; Fig. 1,A and B).

KE Supplementation Attenuates Markers of HSC
Activation and Fibrogenesis

Increased histological fibrosis and markers of fibrogenesis
and hepatic stellate cell activation are hallmarks of NAFLD/
NASH progression. No differences were observed in histolog-
ical fibrosis following 22wk of HFD feeding (representative
images in Fig. 2A). aSma and Col1A1 mRNA expression,
markers of collagen deposition, were significantly lower in
the KE and PF groups versus the CON group (P � 0.05, Fig.
2C). KE supplementation significantly lowered a-SMA he-
patic protein content compared with CON and PF groups

Table 3. Animal characteristics

Variable CON PF KE

Food intake, kcal/day 11.2 ±0.2a 8.2 ± 1.6b 8.2 ± 1.6b

Final body mass, g 46.2 ±0.9a 34.5 ± 1.6b 26.2 ± 0.9c

Final fat mass, g 20.0 ±0.7a 11.3 ± 1.5b 5.1 ± 0.4c

Final lean mass, g 25.0 ±0.5a 21.9 ± 0.4b 19.8 ± 0.5c

Liver mass, g 2.4 ±0.2a 1.0 ± 0.1b 1.2 ± 0.1b

Liver:body mass ratio, % 5.6 ±0.4a 2.5 ± 0.2b 2.9 ± 0.2b

Serum b-HB, mM 0.3 ±0.02a 0.3 ± 0.03a 0.5 ± 0.04b

Serum b-hydroxybutyrate (b-HB) concentrations were measured
in whole blood from a tail nick following a 4-h food withholding/
4-h refeeding period at the start of the dark cycle (6 PM). Values
are means ± SE. P � 0.05, different letters indicate statistically sig-
nificant differences. CON, control; KE, ketone ester; PF, pair-fed.

Figure 1. Effect of a dietary ketone ester on liver phenotype: histological steatosis and inflammation �10 magnification (A) and nonalcoholic fatty liver dis-
ease (NAFLD) activity score (B). Black arrows indicate hepatic inflammation. White arrows indicate hepatocyte ballooning. Black lines in A represent scale
bar. CON, control; KE, ketone ester; PF, pair-fed. Values are means ± SE (n=8–10). P� 0.05, different letters indicate statistically significant differences.
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(P � 0.05, Fig. 2D), whereas no differences in COL1A1 protein
content were observed among groups (P > 0.05, Fig. 2D). In
addition, signatures of lower fibrogenesis and hepatic stel-
late cell activation were observed in livers of mice in the KE
group versus the CON group, including PDGFb and MMP9
protein content (P � 0.05, Fig. 2E), with no significant differ-
ences observed for PF versus CON or KE versus PF (P > 0.05
for both comparisons, Fig. 2E).

Effect of KE Supplementation on Markers of Hepatic
Inflammation

Activation of inflammatory pathways is linked to NAFLD/
NASH progression. KE metabolism and signaling has been
shown to have beneficial effects on inflammatory pathways
in several tissues (9). Hence, we sought to explore the effect
of a dietary KE on markers of hepatic inflammation. KE and
PF feeding significantly reduced mRNA expression of Cd68,
a marker of macrophage content, versus CON (P � 0.05, Fig.
3A). Despite this, there were no significant differences in
CD68 and F4/80 protein content for the CON group versus
KE groups (P > 0.05, Fig. 3B). There was no effect of diet on
the hepatic M1 inflammatory markers Il-1b and Tnfa mRNA
expression (P > 0.05), whereas KE and PF significantly
reduced Mcp1 mRNA expression versus CON (P � 0.05, Fig.
3A). KE supplementation significantly increased CD11b pro-
tein content versus CON (P � 0.05, Fig. 3B), whereas there
was no significant effect of the KE on IL-1b protein content
(P > 0.05, Fig. 3B). Given that caloric restriction is generally

associated with reductions in inflammation, reasons as to
why protein content of F4/80, IL-1b, and CD11b was signifi-
cantly elevated for PF versus CON are unclear (P � 0.05, Fig.
3B). We also explored measures of anti-inflammatory M2
macrophage markers. KE feeding significantly increased
Cd163mRNA expression versus CON and CD163 protein con-
tent compared with PF and CON (P � 0.05, Fig. 3, A and B).
Hepatic mRNA expression of the M2 markers Arg1 and Mrc1
did not differ among groups (P > 0.05, Fig. 3A). KE and PF
also lowered inflammatory marker TRAIL protein content
compared with CON, with significantly greater differences
compared with PF (P � 0.05, Fig. 3, C and E). In addition, KE
significantly attenuated CCN1 protein content compared
with PF and CON (P� 0.05, Fig. 3,D and E).

DISCUSSION

Achieving nutritional ketosis in the form of an exogenous
KE may serve as a potential therapeutic avenue to mitigate
metabolic disease. In particular, exogenous KE feeding has
been shown to exert beneficial effects on adiposity and glu-
cose metabolism and brown adipose tissue (22, 25–27).
However, no studies have explored the impact of an exoge-
nous dietary KE on liver outcomes in the setting of NAFLD.
In this study, we demonstrate the efficacy of the KE BD-
AcAc2 (30% by kcal) in attenuating NAFLD progression
in obese mice receiving a high-fat, low-carbohydrate
diet. Importantly, these data highlight that dietary KE

Figure 2. Effect of a dietary ketone ester on fibrosis and activation of hepatic stellate cells (HSCs) and fibrogenesis: representative Picro-Sirius Red (PSR)
staining (A), hepatic markers of fibrosis mRNA expression (B), hepatic markers of fibrosis protein content (C), markers of hepatic stellate cell activation
and fibrogenesis protein content (D), and representative Western blots (E). Black lines in A represent scale bar.CON, control; KE, ketone ester; PF, pair-
fed. Values are means ± SE (n =8–10). P� 0.05, different letters indicate statistically significant differences.
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supplementation ameliorates HFD-induced hepatic steatosis
and inflammation, as well as attenuating profibrotic and
proinflammatory markers in the liver beyond a pair-fed con-
trol group ofmice receiving similar energy provisions.

As we have previously reported, replacing carbohydrate
energy with BD-AcAc2 in the setting of a HFD reduced mean
weekly energy intake by 26% versus CON (22). Furthermore,
KE feeding was associated with a greater reduction in body
weight (23%) compared with PFmice that receivedmatched-
energy provisions. Additional weight loss may have resulted
from overall increases in energy expenditure, alterations in
the partitioning of nutrients, loss of energy, or lower energy
availability of the KE (22). Because �25% of BD-AcAc2 is
metabolized to the nonphysiological S(L)-b-HB enantiomer,
which is oxidized more slowly and to a lesser extent than the
R enantiomer (28, 29), the difference in body weight
observed between the KE and PF groups, in part, may be at-
tributable to lower energy availability of the KE as an energy
substrate. Furthermore, digestive efficiency of the KE may
have also played a role. KE feeding has been shown to
increase fecal production and fecal energy content com-
pared with HFD-fed control mice (unpublished observa-
tions). Indeed, these factors may have impacted hepatic
outcomes in this study and should be considered in future
studies.

At present, weight loss via caloric restriction is the only
approved and most effective therapeutic tool for the histo-
logical regression of NAFLD/NASH in both humans and

animal models (30–35). In the current study, KE- and calo-
rie-restricted pair-feeding significantly ameliorated NAS out-
comes compared with HFD-fed controls, and these data are
in line with existing literature demonstrating the use of ca-
loric restriction to mitigate NAFLD (31, 34). Interestingly, KE
feeding almost completely abrogated NAS compared with
HFD-fed control and pair-fed groups (NAS=0.4±0.3, vs.
5.9 ±0.5 and 3.5±0.7, respectively). Furthermore, to our
knowledge, we are the first to demonstrate an added benefit
of an exogenous KE to reduce histological hepatic steatosis
and inflammation going beyond benefits observed with ca-
loric restriction alone (pair-fed group).

Activation of hepatic stellate cells is the main driver of
liver fibrogenesis (36, 37). Paracrine signals from cellular
injury, proinflammatory immune cell activation and infiltra-
tion, and systemic metabolic dysregulation can directly or
indirectly induce stellate cell activation. Indeed, dietary KE
feeding significantly reduced markers of hepatic stellate cell
activation and transcriptional regulators of fibrogenesis
(PDGFb, MMP9, a-SMA, and COL1A1) versus obese control
mice, and these improvements were beyond those observed
with pair-feeding alone. Supporting this, macrophage mito-
chondrial oxidation of the ketone AcAc has been shown to
modulate macrophage metabolic plasticity and attenuate
liver fibrosis (16). In particular, macrophage AcAc metabo-
lism was shown to decrease hepatic stellate cell activation,
matrix deposition, and fibrogenesis. The authors also dem-
onstrated that this effect was lost with the knockout of

Figure 3. Effect of a dietary ketone ester on markers of inflammation: hepatic inflammatory markers mRNA expression (A), hepatic inflammatory markers
protein content (B), TRAIL protein content (C), CCN1 protein content (D), and representative Western blots (E). CCN1, Cellular Communication Network
Factor 1; CON, control; KE, ketone ester; PF, pair-fed; TRAIL, tumor necrosis factor (TNF)-related apoptosis-inducing ligand. Values are means ± SE
(n =8–10). P� 0.05, different letters indicate statistically significant differences.
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succinyl-coenzyme A-oxoacid transferase (SCOT), the termi-
nal enzyme required for the oxidation of AcAc. Overall, these
data demonstrate for the first time, to our knowledge, that
exogenous ketone feeding with BD-AcAc2 protects against
hepatic fibrogenic activation in obese male mice.
However, future studies are required to elucidate the roles
of mitochondrial ketone metabolism and/or signaling
among the varying cell types in the liver (hepatocyte,
Kupffer cell, stellate cell) and the role of AcAc versus b-HB
on different immune and fibrosis effectors in NAFLD/
NASH amelioration.

The hallmark of NAFLD progression to NASH is hepato-
cellular inflammation, mediated by a shift in the balance
between activation of proinflammatory M1 macrophages
and a reduction of anti-inflammatory M2 macrophages (38).
Here, we demonstrate that KE supplementation increased
M2 macrophage marker CD163, in the absence of changes in
markers of total hepatic macrophage protein content (CD68,
F4/80). CD163 is a scavenger receptor expressed exclusively
on cells of monocyte/macrophage lineage (39) and plays a
key role in anti-inflammatory and tissue regeneration proc-
esses (40) through downregulation in nuclear factor kappa-
light-chain-enhancer of activated B cells (NFkB) proinflam-
matory processes (41). Although these data suggest that
BD-AcAc2 may serve as a modulator of anti-inflammatory
pathways, it should be noted that whether CD163 is pro- or
anti-inflammatory in NAFLD is not conclusive (42), and
thus, further research is required to elucidate its exact role.

CCN1 is a matrix protein that regulates cell death and
immune cell adhesion (43) that is strongly associated with
the pathogenesis of NASH in rodents and humans. (44, 45).
BD-AcAc2 significantly lowered CCN1 protein content com-
pared with HFD controls and pair-feeding. However,
increased hepatic CCN1 expression has been shown to play
a protective role against hepatic fibrosis and stellate cell
activation (46, 47). Thus, further studies are required to
delineate the mechanisms by which BD-AcAc2 attenuates
CCN1 expression and to better understand its complex role
in the pathogenesis of NAFLD. In a similar fashion, the
ligand protein TRAIL, which plays a pivotal role in accen-
tuating hepatic steatosis, inflammation, and apoptosis in
NAFLD/NASH pathogenesis in human and murine models
(48–51), was significantly decreased in mice fed a KE-sup-
plemented diet. CCN1 signaling has been shown to enable
the cytotoxicity of the inflammatory cytokine TNF-a and
enhance the apoptotic activity of TRAIL through integrin-
mediated signaling pathways (52–54). Nutritional ketosis
achieved using BD-AcAc2 may interrupt the proinflamma-
tory and proapoptotic signaling cascades of CCN1 and
TRAIL by an unknown mechanism to ultimately attenuate
NAFLD/NASH.

Surprisingly, KE feeding alone had no effect on classical
M1 markers of inflammation, including Il-1b, Tnf-a, and
Mpc1, well-established proinflammatory mediators impli-
cated in the progression of NASH and fibrosis development
(55, 56). Although, CD11b, a regulator of monocyte recruit-
ment during an inflammatory response (57), was signifi-
cantly elevated with KE feeding compared with obese
control mice. b-HB has been shown to attenuate IL-1b and
TNFa transcription, likely via inhibition of NFkB signaling
in various tissues, including liver and cultured hepatocytes

(58–61). The blood ketone concentrations achieved in this
study (0.5±0.04mM) may explain some of the differing
results observed in these well-established markers, with pre-
vious studies often reporting effects at concentrations>
5mM (9). Indeed, further experiments at varying cumulative
ketone body concentrations are required to provide greater
clarity.

Diets high in simple sugars such as sucrose increase hepatic
de novo lipogenesis (62). Hence, simply reducing sucrose con-
tent of the KE diet may have contributed to some of the
improvements in liver outcomes observed. Future studies
should match energy provisions of simple carbohydrates to
address this potential confounding factor. Furthermore, KE
produced significantly greater weight loss compared with PF
animals receiving similar energy provisions. In addition,
greater improvements in histological NAFLD outcomes
occurred with the KE diet compared with pair-feeding, despite
similar improvements in insulin and glucose tolerance for
both groups compared with CON animals [measures previ-
ously reported by our group (22)], suggesting that the improve-
ments in liver outcomes induced by KE feeding beyond pair-
feeding are likely not related to improvements in insulin re-
sistance solely. Indeed, future studies are needed to examine
the extent to which the KE exerts direct effects on specific cell
types in liver versus the expected improvements in hepatic
health produced byweight loss alone.

Conclusions

In summary, we demonstrate for the first time, to our
knowledge, that the dietary KE BD-AcAc2 abrogated histologi-
cal and transcriptional markers of NAFLD/NASH in obese
mice on a high-fat diet via a reduction in histological hepatic
steatosis, lobular inflammation, and hepatocellular balloon-
ing, beyond improvements observed for caloric restriction
alone. These benefits histologically observed with KE feeding
were accompanied by reductions in molecular markers of
inflammation, hepatic stellate cell activation, and fibrogene-
sis. With no FDA-approved pharmacological therapies for
NAFLD/NASH currently available, dietary KE administration
may provide an economic, safe, and practical treatment for
prevention and treatment of NAFLD/NASH.
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