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Excess body fat is a risk factor for metabolic diseases
and is a leading preventable cause of morbidity and mor-
tality worldwide. There is a strong need to find new treat-
ments that decrease the burden of obesity and lower the
risk of obesity-related comorbidities, including cardio-
vascular disease and type 2 diabetes. Pharmacologic mi-
tochondrial uncouplers represent a potential treatment
for obesity through their ability to increase nutrient oxida-
tion. Herein, we report the in vitro and in vivo characteri-
zation of compound SHD865, the first compound to be
studied in vivo in a newly discovered class of imidazolo-
pyrazine mitochondrial uncouplers. SHD865 is a deriva-
tive of the furazanopyrazine uncoupler BAM15. SHD865
is amildermitochondrial uncoupler thanBAM15 that results
in a lower maximal respiration rate. In a mouse model
of diet-induced adiposity, 6-week treatment with SHD865
completely restored normal body composition and glucose
tolerance to levels like those of chow-fed controls, without
altering food intake. SHD865 treatment also corrected liver
steatosis and plasma hyperlipidemia to normal levels com-
parable with chow-fed controls. SHD865 has maximal oral

bioavailability in rats and slow clearance in human micro-
somes and hepatocytes. Collectively, these data identify
the potential of imidazolopyrazine mitochondrial un-
couplers as drug candidates for the treatment of obesity-
related disorders.

ARTICLE HIGHLIGHTS

• A growing body of evidence suggests that targeting
negative energy balance with mitochondrial uncouplers
has potential for the treatment of metabolic disease.

• We report the discovery and characterization of com-
pound SHD865 as a new class imidazolopyrazine mi-
tochondrial uncoupler.

• SHD865 is liver selective, safely reverses diet-induced
adiposity, and improves glucose homeostasis in mice
without altering food intake or decreasing lean mass.

• SHD865 and related compounds have translational
potential for the treatment of obesity, diabetes, and
related metabolic disorders.
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Excess adiposity is a major risk factor for type 2 diabetes, car-
diovascular diseases, and some types of cancer (1–3). The
fundamental cause of excess adiposity is an energy imbalance
between calories consumed and expended. Adiposity can be
decreased by strategies that create negative energy balance,
including bariatric surgery, lifestyle interventions (e.g., diet
and exercise), and pharmacotherapy. Bariatric surgery is one
of the most effective options, but it is not a universal solution
due to procedure costs, risk of surgical complications, and be-
cause 20% of patients experience weight regain with recur-
rence of comorbidities (4,5). Current U.S. Food and Drug
Administration-approved antiobesity drugs target nutrient
absorption or food intake (6), but there are no approved
pharmacotherapies that primarily target energy expenditure.
Mitochondrial uncouplers represent one class of drugs that
increase energy expenditure without affecting food intake
and have shown antiobesity effectiveness in preclinical ani-
mal studies and humans (7).

Mitochondrial uncouplers exert their antiobesity effect
by increasing the amount of nutrient oxidation needed to
generate a given amount of ATP (8,9). The best-known mi-
tochondrial uncouplers include carbonylcyanide p-(trifluor-
omethoxy)phenylhydrazone (FCCP) and 2,4-dinitrophenol
(DNP). FCCP is a potent mitochondrial uncoupler most
commonly used as a tool molecule to study mitochondrial
function in cultured cells, but it has a narrow concentration
range to increase mitochondrial respiration before toxic
doses are reached that result in mitochondrial inhibition.
DNP has a wider concentration range between efficacy and
toxicity and was once used as an antiobesity treatment in
humans; but ultimately, its therapeutic window is too small,
and the U.S. Food and Drug Administration banned its use
in 1938 (10). FCCP and DNP both have unwanted off-target
effects, including depolarization of the plasma membrane
(7,11,12).

Next-generation mitochondrial uncouplers are being de-
veloped to overcome the limitations and off-target effects
of FCCP and DNP (7). Our group previously identified one
such molecule, named BAM15, a mitochondria-specific pro-
tonophore uncoupler that does not cause off-target plasma
membrane depolarization at doses that drive maximal mi-
tochondrial uncoupling (12). We recently demonstrated
that BAM15 has a wide therapeutic window in mice and is
effective in both preventing and reversing adiposity and
insulin resistance (13,14). However, BAM15 has a short
half-life and poor solubility at high doses; therefore, new
structural derivatives are sought that can overcome these
barriers.

BAM15 was identified from a chemical library screen and
characterized as the first furazanopyrazine mitochondrial
uncoupler. Structure-activity relationship studies in the fur-
azanopyrazine scaffold identified additional molecules with
improved potency or half-life (15–18). Recently, we reported
the discovery of a new imidazolopyrazine class of mitochon-
drial uncouplers and partially characterized the activity of
select molecules in vitro but not in vivo (19). Herein, we

report on the therapeutic potential of the first imidazolo-
pyrazine mitochondrial uncoupler SHD865 (N-[2-fluoro-4-
[trifluoromethoxy]phenyl]-5-methoxy-2-[trifluoromethyl]-
1H-imidazo[4,5-b]pyrazine-6-amine) in a mouse model of
diet-induced adiposity. Specifically, we show that SHD865
safely reverses adiposity and glucose intolerance in mice
without altering food intake or decreasing lean mass.

RESEARCH DESIGN AND METHODS

Oxygen Consumption Rate Measurements
Cellular oxygen consumption rate (OCR) was measured using
a Seahorse XFe96 Flux Analyzer (Agilent Technologies, Santa
Clara, CA) as previously published (12). High-resolution
respirometry was conducted in C57BL/6J mouse tissue
as per Alexopoulos et al. (13) by using the OROBOROS
Oxygraph-O2K (Oroboros Instruments, Corp., Innsbruck,
Austria).

Western Diet Studies
All mouse experiments for this study were approved by the
University of New South Wales (UNSW) Animal Care and
Ethics Committee (animal ethics approvals 17/66B and
18/29A). C57BL/6J mice were purchased from Australian
BioResources (Moss Vale, New South Wales, Australia) and
housed at 22�C, in a light-dark cycle of 12 h. Unless other-
wise stated, mice were provided with ad libitum access to
water and a normal chow diet (Gordons Specialty Feeds,
Yanderra, New South Wales, Australia).

A Western diet (WD; 45% fat and 16% sucrose by kcal,
based on Research Diets D12451) was prepared in-house,
as previously described in studies describing the metabolic
effects of mitochondrial uncouplers BAM15 and SHC517 in
mice fed a WD. Diet ingredients were purchased from local
suppliers (Supplementary Table 1). For the WD studies,
12-week-old male C57BL/6J mice were fed chow or the WD
for 4 weeks. The mice fed the WD were then randomized
and stratified by body weight to two similar groups, where
one remained being fed the WD and the other was fed the
WD containing 0.04% w/w SHD865 for additional 6 weeks.
All mice were single housed during the last 6 weeks to en-
able accurate measurement of food intake and prevent vari-
ability related to fighting or huddling. Glucose tolerance
tests (GTTs) were performed using 2 g of glucose per kg of
lean mass injected intraperitoneally in the form of a 33.3%
glucose solution prepared in sterile saline. The first cohort
was performed at the same time as a study with compound
SHC517 using the same chow andWD control groups (15).

Mass Spectrometry
Rat pharmacokinetics studies were performed by GVK Bio-
sciences (Hyderabad, India) as described in the Supple-
mentary Material. Mouse samples were processed at UNSW
and performed as previously published (13), with the ex-
ception that standards were prepared by spiking known
concentrations of SHD865 into untreated plasma, and
electrospray ionization was performed in negative mode
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using transitions of m/z 411.1 > 306 and 411.1 > 374.8
with a 5-min retention time to identify SHD865.

Lipid and Biochemical Analysis
Tissue samples and serum were snap frozen in liquid nitro-
gen immediately after collection and stored at �80�C until
analysis of insulin, cholesterol, or triglyceride content using
methods previously described (13).

Statistical Analysis
Statistical testing was done using GraphPad Prism 8.4.1
(GraphPad Software), where the threshold for significance
was determined to be reached when P < 0.05 compared
with WD controls, unless otherwise stated.

Data and Resource Availability
The data sets and resources generated and/or analyzed dur-
ing the current study are available from the corresponding
author upon reasonable request.

RESULTS

Mitochondrial Uncoupling Properties of SHD865
In Vitro
SHD865 is a structural derivative of the furazanopyrazine
class of mitochondrial uncouplers BAM15 (12), SHC517
(15), and SHS4121705 (17), where the furazan ring was re-
placed with a 2-trifluoromethylimidazole core (Fig. 1A).
SHD865 also features both a methoxy and a 2-fluoro-4-
trifluoromethoxy group on the pyrazine ring (Fig. 1A). To
determine the mitochondrial uncoupling characteristics of
SHD865, we first assessed cellular OCR in vitro in rat L6
myoblasts. L6 cells have a robust threefold spare respiratory
capacity and were used for the chemical library screen that
first identified BAM15; therefore, this cell line is used for
consistency to benchmark new compounds. In Fig. 1B, com-
pounds SHD865, BAM15, and FCCP were compared across
a dose response ranging from 0.4 to 50 mmol/L. This assay
informs compound potency and ability to drive mitochon-
drial respiration without causing mitochondrial fatigue or
failure. SHD865 increased the cellular OCR by up to �90%
of the maximal OCR induced by BAM15 and FCCP (Fig. 1B).
SHD865 was less potent than BAM15 and FCCP in the con-
text of half-maximal effective concentration (EC50), with
EC50 average values of 3.8 mmol/L for SHD865, 0.9 mmol/L
for BAM15, and 1.2 mmol/L for FCCP; however, SHD865
maintained uncoupled respiration at a stable rate across a
large concentration range as indicated by the plateau-shaped
curve (Fig. 1C), similar to BAM15. A decline in respiration
rate with dose escalation is a sign of mitochondrial inhibi-
tion, which is evidenced by FCCP (Fig. 1B).

We next compared SHD865 with BAM15 in a mitochon-
drial stress test. These data showed that both SHD865 and
BAM15 could increase mitochondrial respiration in the
presence of the ATP synthase inhibitor oligomycin (Fig.
1D). The spare respiratory capacity of SHD865-treated
cells was �90% of BAM15-treated cells (Fig. 1E). The

spare respiratory capacity andmaximal OCR induced by both
SHD865 and BAM15 were not altered by the presence of oli-
gomycin, demonstrating that their activities do not require
ATP synthase activity. SHD865 had similar bioactivity com-
pared with BAM15 in NMuLi normal murine liver cells as it
did in rat L6myoblasts (Supplementary Fig. 1), with absolute
activity shown for comparison between cell lines.

FCCP is known to depolarize the plasma membrane (11);
therefore, we next investigated whether SHD865 causes
plasma membrane depolarization. Whole-cell current clamp
recordings at the resting membrane potential of L6 myo-
blasts were performed in the presence or absence of
SHD865 and FCCP. As illustrated in the representative record-
ing and grouped data (Fig. 1F), 25 mmol/L SHD865 caused a
slight depolarization that was significantly smaller than that
observed in the same cells by 10 mmol/L FCCP (1.4 ± 0.4 mV
vs. 4.9 ± 1.0 mV). SHD865 was tested at 25 mmol/L, which is
in the middle of the plateau range, for avoidance of doubt that
we assessed effects at concentrations where SHD865 hasmax-
imal activity. Thus, SHD865 evokes very low levels of plasma
membrane depolarization, less than those observed with clas-
sical mitochondrial uncouplers.

SHD865 Bioavailability and Tolerability
We next determined the suitability of SHD865 for use
in vivo by assessing its pharmacokinetic profile. SHD865
oral bioavailability was assessed inmice and rats by compar-
ing serum drug exposure profiles when delivered per oral
(p.o.) or by intravenous (i.v.) tail vein injection. When ad-
ministered to C57BL/6J mice, the dose-normalized area un-
der the curve calculation showed that SHD865 was 21%
orally bioavailable, with 10 mg/kg p.o. delivery resulting
in an average maximum plasma concentration (Cmax) of
9.1 mmol/L with a 1.7-h half-life (t1/2) (Fig. 2A). In contrast,
SHD865 was 100% orally bioavailable in Sprague-Dawley
rats, while also exhibiting a 1.7-h half-life (Fig. 2B). As a
proxy for human drug metabolism, SHD865 was tested in
human liver microsomes and hepatocytes with intrinsic
clearance results <115.5 and 8.2 mL/min/mg, respectively
(Fig. 2C and D), predicting low first-pass metabolism and
high stability in humans.

We next performed a dose escalation study to determine
tolerability. Mice were given SHD865 by oral gavage at 300
and 1,000mg/kg doses and observed over a 24-h period where
no behavioral signs of distress or ill thrift were observed, and
no effect on body temperature was detected (Fig. 2E).

SHD865 Bioactivity Is Liver Selective
We next investigated SHD865 in vivo bioactivity by assessing
respiratory rates in mouse tissue preparations 2 h after an
oral gavage of 30 mg/kg SHD865. High-resolution respirom-
etry of liver, muscle, heart, and white and brown fat showed
that only the liver had significantly increased mitochondrial
activity (Fig. 3A–C), with a threefold increase in the maximal
capacity of the electron transport chain compared with the
vehicle control (Fig. 3C).
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Diet-Induced Adiposity Is Reversed by SHD865
Treatment
We next investigated whether SHD865 could reverse diet-
induced adiposity and its related metabolic disorders caused

by 10 weeks of a physiologically relevant WD containing
45% kcal lard fat and 16% kcal sugar. Mice were fed the WD
for 4 weeks prior to stratification and randomization to treat-
ment groups of WD 1/� SHD865 for additional 6 weeks.

Figure 1—SHD865 mitochondrial uncoupling properties in vitro. A: Chemical structures of SHD865 and BAM15. B and C: SHD865- and
BAM15-stimulated OCR in L6 myoblasts. Values are graphed as dose response (B) and time course (C). For SHD865 and BAM15, n = 2
wells per condition from eight separate experiments; for FCCP, n = 2–4 wells per condition from three separate experiments. D: Mitochon-
drial stress test, in which L6 cells were sequentially treated with oligomycin (oligo, 1 mmol/L), SHD865 or BAM15 (drug, 50 mmol/L), and
antimycin A (AntA, 10 mmol/L) plus rotenone (Rot, 1 mmol/L) at the indicated times (n = 3 wells per condition). E: Maximal respiration, spare
capacity, and nonmitochondrial respiration were quantified from dotted lines in D. F: Whole-cell recording of membrane potential in a rep-
resentative L6 myoblast during application of SHD865 (25 mmol/L) and FCCP (10 mmol/L), and grouped data showing the change in mem-
brane potential for SHD865 compared with FCCP (n = 8). Insets show current at �31 mV. Values are represented as mean ± SEM for B–D.
The data presented in F are box and whiskers format where the median bisects a box bounded by the 25th percentile and 75th percentile,
with whiskers depicting the range. ns, not significant; P = 0.0078 by Wilcoxon matched-pairs signed rank test.
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Prediet (Supplementary Fig. 2) and pretreatment stratifica-
tion (Supplementary Fig. 3) showed equal distribution of
body weight and fat composition across the groups. SHD865
has a t1/2 of 1.7 h in mice; therefore, it was administered by
admixture to the diet to avoid stress caused by multiple oral
gavage doses per day and to avoid the need for an excipient
carrier. Based on pilot studies, a dose of 0.04% w/w in the
WD was selected for a 6-week treatment period, resulting in

�38 mg/kg SHD865 intake per day. To assess the effect of
SHD865 on energy expenditure, we assessed whole-body
OCR by indirect calorimetry. Compared with mice given the
vehicle, mice given 40 mg/kg SHD865 by oral gavage in-
creased whole-body OCR by up to 26% during the first hour
after treatment, with respiration returning to normal over
4 h (Supplementary Fig. 4). This bioactivity profile of SHD865
is consistent with its 1.7-h half-life.

Figure 2—Compound SHD865 is orally bioavailable in rodents, with low metabolic clearance in human hepatocytes and no effect on
body temperature. A: Pharmacokinetics and bioavailability of SHD865 administered to C57BL/6J mice by i.v. injection at 1 mg/kg (n = 4)
and oral gavage at 10 mg/kg (n = 3). B: Pharmacokinetic and bioavailability of SHD865 administered to Sprague-Dawley rats by i.v. injec-
tion at 1 mg/kg and oral gavage at 5 mg/kg (n = 3). SHD865 intrinsic clearance (CLint) determined in human liver microsomal preparations
(C) and in cryopreserved hepatocytes following exposure to 1 mmol/L SHD865 (D). E: Rectal temperature measured over a 24-h period fol-
lowing oral gavage with vehicle or SHD865 at indicated doses (n = 3). Values are represented as mean ± SEM.
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Four weeks of WD feeding resulted in a 16% gain in
body weight and more than doubling of body fat mass as
detected by EchoMRI (Fig. 4A and C). Within the first
2 weeks of SHD865 treatment, mice recovered normal body
weight and body fat mass composition similar to the lean

chow-fed control mice (Fig. 4A and C). From weeks 2–6 of
the intervention period, SHD865-treated mice experienced
a plateau in fat loss and maintained body composition that
was similar to normal chow-fed control animals, despite
their continued intake of the WD and no change in SHD865
concentration in the food. Importantly, SHD865-induced
fat loss occurred without a decrease in food intake (Fig. 4B)
or loss of lean mass body composition (Fig. 4D). EchoMRI
data and terminal weight of gonadal fat pad mass showed
that SHD865 treatment completely reversed the WD-
induced fat gain (Fig. 4E and F). Weight loss was not
due to lipid malabsorption as SHD865 treatment did
not alter fecal triglyceride levels compared with the
WD-fed mice (Supplementary Fig. 5).

Glucose Tolerance and Insulin Resistance Are
Improved by SHD865
We next investigated the effect of SHD865 treatment on
glucose tolerance and insulin sensitivity. A GTT was per-
formed at weeks 4 (before SHD865 treatment) and 9 (after
5 weeks of SHD865 treatment). The GTT at week 4 showed
that WD feeding significantly impaired glucose tolerance
compared with chow-fed control mice (Fig. 5A), as expected.
The second GTT at week 9 showed that SHD865 treatment
completely reversed glucose intolerance compared with pre-
treatment and WD-fed control mice (Fig. 5B). SHD865-
treated mice had a similar glucose tolerance area under the
curve as chow-fed control mice (Fig. 5C). The improved
glucose tolerance observed in SHD865-treated mice was
associated with a decrease in random-fed blood glucose
(Fig. 5D) and insulin levels (Fig. 5E) compared with WD-fed
controls. Insulin levels were not measured during the glu-
cose tolerance test in this first cohort of mice, so we re-
peated the study in a second cohort of mice, where SHD865
again improved glucose tolerance (Supplementary Fig. 6A
and B), and insulin levels remained 20–30% lower in
SHD865-treated mice compared with WD-fed controls
(Supplementary Fig. 6C). These data suggest that SHD865
improved insulin sensitivity rather than increased b-cell
function.

SHD865 Ameliorates Diet-Induced Lipid Accumulation
Postprandial hyperlipidemia is a phenotype of excess adi-
posity associated with insulin resistance (20). Therefore, we
next evaluated plasma triglyceride and cholesterol levels to
assess potential effects of mitochondrial uncoupling on
mouse lipid profile following WD feeding. Importantly,
SHD865-induced mitochondrial uncoupling significantly
lowered postprandial plasma triglyceride and cholesterol
compared with pretreatment measurements (Fig. 6A and B).
Given that the liver is a key source of endogenous triglycer-
ide and cholesterol, we next examined liver cholesterol and
triglyceride content. Mice treated with SHD865 for 6 weeks
had an intermediate phenotype where liver triglyceride lev-
els were between those of chow-fed and WD-fed mice with-
out being statistically different from either group, while

Figure 3—Liver-specific mitochondrial respiration in response to
SHD865. Tissue-specific oxygen consumption measured by
OROBOROS assay, 2-h after oral gavage of 30mg/kg SHD865
or vehicle. High-resolution respirometry is represented for liver,
quadriceps (Quad), heart, white adipose tissue (WAT), and brown adi-
pose tissue (BAT) normalized on tissue wet weight. Respiration sup-
ported via ADP-stimulated respiration complexes I and II (CI-P)
(A), CI1IIP (B), and the maximal capacity of the electron transport
chain (ETC) is represented (C). Values are represented as mean ± SEM
(n = 3). JO2, rate of oxygen consumption. *P < 0.05 compared with
vehicle group, determined by two-way repeated-measures ANOVA,
followed by the �Sid�akmultiple comparison post hoc test.
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mice fed SHD865 had liver cholesterol concentrations that
were lower than WD-fed control mice and similar to
chow-fed mice (Fig. 6C and D). Hematoxylin and eosin
staining of liver tissue also showed evidence of decreased
lipid droplet accumulation in liver tissue, as visualized by
clear cytoplasmic spaces that were occupied by lipid prior
to sectioning and staining (Fig. 6E). WD feeding also re-
sulted in a twofold increase in skeletal muscle triglycer-
ide content that was completely normalized in mice fed
SHD865 (Supplementary Fig. 7).

We investigated the postprandial serum triglyceride-
lowering effect of SHD865 in the second cohort of mice

by assessing triglyceride clearance by oral triglyceride tol-
erance test (OTTT) and hepatic triglyceride production us-
ing poloxamer 407. However, neither experiment showed a
phenotype for mice fed SHD865 in WD-fed versus WD-fed
controls (Supplementary Fig. 8). However, the data revealed
that 4–5 h fasting prior to the OTTT or poloxamer 407
treatments normalized circulating triglycerides to demon-
strate that elevated triglyceride levels in WD-fed control
mice are only present in the fed state.

We further investigated the mechanism for SHD865 ef-
fects on liver triglyceride content by assessing protein ex-
pression and regulatory phosphorylation of rate-limiting

Figure 4—Compound SHD865 reverses diet-induced obesity without affecting food intake. Body weight (A) and cumulative food intake
(FI) (B) measured over time. Measurements of fat (C) and lean mass (D) over time indicated as a percentage of body weight. E: Fat mass
grams represented as before and after treatment. *P < 0.05 compared with WD, determined by two-way repeated measures ANOVA, fol-
lowed by the Tukey multiple comparison post hoc test. F: Ex vivo gonadal white adipose tissue (WAT) fat pads evaluated at euthanasia.
Values are represented as mean ± SEM (n = 5). *P < 0.05 compared with WD, determined by one-way ANOVA, followed by the Dunnett
multiple comparison post hoc test.
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enzymes for de novo lipogenesis, including acetyl-CoA car-
boxylase (ACC), inhibitory pSer79-ACC, fatty acid synthase
(FAS), and total and activated (pThr172) AMPK, which is
the upstream kinase for pSer79-ACC. These data revealed
that mice fed SHD865 in the WD had lower FAS and ACC
expression than WD-fed control mice, with a trend for
increased Ser79 phosphorylation of ACC that is consis-
tent with increased phosphorylation of AMPK-Thr172, the
major kinase responsible for Ser79-ACC phosphorylation
(Supplementary Fig. 9A–E). Together, these data suggest
that mice fed SHD865 in the WD have lower capacity for li-
pogenesis compared with control mice fed the WD. We also
investigated whether SHD865 altered fatty acid oxidation
capacity by assessing enzyme activity of b-hydroxy-acyl-CoA
dehydrogenase (HAD) andmedium-chain acyl-CoA dehydro-
genase (MCAD). However, no treatment had any effect on
MCAD activity, while HAD activity was decreased by 12%
versus WD-fed control (Supplementary Fig. 9F and G).

Blood ALT is as a marker of liver damage; therefore, we
assessed ALT levels in both cohorts of mice treated with
SHD865. We found that 10 weeks of the WD had little ef-
fect on ALT levels compared with chow-fed mice and that
drug treatment with SHD865 for 6 weeks did not raise ALT
levels (Supplementary Fig. 10). Finally, we determined
SHD865 concentrations in tissues collected at study termi-
nation to better understand how the observed phenotypes
correlated with steady-state tissue distribution. SHD865
was primarily localized to adipose and liver tissue depots,
with lesser exposure in quadriceps muscle, heart, and brain

(Supplementary Fig. 11). These data suggest that tissue
distribution is not directly correlated with bioactivity in adi-
pose tissue, potentially due to sequestration in lipid drop-
lets; thus, liver-selective bioactivity is not due exclusively to
distribution.

DISCUSSION

In this work, we characterized the pharmacokinetics and
demonstrated the in vivo efficacy of mitochondrial uncou-
pler SHD865 to reverse diet-induced adiposity and glucose
intolerance in mice without affecting energy intake or lean
mass. SHD865 is a derivative of BAM15, a mitochondrial
protonophore uncoupler that we have recently shown to pre-
vent and reverse excess adiposity in mouse models (13,21).
However, compared with BAM15, SHD865 is a milder mito-
chondrial uncoupler in vitro that increases mitochondrial res-
piration to �90% of maximal capacity while maintaining
high levels of mitochondrial respiration over a broad drug
concentration dosing range without causing mitochondrial
failure. Furthermore, SHD865 had significantly less impact
on plasma membrane potential than FCCP, indicating that it
confers better on-target action compared with FCCP and pre-
viously reported uncouplers (11). Together, these in vitro
data provided evidence that SHD865 may have a good safety
profile in vivo and justified further testing in mice.

Oral administration of SHD865 in C57BL/6J mice re-
sulted in improved tolerability compared with BAM15 as
we observed no adverse effects of SHD865 after an acute

Figure 5—Compound SHD865 normalizes glucose tolerance and insulin sensitivity in mice fed the WD. GTT was performed pre- (A) and
posttreatment (B). C: Total area under the curve (AUC) pre- and posttreatment. Random-fed (RF) blood glucose (D) and plasma insulin (E)
measurements pre- and posttreatment. Values are represented as mean ± SEM (n = 5). ns, not significant; *P < 0.05 compared with WD,
determined by two-way repeated-measures ANOVA, followed by the Dunnett multiple comparison post hoc test; #P < 0.05 compared
with pretreatment measurements, determined by two-way repeated-measures ANOVA, followed by the �Sid�ak multiple comparison post
hoc test.

diabetesjournals.org/diabetes Beretta and Associates 381

https://doi.org/10.2337/figshare.24347104
https://doi.org/10.2337/figshare.24347104
https://doi.org/10.2337/figshare.24347104
https://doi.org/10.2337/figshare.24347104
https://diabetesjournals.org/diabetes


oral bolus of 1,000 mg/kg while the maximum amount of
BAM15 that could be tested was 200mg/kg due to poor sol-
ubility (13). Similar to BAM15, we found that SHD865 re-
versed adiposity in mice and restored glucose tolerance to
levels comparable with lean healthy controls without affect-
ing food intake or lean body mass. The dose of SHD865
tested in the study was 0.04% w/w admixed in the diet that
resulted in average daily consumption of �38 mg/kg, thus
SHD865 had strong efficacy to improve glucose tolerance
and reverse adiposity at doses 27-fold lower than the dose
level that had no observed adverse effect. SHD865 also re-
stored blood, muscle, and liver lipid profiles toward normal
levels observed in lean chow-fed mice and normalized blood
glucose and insulin levels.

BAM15 was tested in a very similar protocol to the one
performed herein with SHD865 (13), including 4 weeks of a
WD conditioning, followed by 5 weeks of treatment with
BAM15 admixed in the WD; therefore, comparisons of

general drug efficacy can be made with SHD865. Mice con-
suming the 0.1% BAM15 diet had an average daily con-
sumption of �100 mg/kg, which is 2.5-fold more BAM15
than SHD865, despite nearly identical pharmacokinetics in
mice. However, a limitation of the comparison is that we do
not know the approximate steady-state concentration of both
compounds in circulation/tissues during the treatment period.
Nevertheless, 0.04% SHD865 and 0.1% BAM15 treatments
had remarkably similar phenotypes, including normalization
of glucose tolerance and fat pad masses to levels comparable
with chow-fed controls without altering food intake or lean
body mass. Both compounds had similar effects in lowering
fed insulin, liver triglyceride, and fed circulating triglyceride
levels.

The current study with SHD865 has gone further than
previous studies with BAM15 to investigate the effect of
mitochondrial uncoupling to lower liver triglyceride levels
and circulating fed triglyceride levels. For example, we show

Figure 6—SHD865 improves plasma markers of hyperlipidemia and normalizes liver lipids to levels similar to chow-fed controls. Plasma
triglyceride (TG) (A) and cholesterol (B) content at the end of treatment. Liver TG (C) and cholesterol lipid levels (D) at the end of the study.
Values are represented as mean ± SEM (n = 5). ns, not significant; *P < 0.05 compared with WD, assessed by one-way ANOVA, followed
by the Dunnett multiple comparison test or Kruskal-Wallis test for nonparametric data. E: Representative images of hematoxylin and eosin
staining. Scale bar = 100 mm.
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herein that mice fed SHD865 in the WD had lower expres-
sion of ACC and FAS, enzymes considered rate-limiting for
lipogenesis. We also performed an OTTT and treated mice
with poloxamer 407 to show that SHD865 treatment did
not affect triglyceride clearance or hepatic triglyceride pro-
duction. We also found that 4- to 5-h fasting was sufficient
to normalize triglyceride levels so that there was no signif-
icant difference between the WD-fed and WD-fed plus
SHD865-treated mice. The mechanism whereby mice fed
SHD865 had decreased postprandial triglyceride levels re-
mains unclear but is likely due to a combination of nor-
malization of body composition, lower triglyceride content
in liver, muscle, and adipose tissues, and improved insulin
sensitivity.

Tissue distribution studies showed that SHD865 concen-
tration in the liver after 6 weeks of treatment was 14.5 mg/g,
�34 mmol/L (Supplementary Fig. 11), which is in the bioac-
tive concentration range of >10 mmol/L, as determined
in vitro (Fig. 1B). In contrast, less compound was present in
quadriceps, heart, and brain. Adipose tissues had the great-
est concentrations of SHD865, with gonadal fat having
27 mg/g SHD865 and brown fat having 18 mg/g in the tis-
sue. The lack of bioactivity in tissue adipose samples sug-
gests that SHD865 could be sequestered by fat droplets
where it is unable to act on mitochondria in those tissues.
In summary, SHD865 represents a new class of small mole-
cule mitochondrial uncoupler that has powerful effects to
normalize glucose tolerance and adiposity in mice fed a WD
without altering food intake or decreasing lean body mass.
SHD865 has similar in vivo bioactivity as BAM15 but with
improvements, including 2.5-fold lower dosage, a higher
level of no observed adverse effects, and superior stability
in human hepatocytes.

This is the first study to characterize the in vivo bioac-
tivity of SHD865, so there remain some limitations and
scope for further work. For example, SHD865 restored total
plasma and liver cholesterol levels, but we have not assessed
lipoprotein-bound fractions or assessed cholesterol biosyn-
thesis and metabolism. In this study, we investigated WD
feeding over a period of 10 weeks, but further work should
investigate SHD865 efficacy in other mouse models of excess
adiposity, including long-term WD and genetic obesity mod-
els including db/db or ob/ob mice. Understanding these
unknowns and progressing SHD865 into more advanced
toxicology testing will be necessary to determine whether
SHD865 represents a drug candidate for human testing.
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