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Although aging is associated with progressive adiposity and
a decline in liver function, the underlying molecular mecha-
nisms and metabolic interplay are incompletely understood.
Here, we demonstrate that aging induces hepatic protein ki-
nase Cbeta (PKCβ) expression, while hepatocyte PKCβ defi-
ciency (PKCβHep−/−) in mice significantly attenuates obesity in
aged mice fed a high-fat diet. Compared with control PKCβfl/fl

mice, PKCβHep−/− mice showed elevated energy expenditure
with augmentation of oxygen consumption and carbon dioxide
production which was dependent on β3-adrenergic receptor
signaling, thereby favoring negative energy balance. This effect
was accompanied by induction of thermogenic genes in brown
adipose tissue (BAT) and increased BAT respiratory capacity,
as well as a shift to oxidative muscle fiber type with an
improved mitochondrial function, thereby enhancing oxidative
capacity of thermogenic tissues. Furthermore, in PKCβHep−/−

mice, we determined that PKCβ overexpression in the liver
mitigated elevated expression of thermogenic genes in BAT. In
conclusion, our study thus establishes hepatocyte PKCβ in-
duction as a critical component of pathophysiological energy
metabolism by promoting progressive hepatic and extrahepatic
metabolic derangements in energy homeostasis, contributing
to late-onset obesity. These findings have potential implica-
tions for augmenting thermogenesis as a means of combating
aging-induced obesity.

Both obesity and aging have seen dramatic increases in
prevalence throughout the world (1). In modern society, obesity
is basically late onset, and its incidence apparently increases
with age, likely due to a combination of genetic and environ-
mental factors (https://www.who.int/en/news-room/fact-shee
ts/detail/obesity-and-overweight, Accessed 25 November
2022) (https://www.cdc.gov/obesity/data/adult.html, Accessed
25 November 2022). Although advanced age is a risk factor for
obesity, a clear understanding of the changes that occur as we
age that contribute to the development of obesity is currently
lacking. Emerging evidence suggest that the thermoregulatory
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mechanisms associated with the regulation of body weight are
complex because body weight changes considerably in the
development phase and is affected by various environmental
factors. Available data further indicates that dysregulation of the
thermoregulatory mechanisms implicated in body weight
regulation play a role in the etiology of obesity (2–4). Aging is
accompanied by a loss of classical brown adipocytes as well as
the brown-like adipocytes found in white adipose tissue (WAT),
suggesting that loss of their energy expenditure capacity might
contribute to an obesity-prone phenotype with increased age.
Under obesogenic conditions, such as excessive and prolonged
consumption of high-fat diet, energy intake exceeds expendi-
ture, causing an accumulation of lipids in adipose tissues and
ectopically in non-adipose tissues where excess lipids are stored
as intramyocellular lipids (5). In extant research, several genes
related to thermogenesis have been considered as candidate
genes for human obesity and aging (6–9). Notably, age-related
decline in β-adrenergic responsiveness and the virtual absence
of uncoupling protein-1 (UCP-1) in adult humans also suggest a
relationship between the reduced thermogenic ability and
increased susceptibility to obesity with age (10, 11). Because
obesity at a later age is a risk factor for life-threatening condi-
tions such as insulin resistance, type 2 diabetes, and cardiovas-
cular disease, understanding the causal molecular mechanisms
of age-related obesity may provide a strategy for treating these
disorders. Therefore, lack of effective therapies for obesity is a
serious challenge and requires immediate attention.

The liver plays a key role in energy homeostasis and
constantly adapts to meet the body’s energy requirements of
the whole body during the postprandial state, particularly
during times of increased lipid burden (12, 13). Located at the
nexus of the portal and various circulations, the hepatocyte is
uniquely positioned to be the central hub of inter-tissue
communication. There is also evidence that the liver plays a
pivotal role in the aging of mammals via the modulation of a
variety of metabolic pathways (14). Accordingly, interdicting
hepatocyte signaling pathways are potential therapeutic targets
for aging-induced metabolic diseases (15). Protein kinase
Cbeta (PKCβ) has recently emerged as a critical regulator of
hepatic lipid and glucose homeostasis, largely due to its
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Hepatocyte PKCβ modulates energy expenditure
downstream transcriptional regulation of critical genes to help
the body’s adaptation to energetic stress (16–18). Conse-
quently, hepatocyte PKCβ inactivation is associated with pro-
tection from diet-induced hepatic steatosis and elevated
glycogen accumulation (19, 20). Consistent with a central role
of PKCβ in regulating energy metabolism, dietary fat intake
induces hepatic PKCβ expression (21, 22), whereas exercise is
shown to repress diet-induced hepatic expression (23).
Furthermore, PKCβ is inhibited by beneficial omega fatty acids
(24, 25). and activated by diacylglycerol and cholesterol, which
were reported to be accumulated in obese liver (26, 27).

Guided by these findings, the present study aimed to
examine the combinatory role of aging and high-fat diet on the
development of obesity. Our findings indicate that aging is
associated with hepatic PKCβ induction, whereas hepatocyte-
specific PKCβ deficiency is related to increased BAT thermo-
genic gene expression and the resulting increase in energy
expenditure. Conversely, hepatocyte-specific PKCβ over-
expression was found to suppress the expression of thermo-
genic genes. These results establish a pivotal role for hepatic
PKCβ induction in progressive obesity during aging and pro-
vide insight into the mechanisms by which aging becomes a
risk factor for the development of obesity.

Results

Liver expression of PKCβ is elevated in aging

We analyzed and compared the expression of Pkcβ gene in
the liver from young and old mice fed either chow or high-fat
and high-cholesterol (HFHC; 45% calories derived from fat
plus 1% cholesterol) diet and observed significant differences.
Consistent with previous reports (21, 22), our present analysis
indicated that HFHC diet-induced obesity increases the
Figure 1. Effects of age and HFHC diet on hepatic Pkcβ expression in C57
Pkcβ in mice were examined by qPCR. Data are presented as mean ± SD, n =
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expression of Pkcβ in the liver and contributes to metabolic
dysfunction during diet-induced obesity (Fig. 1). Furthermore,
expression levels for Pkcβ was 1.8-fold higher in older livers
compared to young livers from mice fed a chow diet. More-
over, an age-related increase in liver Pkcβ expression was even
higher in livers of aged mice fed HFHC diet. Our results
therefore indicate that aging-induced metabolic dysfunction
under obesogenic conditions may be dependent on the hepatic
PKCβ-mediated pathways.

Hepatocyte-specific deletion of PKCβ protects from late-onset
obesity

To understand the role of hepatic PKCβ in aging-induced
obesity, we subjected control PKCβfl/fl and hepatocyte-
specific PKCβ-deficient (PKCβHep−/−) mice to HFHC diet
feeding for 16 months and monitored their food intake and
body weight gain over time. As shown in Figure 2A, body
weights were identical between the two genotypes, which is
consistent with previous results; however, their growth curves
started to diverge at around 8 months of age. PKCβHep−/− mice
did not accumulate as much weight as PKCβfl/fl littermates
with age and the average weight of these mice for the period
between 8 to 12 months of age was 8% to 10% lower compared
to PKCβfl/fl controls. The weights of the epididymal WAT
(eWAT) and brown adipose tissue (BAT) were significantly
reduced in aged PKCβHep−/− mice compared with control mice
(Fig. 2B). Consistently, eWAT (1.56 versus 2.29 × 104 μm2)
adipocyte size was significantly lower in aged PKCβHep−/− mice
than in control mice. The reduction in body weight and
adiposity in PKCβHep−/− mice was associated with reduced
liver mass (Fig. 2B). Compared to control mice, aged
PKCβHep−/− mice had less fat accumulation in the liver (87
BL/6J mice fed either a chow or HFHC diet. The expression levels of liver
8 to 10 mice per genotype. **p < 0.05; **p < 0.01.
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Figure 2. Attenuated aging-induced obesity in PKCβHep−/− mice under HFHC conditions. A, PKCβfl/fl and PKCβHep−/− mice were fed HFHC diet starting at
week 8 after birth. Weight gain of both genotypes over a time period of next 64 weeks were determined (n = 12/genotype). The average body weight of
each group of mice between 35 and 75 weeks were compared by unpaired t test. B, epididymal WAT, interscapular BAT, and liver mass of 1.5-year-old male
mice (n = 10 per genotype for WAT; n = 8 per genotype for BAT). C, food intake of approximately 1-year-old mice. Each data point represents an average
measurement from a single cage. Data are presented as mean ± SD. Statistical analysis: unpaired two-tailed t test. *p < 0.05; ** < 0.01.

Hepatocyte PKCβ modulates energy expenditure
versus 46 mg/g). Despite reduced weight, the food intake of
PKCβHep−/− mice was comparable to control PKCβfl/fl litter-
mates (Fig. 2C).
Hepatocyte PKCβ inactivation potentiates energy expenditure
and thermogenesis in peripheral tissues

To determine whether there were differences in energy
expenditure that would account for the differences in body
weights and fat mass in HFHC-fed PKCβHep−/− mice, indirect
calorimetry was measured. We measured whole body energy
expenditure between PKCβHep−/− and PKCβfl/fl mice by moni-
toring oxygen and carbon dioxide production, locomotor ac-
tivity, and thermogenesis using indirect calorimetry at ambient
temperature (22 �C) and during a cold challenge at 4 �C.
Remarkably, PKCβHep−/−mice exhibited a significant increase in
basal oxygen consumption and carbon dioxide production
compared to their control counterparts in both light and dark
cycles, particularly during the dark cycle, without affecting
either locomotor activity or respiratory exchange ratios (Fig. 3,
A and B). Heat production was significantly elevated in
PKCβHep−/− mice under all conditions. The above data suggest
that the changes in energy expenditure associated with hepatic
PKCβ inactivation are significant, driving the resistance to diet-
induced adiposity seen in PKCβHep−/− mice.

To determine the molecular underpinning of increased
energy expenditure, we examined the expression of a signature
group of genes involved in energy expenditure and fat meta-
bolism. We found that PKCβHep−/− mice exhibit marked in-
crease in FGF21 protein levels in liver and a milder increase in
both BAT and iWAT (Fig. 4, A, D, and E). As expected,
PKCβHep−/− mice exhibited increased hepatic expression of
fibroblast growth factor 21 (Fgf21) mRNA and circulating
amounts of FGF21 in the blood relative to control mice (Fig. 4,
B and C). It is interesting to note in this regard that we recently
reported that hepatic PKCβ deficiency reduces endogenous
hepatic FoxO1 protein level (19) which is reported to nega-
tively regulate hepatic Fgf21 expression (28). Furthermore,
PKCβHep−/− mice show elevated peroxisome proliferator-
activated receptor-alpha (PGC-1α) and UCP-1 protein levels
specifically in BAT and not in inguinal WAT (iWAT) (Fig. 4, D
and E). There were no changes in expression of UCP-2 and
UCP-3 in BAT, whereas the expression of these genes was
slightly lower in the iWAT of PKCβHep−/− mice relative to the
control (Fig. 4, D and E). In addition, P-ERK-1/2 levels were
elevated in iWAT of PKCβHep−/− mice relative to control mice
(Fig. 4E), suggesting enhanced lipolysis in WAT (29). In
contrast, we did not observe any significant differences in
expression levels of above proteins in PKCβHep−/− skeletal
muscle (Fig. 4F).

Skeletal muscles are a major contributor to basal metabolic
rate, we therefore examined skeletal muscles from the above
mice (30). Inactivation of PKCβ in hepatocytes resulted in a
shift from glycolytic to oxidative in fast fiber-enriched
gastrocnemius and quad muscles of PKCβHep−/− mice. An
increase in the relative expression of transcript encoding slow
myosin heavy chain 7 (Myh7) in G/P and quadriceps of
PKCβHep−/− mice compared to control muscles was observed
(Fig. 4G). We also found a decrease in the relative expression
of transcript encoding fast Myh2, suggesting a muscle fiber
type switching from fast to slow in more oxidative fibers in
gastrocnemius and quadriceps of PKCβHep−/− mice (Fig. 4G).
J. Biol. Chem. (2023) 299(8) 104917 3
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Figure 3. Hepatocyte-specific PKCβ deficiency promotes energy expenditure. A, HFHC-fed PKCβHep−/− mice show higher metabolic rates than HFHC-fed
PKCβfl/fl mice at room temperature. CLAMS measured O2 consumption, CO2 production, and heat generation; bar graphs indicate average O2 consumption,
CO2 production or heat production during day and night. B, energy expenditure measured at 4 �C in the above sets of mice. Data are presented as mean ±
SD. *p < 0.05 versus control mice. AUC, Area under the curve.

Hepatocyte PKCβ modulates energy expenditure
In agreement with this possibility, the quadricep muscle
exhibited increase in the expression of mitochondrial markers
succinate dehydrogenase (Sdhb, Sdhc, Sdhd) (Fig. 4H). More-
over, a decrease in slow Myh3 and Myh7 and a decrease in
Sdh’s in soleus muscle of PKCβHep−/− mice was also observed
(Fig. 4H). The age-related slowing of the muscle, due to a
combination of an increased percentage of slow fibers as there
is selective atrophy of type II fibers) and slowing of, in
particular, type I fibers, will aggravate the loss of muscle
function. These results suggested that the increase in energy
expenditure of PKCβHep−/− mice during aging may also result
from improved muscle function.

The above changes were observed in the absence of any
significant changes in proinflammatory cytokines IL-1β and
TNF-α between genotypes (Fig. 4I).

To determine further if the above changes in thermogenic
gene expression altered the function of peripheral tissues, we
performed high-resolution respiratory capacity of BAT and
muscle. Mitochondrial respiration was sequentially measured
with substrate present (basal respiration) and in the presence
of ADP (complex V respiration) or FCCP (maximal respira-
tion). Interestingly, basal mitochondrial OCR was significantly
higher in PKCβHep−/− BAT (Fig. 5, A and B), and when pro-
vided with Rotenone, succinate, Antimycin A, and TMPD,
mitochondrial OCR from PKCβHep−/− BAT were significantly
lower (Fig. 5A). These results suggest that in PKCβHep−/− BAT,
mitochondrial respiratory complex I is responsible for
enhanced OCR, as substrates that activate other complexes do
not increase OCR. Likewise, OCR under uncoupling and
4 J. Biol. Chem. (2023) 299(8) 104917
coupling conditions were also significantly increased in mito-
chondria from PKCβHep−/− gastrocnemius and plantaris mus-
cle at baseline, in the presence of Antimycin A, Oligomycin,
FCCP, and Antimycin/Rotenone, and insignificantly increased
with Succinate and TMPD (Fig. 5, C and D). All provided
substrates augmented OCR in mitochondria from PKCβHep−/−

iWAT and GC, suggesting that all complexes within the
electron transport chain within these tissues have significantly
increased activity, which contributes to overall enhanced
mitochondrial functions. Taken together, reduced obesity in
PKCβHep−/− mice is linked to improvement in mitochondrial
function in peripheral metabolic tissues, augmenting energy
expenditure.
PKCβHep−/− mice exhibit increased energy expenditure in a β3-
AR-dependent manner

The liver also has a nervous system containing both afferent
and efferent neurons that are involved in energy homeostasis
(31, 32). The afferent arm includes the sensation of metabolites
which triggers the nervous system to make appropriate phys-
iological changes. This prompted us to investigate the impact
of hepatic PKCβ inactivation on the activity of adrenergic
pathways in response to catecholamine stimulation. To parse
out the potential contribution of β3-adrenergic receptor (β3-
AR) signaling, we carried out energy expenditure studies by
administering a specific β3-AR antagonist, L748,337. We
found that L748,337 abolished this increase in energy expen-
diture (Fig. 6, A and B), without affecting either locomotor
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Figure 4. Effects of hepatic PKCβ deficiency on the protein expression in different tissues at the end of the study. A, overnight fasted PKCβHep−/−

mice exhibit elevated FGF21 protein in the liver relative to control mice. Immunoblot analyses of indicated protein in the liver of HFHC-fed PKCβfl/fl and
PKCβHep−/− mice. Liver extracts were subjected to immunoblotting with FGF21 antibody. B, the hepatic expression of Fgf21 mRNA in overnight fasted mice
was examined by qPCR analysis. C, the concentration of FGF21 in the blood of chow-fed and HFHC-fed PKCβfl/fl and PKCβfl/fl mice was measured by ELISA.
Blood was collected from mice fasted overnight. D–F, comparison of indicated protein expression in the BAT, skeletal muscle, and iWAT in the above mice.
Western blots are representative of three separate experiments. Percentage relative decrease shows the band intensity ratio of PKCβfl/fl over PKCβfl/fl liver. G
and H, hepatocyte-specific PKCβ deficiency upregulates expression of slow, oxidative major histocompatibility complex isoforms. Transcripts coding for
Myh2, Myh7, and mitochondrial markers were determined in soleus, gastroc/plantaris and quadriceps muscles of PKCβfl/fl and PKCβHep−/− mice by qPCR.
mRNA is expressed relative to 18S mRNA, used as endogenous control. I, comparison of proinflammatory cytokines between genotypes. Data are presented
as mean ± SD; n = 6; *p < 0.05; **p < 0.01.

Hepatocyte PKCβ modulates energy expenditure
activity or respiratory exchange ratios (results not shown) and
attenuated elevated expression of BAT markers (Fig. 6C),
suggesting a role of β3-AR signaling in increasing energy
expenditure of PKCβHep−/− mice. Accordingly, no significant
effects on either blood pressure or heart rate were observed
(Fig. 6D), supporting that the inactivation of hepatic PKCβ
potentiates sympathetic nervous system (SNS)/β3-adrenergic
signaling in vivo. It is also now recognized that skeletal mus-
cles, targeted by both β3-AR signaling and FGF21, also
contribute to muscle hypertrophy and elevated thermogenic
capacity (33, 34). It is tempting to speculate that the attenu-
ation of aging-induced obesity via improving BAT and muscle
functions in PKCβHep−/− mice appears to be caused at least in
part by augmentation of β3-adrenergic signaling.

It is possible that a higher absolute SNS signal and a possible
increase in sensitivity of BAT for the SNS stimulation may
result in an increased ability to activate BAT in PKCβHep−/−

mice. We sought to gain further insights into the molecular
mechanism underlying the potentiation of adrenergic signaling
by hepatic PKCβ inactivation. We administered CL316,243, a
β3-AR-specific agonist, to PKCβHep−/− and PKCβfl/fl mice daily
for a period of 5 days. Administration of CL316,243 equally
increased mRNA expression of Ucp-1 and Pgc-1α, markers of
brown and beige adipocytes, in BAT of both PKCβHep−/− and
PKCβfl/fl mice (Results not shown). In line with these studies,
explants from above mice responded equally to β3-AR agonist
as assessed by measuring phosphorylation levels of hormone-
sensitive lipase (Results not shown). It is tempting to specu-
late that the potential mechanism behind the loss of BAT
function with age involves a reduction in sympathetic drive at
least in part by hepatic PKCβ induction.
Liver PKCβ overexpression suppressed thermogenic genes in
BAT, independent of FGF21

To test the hypothesis that hepatic PKCβ regulates periph-
eral BAT function and thermogenesis, we next performed
complementation assays to test whether restoration of PKCβ
expression attenuated the effect of hepatic PKCβ deficiency on
elevated expression of BAT thermogenic genes. PKCβ was
predominantly expressed in the liver of mice injected with Ad-
PKCβ (Fig. 7A). Indeed, restoring hepatic PKCβ prevented the
effect of hepatic PKCβ deficiency on elevated hepatic FGF21
expression in PKCβHep−/− mice (Fig. 7, A and B). Moreover,
PKCβ expression in the liver of PKCβHep−/− mice attenuated
increase in expression of both Pgc-1α and Ucp-1 mRNAs in
BAT of the mice (Fig. 7C) and was accompanied by reduction
in oxygen consumption (Fig. 7D). In agreement with negative
J. Biol. Chem. (2023) 299(8) 104917 5
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Figure 5. Hepatocyte-specific PKCβ deficiency improves mitochondrial function in peripheral tissues. Oxygen consumption rates were measured in
freshly isolated isolated mitochondria from BAT (A and B) and gastric/plantaris muscle (C and D) of 1-year-old HFHC-fed PKCβfl/fl and PKCβHep−/− mice fasted
overnight. These measurements were performed on three separate isolations measured with at least six technical replicates in the absence or presence of
indicated substrate, inhibitor, or modulator of electron transport chain. Data are presented as mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001. EC, electron
coupling assay; EF, electron flow assay.

Hepatocyte PKCβ modulates energy expenditure
regulation of hepatic FGF21 expression by hepatic PKCβ,
treatment of mice with a specific inhibitor of PKCβ, INST3399
also increased hepatic FGF21 expression (Fig. 7E) (35).
Together, these data support that PKCβ negatively regulates
hepatic FGF21 and BAT markers.

FGF21 is reported to act centrally to induce sympathetic
nerve activity and energy expenditure (36). It is thus possible
that elevated hepatic FGF21 expression may contribute to the
effects of hepatic PKCβ deficiency on energy metabolism. To
test the potential role of FGF21 on BAT function, we used
shRNA to knock down hepatic FGF21 expression in
PKCβHep−/− mice. Control studies demonstrated that an
AAV8-shFgf21 vector reduced hepatic Fgf21 mRNA expres-
sion by 70% to 80%. (Fig. 7, F and G). Moreover, the amount of
FGF21 in the blood was reduced in mice treated with the
AAV8-shFgf21 vector compared with mice treated with
the control AAV8-shLuc vector (Fig. 7H). We found that the
shFgf21 vector did not prevent an increase in the expression of
6 J. Biol. Chem. (2023) 299(8) 104917
thermogenic genes and oxygen consumption caused by hepatic
PKCβ deficiency (Fig. 7, I and J), thus ruling out potential
contribution of PKCβ-FGF21-BAT axis in metabolic regula-
tion by hepatic PKCβ.
Discussion

Our data provide novel insight into the mechanisms by
which aging becomes a risk factor for the development of
obesity. We demonstrate that hepatocyte PKCβ inactivation
protects mice from diet-induced obesity as they age as well as
mitigates hepatic steatosis, although the obesity protection was
not apparent in early adulthood (19). It is intriguing that
protection is linked to augmented energy expenditure due to
potentiation of β3-AR signaling to adipose tissue, in particular
BAT where it increased levels of PGC-1α and UCP-1, two
known regulators of energy expenditure. Indeed, there is
substantial evidence demonstrating that aging diminishes the
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Figure 6. Specific β3-AR antagonist L748,337 blocks increase in energy expenditure of PKCβHep−/− mice. Effects of β-AR3 antagonist L748,337 on O2
consumption (A) and CO2 production (B) in HFHC-fed PKCβfl/fl and PKCβHep−/− mice during day and night. C, analysis of UCP-1 and PGC-1αmRNA expression
in the BAT of above mice. D, comparisons of blood pressure and heart rate in the above PKCβfl/fl and PKCβHep−/− mice. Data are presented as mean ± SD.
*p < 0.05; **p < 0.01.

Hepatocyte PKCβ modulates energy expenditure
sensitivity of adrenergic stimulation to reduce energy expen-
diture in humans as well as in rodents (37–39). The potenti-
ating effect on adrenergic signaling appears to be modest and
is thus likely insufficient to confer protection from weight gain
in young mice fed high-fat diet. Aging is arguably a more
pronounced physiological metabolic stress than high-fat
A B C
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Figure 7. Hepatic PKCβ suppresses BAT thermogenic genes in an FGF21-in
liver of HFD-fed of PKCβHep−/− mice using recombinant adenovirus vectors (12–
C, comparison of expression of UCP-1 and PGC-1α in the BAT of the abo
PKCβHep−/−+Ad-PKCβmice fed HFHC diet. E, effect of a novel PKCβ inhibitor, IN
analyzed by immunoblotting (Mehta, 2022). F–I, FGF21 alone does not mediate
to express control shRNA and Fgf21 shRNA in the liver of aged mice. Hepatic
ad-libitum or fasted overnight was measured by ELISA. Comparison of UCP-1 an
expenditure between control and AAV8-Fg21shRNA-treated mice under HFHC
***p < 0.0001).
feeding, demonstrating that even a modest effect of hepatic
PKCβ deletion on adrenergic signaling is sufficient to confer
beneficial effects under physiological conditions. Therefore, it
is conceivable that a more profound induction of hepatic
PKCβ expression by both diet and aging is required to trigger
significant suppression of energy expenditure in order to
D E

JI

dependent manner. A and B, PKCβ or GFP (control) were expressed in the
16 days). The hepatic expression of PKCβmRNA and protein were measured.
ve mice. D, comparison of energy expenditure between PKCβHep−/− and
ST3399 (4 mg/kg body weight for 6 weeks) on hepatic FGF21 expression was
s metabolic effects of hepatic PKCβ deficiency. AAV8 vectors were employed
FGF21 mRNA and proteins were analyzed. FGF21 in the blood of mice fed
d PGC-1α expression in the BAT of the above mice. J, comparison of energy
fed conditions. The data presented are the mean ± SD (n = 6; *p < 0.05;

J. Biol. Chem. (2023) 299(8) 104917 7
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promote energy storage. In line with this assertion, aging and
obesity exert superimposable impact on mitochondria (40–42).
It is thus reasonable to hypothesize that they could exert ad-
ditive effects on mitochondrial dysfunction upon hepatic
PKCβ induction. Our data support the premise that aging- and
high-fat diet-induced PKCβ expression contributes to accen-
tuating the decline in body capacity to metabolize fat, leading
to a gradual accumulation of visceral adiposity. We therefore
propose that hepatocyte PKCβ is an important component of
energy balance under metabolic stress conditions, as it in-
tegrates dietary and metabolic signals to regulate energy bal-
ance by promoting hepatic and extrahepatic metabolic
derangements in energy homeostasis. For most of human
history, mankind has struggled with food insufficiency and
short-life expectancy. Thus, the evolutionary process has led to
the emergence of a so-called, thrifty genotype, which has
driven the development of an efficient metabolism and a
centrally regulated behavior designed to minimize energy
expenditure at least in part by inducing hepatic PKCβ
expression. As most people become obese slowly, we posit that
inhibition of PKCβ may be useful for counteracting this
gradual weight gain over time.

Aging is accompanied by the loss of classical brown adipocytes
as well as brown-like adipocytes found in WAT, suggesting that
the loss of their energy expenditure capacity might contribute to
an obesity-prone phenotype with increased age (43, 44). The
underlying processes that govern reduced BAT function are
largely unknown but could at least in part be due to changes in
sympathetic activation. The possible molecular mechanism may
include a reduction in the sympathetic nervous system contrib-
uting to impaired thermogenesis in brown adipocytes due to
progressive hepatic PKCβ induction that increaseswith aging and
visceral obesity. This phenomenon could be caused by a combi-
nation of several molecular factors. For example, PKCβ can sense
and respond to nutrient overabundance by communicating the
metabolic status of the liver and PKCβ-related decline in sym-
pathetic activation, causing impaired thermogenesis in brown
adipocytes. Alternatively, hepatic PKCβ may indirectly promote
adipose inflammation, due to which inflammatory macrophages
reduce adrenergic output by degrading catecholamines in the
adipose tissue (45, 46). In view of lack of significant changes in
proinflammatory cytokines by hepatocyte-specific PKCβ
Figure 8. Our results are consistent with a model that aging- and diet-indu
acting as a brake on energy expenditure via SNS/β3AR signaling possib
signaling to peripheral tissues resulting in an increase in energy expenditure,
signaling upregulates expression levels of FGF21, PGC-1α, and UCP-1 in BAT r
in the onset and pathophysiology of aging-induced obesity and therefore con
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deficiency, the potential contribution of such amechanism is less
likely. One major pathway for sensing liver lipid content by self-
regulated PKCβ is corroborated by lipidomic studies showing the
accumulation of known PKCβ activators in obese livers, such as
diacylglycerols (intermediates in TG biosynthesis and hydroly-
sis), free cholesterol, and saturated fatty acids (27). The mecha-
nism underlying inter-tissue communication may therefore
involve modulation of hepatic vagal afferent nerve by PKCβ by
regulating receptor stability, transport, or interaction of the re-
ceptor with neighboring component(s). In line with these pos-
tulates, PKC has been reported to phosphorylate transient
receptor channel protein 4 (Trpv4), as well as hepatic expression
of this transporter is reduced in PKCβHep−/− liver relative to
control liver, as revealed by RNA-seq analysis (20, 47–49).
Notably, Trpv4 deletion is reported to confer resistance to diet-
induced obesity (50). Therefore, the exact mechanism by which
hepatic PKCβ disruption augments β3-AR signaling merits
additional investigation. Nevertheless, our present study estab-
lishes novel aspect of aging-associated obesity and supports the
premise that suppressing the hepatocyte-peripheral tissues axis
restricts obesity and its underlying disease state during aging. To
this end, we propose a model that features the hepatic PKCβ as a
mandatory component for signal transduction from liver to BAT
and concomitant suppression of energy expenditure (Fig. 8). An
important implication of the present study is that modulation of
hepatocyte signaling could be a promising therapeutic approach
to promote thermogenic energy expenditure (51, 52). It is also
tempting to speculate that concomitant administration of a PKCβ
inhibitor could potentiate the effect of β3-adrenergic agonists,
increasing their efficacy and their safety profile by reducing the
effective doses, thus avoiding the side-effects of cross-activation
of β3-AR in other organs (53). Furthermore, in addition of
testing therapeutic efficacy of PKCβ inhibitors in isolation, it
would be beneficial to test combinations of a PKCβ inhibitor with
a food intake reducer GLP-1 agonist in the treatment of obesity is
an avenue to be explored in future (54).

There is growing evidence that aging is a vital risk factor for
the occurrence of nonalcoholic fatty liver disease (55).Our study
provides a unique insight into the relationship between hepatic
PKCβ and age-related increases in fatty liver disease. The
impairment of liver function could be caused by a combination
of several molecular mechanisms by persistently high levels of
ced hepatic PKCβ induction suppresses BAT and muscle metabolism by
ly via the brain. Hepatic PKCβ deficiency triggers activation of SNS/β3-AR
thereby reducing obesity predisposition. Augmented stimulation of β3-AR
equired for elevated thermogenesis. This may have important implications
stitute a promising clinical target for obesity prevention and treatment.
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hepatic PKCβ expression. First, hepatocyte-specific PKCβ
deficiency attenuates age-related dysregulation of lipid meta-
bolism and mitigates the development of hepatic steatosis and
thereby progression toward nonalcoholic steatohepatitis and
fibrosis (56). This protection can be attributed to a reduced
capacity for biosynthesis due to reduced hepatic sterol response
element-binding protein-1c activity (19). Second, an enhanced
level of PKCβ expression promotes age-related increase in
PKCβ/p66Shc mitochondrial axis, thereby causing mitochon-
drial dysfunction and reduced autophagy (57), leading to he-
patocellular stress (oxidative stress) that eventually predisposes
affected individuals to steatosis, cirrhosis, and hepatocellular
carcinoma. In obesity, significant mitochondrial dysfunction
occurs in aged tissues, contributing to inflammation and insulin
resistance and thus promoting fatty liver disease. Third, PKCβ
can accentuate age-associated dysregulation of various tran-
scription factors, specifically HNF4α, Nrf2, and NF-kB, and this
can accelerate transcriptional networks resulting in an
abnormal pattern similar to that observed in old mice. Intrigu-
ingly, the IKK/NF-kB signaling pathway has been shown to be
one of the key mediators of aging (58). Finally, hepatic PKCβ
induction appears to exacerbate fatty acid influx to the liver,
thereby worsening the fatty liver disease (Fig. 4E). Thus, hepatic
PKCβ deficiency improves mitochondrial function and causes
reduced lipid content accumulation, thereby attenuating several
mechanisms that provoke hepatocellular injury. According to
this integrated view, combination of age-related changes in the
liver and significant increase in chronic conditions such as
obesity heightens the risk of liver disease in older individuals.

Aging is also characterized by a decline in biological func-
tions, with a direct influence on lifestyle. The convergence of
aging and obesity results in a unique pathology termed sar-
copenic obesity that causes loss of muscle and physical
strength as well as an increase in adiposity (59). The age-
related decline in muscle function is aggravated by an HFD-
induced increase in fat mass (60). The possible molecular
mechanisms that lead to an age-related decline in muscle
function may include the accumulation of intramyocellular
lipids and an age-related slowing of the muscle due to a
combination of an increased volume percentage of slow fibers
and slowing of type 1 fibers. The disparity in response between
control and PKCβHep−/− mice may in part be explained by
PKCβ-related improvement in muscle fiber composition and
attenuated intramyocellular lipid accumulation in muscle fi-
bers resulting from a decline in the available lipid pool
together with enrichment of slow fibers, thereby leading to
resistance to muscle dysfunction. It is now recognized that
both β3-AR and FGF21 contribute to muscle hypertrophy and
elevated thermogenic capacity (60, 61). It is therefore
conceivable that a more profound β3-AR signaling to muscle
tissue due to hepatic PKCβ deficiency is required to trigger the
aforementioned changes in order to attenuate intramyocellular
lipid accumulation. Therefore, the degree of hepatic PKCβ
induction may well be a factor underlying the earlier increase
in body mass and intramyocellular lipid accumulation.

In conclusion, our study provides the first genetic evidence
for the PKCβ in hepatocytes as a critical component in late-
onset obesity. We show that hepatic PKCβ is the main driver
for finely controlled BAT function suppression via the β3-AR
signaling pathway, which may be more pronounced in older
individuals, thereby putatively leading to aging-induced path-
ophysiology. This may have important implications for the
development and pathophysiology of late-onset obesity and
therefore constitutes a promising clinical target for obesity
prevention and treatment. It will be interesting to see whether
considerable inter-individual variations in weight gain in
response to aging and caloric intake are due to variable
expression and/or penetrance of PKCβ gene. A previous report
describing an association between PKCβ polymorphism and
insulin resistance in humans supports such a possibility (62).

Experimental procedures

Mice

PKCβfl/fl mice were generated through homologous recom-
bination as described by us recently (19). As described earlier, to
inactivate PKCβ in hepatocytes, we crossed PKCβfl/fl mice with
Albumin-Cre transgenic mice in the C57BL/6J genetic back-
ground. The littermates were screened by genotyping, and mice
with two copies of loxP sites and Cre recombinase were charac-
terized as PKCβHep−/− mice. Male mice were used in all experi-
ments. PKCβfl/fl and PKCβHep−/−mice were bred andmaintained
on a 12-hr-light and 12-hr-dark cycle with lights on from7AMto
7 PM. All mice were given standard food pellets (normal chow
diet) and water ad libitum. Cohorts of age-matched male mice
were used for the study. Body weight and food intake were
measuredweekly. ForHFHCdiet feeding experiments,micewere
fed with HFHC diet (#D04102102, Rodent diet with 45% kcal fat
and 1% added cholesterol, ResearchDiets) beginning at the age of
6 to 8 weeks. The institutional Animal Care and Use Committee
at theOhio StateUniversity Care Facility has approved all studies.

Histology

Liver, WAT, and BAT from ad libitum–fed mice were
isolated and fixed in 4% paraformaldehyde and processed for
H& E staining (16–18). For Oil Red O staining, liver tissues
were fixed in 4% paraformaldehyde overnight and incubated in
12% sucrose for 12 h and then in 18% sucrose overnight before
being cryoembedded and sectioned by HISTOWIZ.

Plasma and tissue chemistry

Blood was collected using a 1-ml syringe coated in 0.5 M
EDTA, and serum was collected by centrifugation at 1000g for
20 min (16–20). Insulin levels were measured by ELISA.
Serum and liver TG, cholesterol, and lipoprotein distribution
were measured by the Mouse Metabolic Phenotyping Core
Facility at University of Cincinnati College of Medicine and the
Ohio State University.

Immunoblot analysis

Proteins were extracted from liver tissue of mice (16–19).
Livers were homogenized in RIPA buffer, 10 mM NaF, 1 mM
Na3VO4, 1 mM PMSF, and protease inhibitor tablet (Roche
J. Biol. Chem. (2023) 299(8) 104917 9
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Diagnostic). Protein concentration was determined using a
BCA protein assay kit (Thermo Scientific), and lysates were
analyzed by SDS-polyacrylamide gel electrophoresis and
Western blot analysis on a PVDF membrane. Antibody to
UCP-1 (14670S), UCP-2 (89326S), UCP-3 (970000S), P-ERK-
1/2Thr202/Tyr204 (9101), and ERK-1/2 (#9102) were purchased
from Cell Signaling Technology. Antibody to PKCβ (ab38279)
and FGF21 (ab1711941) were purchased from Abcam, Cam-
bridge, MA, and antibody to PGC-1α (A11971) was purchased
from ABclonal. Goat anti-mouse and goat anti-rabbit HRP-
conjugated secondary antibodies (Bio-Rad) were used.

Comprehensive lab animal monitoring system

The Comprehensive Lab Animal Monitoring System (Oxy-
max Opto-M3; Columbus Instruments) was used to measure
activity level, volume of O2 consumption, the volume of CO2

production, and heat production. The total energy expenditure
of mice was calculated as described previously (63).

Mitochondrial isolations and respiratory function analysis

Mitochondria were isolated as previously described (64).
Four micrograms of isolated mitochondria from the liver,
gastrocnemius/plantaris muscle, BAT, and iWAT were
resuspended in respiratory assay buffer composed of 70 mM
Sucrose, 220 mM mannitol, 10 mM K2HPO4, 5 mM MgCl2,
2 mM HEPES, and 1 mM EGTA, pH 7.4). Electron coupling
and electron flow assays were performed using the Seahorse
Bioanalyzer. Briefly, mitochondria were incubated with the
indicated substrates, and oxygen consumption rates (OCR)
were determined as described previously. Mitochondria basal
respiration in electron coupling assays was determined in a
coupling state with 10 mM succinate initial substrate with
2 μM rotenone. State three respiration was initiated with the
injection of ADP, State four respiration was initiated with the
injection of oligomycin and maximal uncoupler-stimulated
respiration was initiated with the injection of FCCP (Tri-
fluoromethoxy carbonylcyanide phenylhydrazine). Mitochon-
drial basal respiration in electron flow assays was determined
in an uncoupled state with initial substrates 10 mM pyruvate
and 2 mMmalate in the presence of FCCP. Sequential electron
flow throughout the electron transport chain was determined
by first injecting rotenone, followed by succinate, antimycin A,
and ascorbate and TMPD (N,N,N0,N0-Tetramethyl-p-
phenylenediamine).

Viral transduction studies

Complementation studies were performed using Ad-GFP
(Control) and Ad-PKCβ adenovirus stocks described earlier
by us (65). Male mice (52 weeks old) were fed HFHC diet
(4 weeks) and then treated by intravenous injection (tail vein,
200 μl final volume) with 8 × 109 genomic copies/mouse of
recombinant adenovirus. Studies were performed 72 h post-
infection. We optimized expression conditions for assay of
adenovirus-treated mice 48 h posttreatment. We also opti-
mized conditions to achieve 2-3-fold hepatocyte PKCβ over-
expression, which aligns with physiologic PKCβ upregulation
10 J. Biol. Chem. (2023) 299(8) 104917
in HFHC-fed aged mice. Recombinant Ad-GFP and Ad-PKCβ
were prepared and amplified by the Ohio State University
Children’s Hospital.

The adeno-associated virus (AAV) eight vector that encodes
an Fgf21 shRNA (50-GATCAAAAAAGGGATTCAACACAG
GAGAAACTTCGGTTTCTCCTGTGTT GAATCCC-30) was
used. Male mice (16 weeks old) were treated by intravenous
injection (tail vein) with 3 × 1011 genomic copies/mouse of
AAV8-shLuc (Control) or AAV8-(200 μl final volume). Studies
were performed �30 to 90 days post-infection.
Measurements of blood pressure and heart rate

Blood pressure (BP) was measured by the noninvasive tail-
cuff method in lightly sedated mice by using a CODA high-
throughput BP acquisition system (Kent Scientific Inc).
Briefly, mice were trained for 3 days by measuring BP daily
before collecting actual data. Mice were initially anesthetized
using 2.0% isoflurane in O2 at a rate of 0.8 l/min, and anes-
thesia was maintained with 1% isoflurane. Mice were then
placed on a warming platform and allowed to acclimatize for
10 min before readings were obtained. Each BP measurement
session consisted of five acclimatization cycles followed by 15
BP measurement cycles. On the data collection day, two ses-
sions of 15 BP measurements were obtained, and the average
of accepted readings from both sessions was used for systolic
BP, diastolic BP, and mean BP in each individual mouse. The
computer software of the CODA system measures the systolic
and diastolic pressures with inflation of a pneumatic tail cuff
while a transducer measures the BP waveform. The software
determines signal-to-noise and accepted readings, discarding
noisy inaccurate measurements.
Statistical analysis

All results are presented as means ± SD. When only two
groups were analyzed, statistical significance was determined
using an unpaired Student’s t test. Two-way ANOVA was used
to compare the effects of different diets on two genotypes, and
when significant differences were observed individual means of
column were compared by unpaired Student’s t test as indi-
cated. Repeated measurement-based parameters were analyzed
using two-way ANOVA followed by Bonferroni’s test. Data
from multiple groups were compared with one-way analysis of
variance followed by Tuckey’s post hoc test. p < 0.05 was
considered statistically significant.
Data availability

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

Acknowledgments—We thank Dr Jay Zweier’s laboratory for
measuring blood pressure and heart rate. We are grateful to Uni-
versity of Cincinnati Mouse Metabolic Phenotyping Center and the
Ohio State Clinical laboratory for measuring plasma lipids and
glucose levels, as well as liver lipids contents.



Hepatocyte PKCβ modulates energy expenditure
Author contributions—Y. S., F. H., M. C. O., and N. G. resources; L.
A. B., K. I. S., D. A. B., and K. K. B. investigation; K. D. M. super-
vision; K. D. M. writing–original draft; K. D. M. interpretation.

Funding and additional information—This research was supported
by grants from the NIH (5R01 HL138198) and the OSU Center for
Clinical and Translational Sciences. The content is solely the re-
sponsibility of the authors and does not necessarily represent the
official views of the National Institutes of Health.

Conflict of interest—The authors declare that they have no conflicts
of interest.

Abbreviations—The abbreviations used are: AAV, adeno-associated
virus; BAT, brown adipose tissue; eWAT, epididymal WAT; HFHC,
high-fat and high-cholesterol; IWAT, inguinal WAT; PGC-1α,
proliferator-activated receptor-alpha; PKCβ, protein kinase Cbeta;
PKCβHep−/−, hepatocyte-specific PKCβ deficiency; WAT, white
adipose tissue.

References

1. Bluher, M. (2019) Obesity: global epidemiology and pathogenesis. Nat.
Rev. Endocrinol. 15, 288–298

2. Lowell, B. B., and Spiegelman, B. M. (2000) Towards a molecular un-
derstanding of adaptive thermogenesis. Nature 404, 652–659

3. Kozak, L. P., and Harper, M. E. (2000) Mitochondrial uncoupling proteins
in energy expenditure. Annu. Rev. Nutr. 20, 339–363

4. Elbelt, U., Schuetz, T., Hoffmann, I., Pirlich, M., Strasburger, C. J., and
Lochs, H. (2010) Differences of energy expenditure and physical activity
patterns in subjects with various degrees of obesity. Clin. Nutr. 29,
766–772

5. Unger, R. H., Clark, G. O., Scherer, P. E., and Orci, L. (2010) Lipid ho-
meostasis, lipotoxicity and the metabolic syndrome. Biochim. Biophys.
Acta 1801, 209–214

6. Clement, K., Vaisse, C., Manning, B. S., Basdevant, A., Guy-Grand, B.,
Ruiz, J., et al. (1995) Genetic variation in the β3-adrenergic receptor and
an increased capacity to gain weight in patients with morbid obesity. N.
Engl. J. Med. 333, 352–354

7. Clement, K., Ruiz, Z., Cassard-Doulcier, A. M., Bouilaud, F., Ricquier, D.,
Basdevant, A., et al. (1996) Additive effect of A to G (-3826) variant of the
uncoupling protein gene and the Trp64Arg mutation of the beta3-
adrenergic receptor gene on weight gain in morbid obesity. Int. J. Obes.
Relat. Metab. Disord. 20, 1062–1066

8. Ricquier, D., Perusse, L., and Bouchard, C. (1994) DNA polymorphism in
the uncoupling protein (UCP) gene and human body fat. Int. J. Obes.
Relat. Metab. Disord. 18, 526–531

9. Kontani, Y., Wang, Y., Kimura, K., Inokuma, K. I., Saito, M., Suzuki-
Miura, T., et al. (2005) UCP1 deficiency increases susceptibility to diet-
induced obesity with age. Aging Cell 4, 147–155

10. Lean, M. E. J. (1992) Evidence for brown adipose tissue in humans. In:
Bjorntrop, P., Brodoff, B. N., eds. Epidemiology of Obesity, Lippincott JB,
Philadelphia, PA: 117–129

11. Schwartz, R. S., Jaeger, L. F., and Veith, R. C. (1990) The thermic effect of
feeding in older men: the importance of the sympathetic nervous system.
Metabolism 39, 733–737

12. Meex, R. C. R., and Watt, M. J. (2017) Hepatokines: linking nonalcoholic
fatty liver disease and insulin resistance. Nat. Rev. Endocrinol. 13,
509–520

13. Fabbrini, E., Sullivan, S., and Klein, S. (2010) Obesity and nonalcoholic
fatty liver disease: biochemical, metabolic and clinical implications.
Hepatology 51, 679–689

14. Lopez-Otin, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G.
(2013) The hallmarks of aging. Cell 53, 1194–1217

15. Khan,R. S., Bril, F., Cusi, K., andNewsome, P.N. (2019)Modulation of insulin
resistance in nonalcoholic fatty liver disease. Hepatology 70, 711–724
16. Bansode, R. R., Huang, W., Roy, S. K., Mehta, M., and Mehta, K. D. (2008)
Protein kinase Cβ deficiency increases fatty acid oxidation and reduces fat
storage. J. Biol. Chem. 283, 231–236

17. Huang, W., Bansode, R., Mehta, M., and Mehta, K. D. (2009) Loss of
protein kinase Cβ function protects mice again diet-induced obesity and
development of hepatic steatosis and insulin resistance. Hepatology 49,
1525–1536

18. Huang, W., Bansode, R. R., Bal, N. C., Mehta, M., and Mehta, K. D. (2012)
Protein kinase Cβ deficiency attenuates obesity syndrome of ob/ob mice
by promoting white adipose tissue remodeling. J. Lipid Res. 53, 368–378

19. Shu, Y., Hassan, F., Coppola, V., Baskin, K. K., Han, X., Mehta, N. K., et al.
(2021) Hepatocyte-specific PKCβ deficiency protects against high-fat
diet-induced nonalcoholic hepatic steatosis. Mol. Metab. 44, e101133

20. Shu, Y., Hassan, F., Ostrowski, M., and Mehta, K. D. (2021) Role of he-
patic PKCβ in nutritional regulation of hepatic glycogen synthesis. JCI
Insight 6, e149023

21. Huang, W., and Mehta, K. D. (2015) Modulation of hepatic protein kinase
Cβ expression in metabolic adaptation to a lithogenic diet. Cell. Mol.
Gastroenterol. Hepatol. 1, 395–405

22. Bezy, O., Tran, T. T., Pihlajamaki, J., Suzuki, R., Emanuelli, B., Winnay, J.,
et al. (2011) PKCδ regulates hepatic insulin sensitivity and hepatosteatosis
in mice and humans. J. Clin. Invest. 121, 2504–2517

23. Rao, X., Zhong, J., Xu, X., Jordan, B., Maurya, S., Braunstein, Z., et al.
(2013) Exercise protects against diet-induced insulin resistance through
downregulation of protein kinase Cβ in mice. PLoS One 8, e81364

24. Seung, K. H. F., Weeber, E. J., Sweatt, J. D., Stoll, A. L., and Marangell, L.
B. (2001) Inhibitory effects of omega-3 fatty acids on protein kinase C
activity in vitro. Mol. Psych. 6, 246–248

25. Murray, N. R., Weems, C., Chen, L., Leon, J., Yu, W., Davidson, L. A.,
et al. (2002) Protein kinase C βII and TGFβRII in ω-3 fatty acid-mediated
inhibition of colon carcinogenesis. J. Cell Biol. 157, 915–920

26. Armstrong, D., and Zidovetzki, R. (2002) Amplification of diacylglycerol
activation of protein kinase C by cholesterol. Biophys. J. 94, 4700–4710

27. Puri, P., Baillie, R. A., Wiest, M. M., Mirshahi, F., Choudhury, J., Cheung,
O., et al. (2007) A lipidomic analysis of nonalcoholic fatty liver disease.
Hepatology 46, 1081–1090

28. Stohr, O., Tao, R., Miao, J., Copps, K. D., and White, M. F. (2021) FoxO1
suppresses Fgf21 during hepatic insulin resistance to impair peripheral
glucose utilization and acute cold tolerance. Cell Rep. 34, 108893

29. Hong, S., Song,W., Zushin, P. J., Liu, B., Jedrychowski,M. P.,Mina, A. I., et al.
(2018) Phosphorylation of beta-3 adrenergic receptor at serine 247 by ERK
MAP kinase drives lipolysis in obese adipocytes.Mol. Metab. 12, 25–38

30. Periasamy, M., Herrera, J. L., and Reis, F. C. G. (2017) Skeletal muscle
thermogenesis and its role in whole body energy metabolism. Diabetes
Metab. J. 41, 327–336

31. Uno, K., Katagiri, H., Yamada, T., Ishigashi, Y., Ogihara, T., Imai, J., et al.
(2006) Neuronal pathway from the liver modulates energy expenditure
and systemic insulin sensitivity. Science 312, 1656–1659

32. Caspi, L., Wang, P. Y., and Lam, T. K. (2007) A balance of lipid-sensing
mechanisms in the brain and liver. Cell Metab. 6, 99–104

33. Puzzo, D., Raiteri, R., Castaldo, C., Capasso, R., Pagano, E., Tedesco, M.,
et al. (2016) CL316,243, a β3-adrenergic receptor agonist, induces muscle
hypertrophy and increased strength. Sci. Rep. 6, 37504

34. Kim, C. S., Joe, Y., Choi, H. S., Back, S. H., Park, J. W., Chung, H. T., et al.
(2019) Dificiency of fibroblast growth factor 21 aggravates obesity-
induced atrophic responses in skeletal muscle. J. Inflamm. (Lond.) 16, 17

35. Mehta, K. D. (2022) A novel PKCβ inhibitor more potent than rubox-
istaurin: potential therapeutic tool for obesity and fatty liver disease.
FASEB J. https://doi.org/10.1096/fasebj.2022.36.S1.R1984

36. Owen, B. M., Ding, X., Morgan, D. A., Coate, K. C., Bookout, A. L.,
Rahmouni, K., et al. (2014) FGF21 acts centrally to induce sympathetic
nerve activity, energy expenditure, and weight loss. Cell Metab. 20,
670–677

37. Kerckhoffs, D. A., Blaak, E. E., Van Baak, M. A., and Saris, W. H. (1998)
Effect of aging on beta-adrenergically mediated thermogenesis in men.
Am. J. Physiol. 274, E1075–E1079

38. Seals, D. R., and Bell, C. (2004) Chronic sympathetic activation: conse-
quence and cause of age-associated obesity? Diabetes 53, 276–284
J. Biol. Chem. (2023) 299(8) 104917 11

http://refhub.elsevier.com/S0021-9258(23)01945-2/sref1
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref1
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref2
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref2
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref3
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref3
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref4
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref4
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref4
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref4
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref5
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref5
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref5
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref6
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref6
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref6
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref6
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref7
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref7
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref7
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref7
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref7
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref8
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref8
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref8
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref9
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref9
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref9
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref10
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref10
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref10
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref11
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref11
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref11
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref12
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref12
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref12
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref13
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref13
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref13
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref14
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref14
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref15
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref15
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref16
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref16
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref16
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref17
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref17
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref17
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref17
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref18
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref18
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref18
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref19
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref19
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref19
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref20
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref20
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref20
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref21
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref21
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref21
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref22
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref22
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref22
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref23
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref23
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref23
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref24
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref24
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref24
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref25
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref25
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref25
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref26
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref26
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref27
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref27
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref27
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref28
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref28
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref28
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref29
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref29
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref29
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref30
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref30
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref30
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref31
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref31
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref31
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref32
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref32
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref33
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref33
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref33
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref34
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref34
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref34
https://doi.org/10.1096/fasebj.2022.36.S1.R1984
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref36
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref36
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref36
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref36
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref37
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref37
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref37
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref38
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref38


Hepatocyte PKCβ modulates energy expenditure
39. Gregerman, R. I. (1994) Aging and hormone-sensitive lipolysis: recon-
ciling the literature. J. Gerontol. 49, B135–B139

40. Bratic, A., and Larsson, N. G. (2013) The role of mitochondria in aging. J.
Clin. Invest. 123, 951–957

41. Lima, T., Li, T. Y., Mottis, A., and Auwerx, J. (2022) Pleiotropic effects of
mitochondria in aging. Nat. Aging 2, 199–213

42. Vernochet, C., and Kahn, C. R. (2012) Mitochondria, obesity and aging.
Aging 4, 859–860

43. Cypress, A. M., Lehman, S., Williams, G., Tal, I., Rodman, D., Goldfine,
A. B., et al. (2009) Identification and importance of brown adipose tissue
in adult humans. N. Engl. J. Med. 360, 1509–1517

44. Pfannenberg, C., Werner, M. K., Ripkens, S., Stef, I., Deckert, A.,
Schmadl, M., et al. (2010) Impact of age on the relationships of brown
adipose tissue with sex and adiposity in humans. Diabetes 59, 1789–1793

45. Pirzgalska, R., Seixas, E., Seidman, J. S., Link, V. M., Sanchez, N. M.,
Mahu, I., et al. (2017) Sympathetic neuron-associated macrophages
contribute to obesity by importing and metabolizing norepinephrine. Nat.
Med. 23, 1309–1318

46. Camell, C. D., Sander, J., Spadaro, O., Lee, A., Nguyen, K. Y., Wing, A.,
et al. (2017) Inflammasome-driven catecholamine catabolism in macro-
phages blunts lipolysis during ageing. Nature 550, 119–123

47. Ciura, S., Prager-Khoutorsky, M., Thirouin, Z. S., Wyrosdic, J. C., Olson,
J. E., Liedtke, W., et al. (2018) Trpv4 mediates hypotonic inhibition of
central osmoregulatory neurons via taurine gliotransmission. Cell Rep. 23,
2245–2253

48. Peng, H., Lewandrowski, U., Muller, B., Sickmann, A., Walz, G., and
Wegierski, T. (2010) Identification of a protein kinase C-dependent
phosphorylation site involved in sensitization of TRPV4 channel. Bio-
chem. Biophys. Res. Commun. 391, 1721–1725

49. Fan, H. C., Zhang, X., and McNaughton, P. A. (2009) Activation of the
TRPV4 ion channel is enhanced by phosphorylation. J. Biol. Chem. 41,
27884–27891

50. Kusodo, T., Wang, Z., Mizuno, A., Suzuki, M., and Yamashita, H. (1985)
TRPV4 deficiency increases skeletal muscle metabolic capacity and
resistance against diet-induced obesity. J. Appl. Physiol. 112, 1223–1232

51. Teng, Y. H., Cypess, A. M., and Kahn, C. R. (2010) Cellular bioenergetics
as a target for obesity therapy. Nat. Rev. Drug Discov. 9, 465–482

52. Whittle, A., Relat-Pardo, J., and Vidal-Puig, A. (2013) A pharmacological
strategies for targeting BAT thermogenesis. Trends Pharmacol. Sci. 34,
347–355
12 J. Biol. Chem. (2023) 299(8) 104917
53. Peng, X. R., Gennemark, P., O’Mahony, G., and Bartesaghi, S. (2015)
Unlock the thermogenic potential of adipose tissue: pharmacological
modulation and implications for treatment of diabetes and obesity. Front.
Endocrinol. 6, 174

54. Wilding, J. P. H., Rachel, D. M., Batterham, R. L., Calanna, S., Davies, M.,
Gaal, L. F. V., et al. (2021) Once-weekly semaglutide in adults with
overweight or obesity. N. Engl. J. Med. 384, 989–1002

55. Schmucker, D. L. (2005) Age-related changes in liver function and
structure: implications for disease. Exp. Gerontol. 40, 650–659

56. Ioannou, G. N. (2016) The role of cholesterol in the pathogenesis of
NASH. Trends Endocrinol. Metab. 27, 84–95

57. Pinton, P., Rimessi, A.,Marchi, S., Orsini, F., Migliaccio, E., Giorgio,M., et al.
(2007) Protein kinase C beta and prolyl isomerase 1 regulate mitochondrial
effects of the life-span determinant p66Shc. Science 315, 659–663

58. Su, T. T., Guo, B., Kawakami, Y., Sommer, L., Chae, K., Humphries, L. A.,
et al. (2002) PKC-beta controls I kappa B kinase lipid raft recruitment and
activation in response to BCR signaling. Nat. Immunol. 3, 780–786

59. Larsson, L., Degens, H., Li, M., Salviati, L., Lee, Y. I., Thompson, W., et al.
(2019) Sarcopenia: aging-related loss of muscle mass and function.
Physiol. Rev. 99, 427–511

60. Batasis, J. A., and Villareal, D. T. (2018) Sarcopenic obesity in older adults:
aetiology, epidemiology and treatment strategies. Nat. Rev. Endocrinol.
14, 513–537

61. Messa, G. A. M., Piasecki, M., Hurst, J., Hill, C., Tallis, J., and Degens, H.
(2020) The impact of a high-fat diet in mice is dependent on duration and
age, and differs between muscles. J. Exp. Biol. 223, jeb217117

62. Osterhoff, M. A., Heuer, S., Pfeiffer, M., Tasic, J., Kaiser, S., Isken, F., et al.
(2008) Identification of a functional protein kinase Cbeta promoter
polymorphism in humans related to insulin resistance. Mol. Genet.
Metab. 93, 210–215

63. Stanford, K. I., Lynes, M. D., Takahashi, H., Baer, L. A., Arts, P. J., May, F.
J., et al. (2018) 12,13-diHOME: an exercise-induced lipokine that in-
creases skeletal muscle fatty acid uptake. Cell Metab. 27, 1111–1120

64. Baskin, K. K., Grueter, C. E., Kusminski, C. M., Holland, W. L., Bookout,
A. L., Satapati, S., et al. (2014) MED13-dependent signaling from the
heart confers leanness by enhancing metabolism in adipose tissue and
liver. EMBO Mol. Med. 6, 1610–1621

65. Patergnani, S., Marchi, S., Rimessi, A., Bonora, M., Giorgi, C., Mehta, K.
D., et al. (2013) PRKCB/protein kinase C,beta and the mitochondrial axis
as key regulators of autophagy. Autophagy 9, 1367–1385

http://refhub.elsevier.com/S0021-9258(23)01945-2/sref39
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref39
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref40
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref40
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref41
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref41
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref42
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref42
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref43
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref43
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref43
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref44
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref44
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref44
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref45
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref45
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref45
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref45
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref46
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref46
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref46
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref47
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref47
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref47
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref47
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref48
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref48
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref48
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref48
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref49
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref49
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref49
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref50
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref50
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref50
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref51
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref51
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref52
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref52
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref52
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref53
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref53
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref53
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref53
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref54
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref54
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref54
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref55
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref55
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref56
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref56
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref57
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref57
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref57
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref58
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref58
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref58
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref59
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref59
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref59
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref60
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref60
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref60
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref61
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref61
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref61
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref62
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref62
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref62
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref62
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref63
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref63
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref63
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref64
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref64
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref64
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref64
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref65
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref65
http://refhub.elsevier.com/S0021-9258(23)01945-2/sref65

	Hepatic protein kinase Cbeta deficiency mitigates late-onset obesity
	Results
	Liver expression of PKCβ is elevated in aging
	Hepatocyte-specific deletion of PKCβ protects from late-onset obesity
	Hepatocyte PKCβ inactivation potentiates energy expenditure and thermogenesis in peripheral tissues
	PKCβHep−/− mice exhibit increased energy expenditure in a β3-AR-dependent manner
	Liver PKCβ overexpression suppressed thermogenic genes in BAT, independent of FGF21

	Discussion
	Experimental procedures
	Mice
	Histology
	Plasma and tissue chemistry
	Immunoblot analysis
	Comprehensive lab animal monitoring system
	Mitochondrial isolations and respiratory function analysis
	Viral transduction studies
	Measurements of blood pressure and heart rate
	Statistical analysis

	Data availability
	Author contributions
	Funding and additional information
	References


