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RESEARCH ARTICLE
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Abstract

DNA damage responses compete for cellular resources with metabolic pathways, but little is known about the metabolic conse-
quences of impaired DNA replication, a process called replication stress. Here we characterized the metabolic consequences of
DNA replication stress at endogenous DNA lesions by using mice with a disruption of Rev1, a translesion DNA polymerase speci-
alized in the mutagenic replication of damaged DNA. Male and female Rev1 knockout (KO) mice were compared with wild-type
(WT) mice and followed over time to study the natural course of body weight gain and glucose tolerance. Follow-up measure-
ments were performed in female mice for in-depth metabolic characterization. Body weight and fat mass were only increased in
female KO mice versus WT mice, whereas glucose intolerance and a reduction in lean mass were observed in both sexes.
Female KO mice showed reduced locomotor activity while male KO mice showed increased activity as compared with their WT
littermates. Further characterization of female mice revealed that lipid handling was unaffected by Rev1 deletion. An increased
respiratory exchange ratio, combined with elevated plasma lactate levels and increased hepatic gluconeogenesis indicated prob-
lems with aerobic oxidation and increased reliance on anaerobic glycolysis. Supplementation with the NADþ precursor nicotina-
mide riboside to stimulate aerobic respiration failed to restore the metabolic phenotype. In conclusion, replication stress at
endogenous DNA lesions induces a complex metabolic phenotype, most likely initiated by muscular metabolic dysfunction and
increased dependence on anaerobic glycolysis. Nicotinamide riboside supplementation after the onset of the metabolic impair-
ment did not rescue this phenotype.

NEW & NOTEWORTHY An increasing number of DNA lesions interferes with cellular replication leading to metabolic inflexibility.
We utilized Rev1 knockout mice as a model for replication stress, and show a sex-dependent metabolic phenotype, with a pro-
nounced reduction of lean mass and glucose tolerance. These data indicate that in obesity, we may end up in an infinite loop
where metabolic disturbance promotes the formation of DNA lesions, which in turn interferes with cellular replication causing fur-
ther metabolic disturbances.

adiposity; anaerobic glycolysis; hyperglycemia; skeletal muscle

INTRODUCTION

Every cell acquires thousands of endogenous DNA lesions
per day as the result of chemical reactions with reactive oxy-
gen species and other reactive biomolecules and by sponta-
neous decay (1). Most of these endogenous DNA lesions are
repaired by base excision repair and nucleotide excision
repair. However, DNA lesions that have escaped repair inter-
fere with genome duplication by arresting replicative DNA
polymerases, which provokes replication stress. When repli-
cation stress threatens the integrity of the genome, DNA
damage signaling induces DNA damage responses, including
cell cycle arrests, cellular senescence, or apoptosis (2).
Alternatively, the DNA lesion that induces replication stress

can be bypassed by a process referred to as translesion
DNA synthesis (TLS) which allows for direct, but muta-
genic, replication of DNA lesions (3). Rev1 is one of the
TLS polymerases, catalyzing the direct incorporation of C
nucleotides at abasic sites. In addition, Rev1 plays a struc-
tural role in TLS of severely helix-distorting exogenous
and endogenous DNA lesions (3–5), by acting as a scaffold
through interaction with other TLS polymerases and rep-
lication accessory factors (4, 6). TLS enables DNA damage
tolerance, mitigating DNA damage signaling and thereby
helps evading senescence and apoptosis and preserving
the integrity of proliferating tissues (7), but by virtue of
its inherent mutagenic nature, contributes to the etiology
of several types of cancer (8).
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A reciprocal interaction exists between ineffective
DNA damage repair and aging-associated metabolic
imbalances (1). An increased number of endogenous
DNA lesions are present in individuals with obesity, pos-
sibly as a result of enhanced reactive oxygen species pro-
duction and inflammation. These presumably induce
chronic replication stress and consequent DNA damage
responses that are associated with metabolic dysfunc-
tion (9–11). Interestingly, we previously demonstrated
that Rev1 deficiency leads to increased oxidative stress
and mitochondrial dysfunction as a result of rapid
NADþ depletion by poly(ADP) ribose polymerase 1
(PARP1) (7, 12), a key enzyme involved in detection and
repair of damaged DNA and that this effect could be res-
cued by NADþ precursor nicotinamide riboside (NR)
supplementation (12, 13). Here we aimed to further eluci-
date the metabolic consequences of replication stress at
endogenous DNA lesions by using Rev1 KO mice. We
report that Rev1 KO mice have lower lean mass accompa-
nied by glucose intolerance. Specifically in female mice,
we observed a pronounced increase in fat mass.
Mechanistically, we found evidence for a mitochondrial
energy deficit associated with increased anaerobic gly-
colysis and reduced locomotor activity. NR supplemen-
tation after the onset of metabolic dysfunction did not
rescue this phenotype.

MATERIALS AND METHODS

Animals

All experiments were conducted in accordance with the
Institute for Laboratory Animal Research Guide for the Care
and Use of Laboratory Animals and were approved by the
National Committee for Animal experiments by the Ethics
Committee on Animal Care and Experimentation of the
Leiden University Medical Center. Rev1�/� (referred to as
Rev1 KO) mice on an FVB-C57BL/6J hybrid background were
obtained as previously described (14) and compared with
their wild-type (WT) littermates. All mice were housed under
standard conditions at 21�C with a 12:12-h light-dark cycle
and had ad libitum access to water and standard chow diet
(Rat and Mouse No. 3 Breeding, SDS, Horley, UK) unless
stated otherwise. Male mice were single-housed due to
aggressive behavior of the Rev1 KO animals, whereas female
mice were housed in groups of 2–4 mice/cage. In two sets of
experiments, mice were followed over time and measure-
ments were conducted at the indicated ages of the animals.
In a third experiment, mice were either fed a standard chow
diet or a diet enriched with NR (650 mg/kg body wt;
Chromadex, Los Angeles, CA) for a total of 6 wk. Body weight
and composition were monitored throughout all studies by a
scale and EchoMRI (EchoMRI, Houston, TX), respectively.
Mice were killed with CO2, perfused transcardially with ice-
cold phosphate-buffered saline for 5 min, and organs were
collected for further analyses.

Plasma Assays

Micewere fasted for 4 h and plasma glucose wasmeasured
by Accu-Chek Aviva (Roche Diagnostics GmbH, Mannheim,

Germany) and plasma insulin by Ultra Sensitive Mouse
Insulin ELISA Kit (90080, Crystal Chem, Downers Grove, IL).

Glucose Tolerance Tests

Mice were fasted for 4 h and baseline plasma glucose was
measured before glucose was injected (2 g/kg lean mass).
Plasma glucose levels were monitored over 2 h by Accu-Chek
Aviva (Roche Diagnostics GmbH, Mannheim, Germany). In
experiment 3, seven mice were excluded from the incremen-
tal area under the curve calculation as one timepoint was
missing.

Lipid Tolerance Test

Mice were fasted for 4 h and baseline plasmawas collected
before animals received an olive oil bolus of 200 mL by oral
gavage. Blood was sampled over 6 h for the measurement of
plasma triglyceride (TG) concentrations.

Indirect Calorimetry

Mice were temporarily individually housed in automated
metabolic home cages (Promethion System, Sable Systems,
Berlin, Germany). O2 consumption, CO2 production, and vol-
untary locomotor behavior (by beam breaks) were continu-
ously measured in 5 min bins and energy expenditure and
respiratory exchange ratio (RER) were calculated. Mice were
acclimatized for at least 24 h before starting baseline meas-
urements at 21�C and a subsequent cold challenge at 4�C.
Rectal temperature was measured before and at regular
intervals during the cold challenge.

Hyperinsulinemic-Euglycemic Clamp

Mice were fasted for 4 h and anesthetized with a mix of
acepromazine (6.25 mg/kg; Neurotranq, Alfasan, Woerden,
The Netherlands), midazolam (6.25 mg/kg; Dormicum,
Alfasan, Woerden, The Netherlands), and fentanyl (0.31 mg/
kg; Hameln Pharma, Hameln, Germany). Mice received a
continuous tail vein infusion of D-[3-3H]-glucose for 1 h (1.2
mCi/h; NET331C250UC, PerkinElmer, Waltham,MA) to deter-
mine basal rates of glucose turnover. Subsequently, mice
received a bolus of insulin (150 mU/kg; NovoRapid, Novo
Nordisk, Bagsværd, Denmark) followed by continuous infu-
sion of insulin (210mU/h/kg) and D-[3-3H]-glucose (1.2 mCi/h)
for a total of 90 min. A variable infusion of D-glucose (12.5%
solution in saline) was adjusted to achieve euglycemia by
monitoring plasma glucose levels every 5–10 min with Accu-
Chek Aviva (Roche Diagnostics GmbH, Mannheim,
Germany). After achieving euglycemia at �50 min, mice
received a 2[1-14C]-deoxyglucose bolus (NEC495A250UC,
PerkinElmer, Waltham, MA; 5mCi) to assess insulin-stimu-
lated glucose uptake by organs. After 90 min, mice were eu-
thanized by cervical dislocation and various organs were
collected and dissolved overnight at 56�C in 0.5 mL
SOLVABLE (PerkinElmer, Waltham, MA). Subsequently,
organs were diluted in 5 mL of Ultima Gold (PerkinElmer,
Waltham,MA) and glucose uptake by organs was assessed by
measuring 14C-activity with a b counter (PerkinElmer, Tri-
Carb 2910 TR, Waltham, MA). Blood samples were collected
through tail bleeding at t = 50 and 60 min during the basal
period and at t = 70, 80, and 90 min during the
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hyperinsulinemic period to determine plasma activity of D-
[3-3H]glucose. Whole body glucose uptake and hepatic glu-
cose production during the basal and hyperinsulinemic pe-
riod, as well as the insulin sensitivity index, were calculated
as previously described (15). Glucose uptake by organs was
calculated as micromole per gram tissue. Two mice were
excluded due to technical problems.

Triglyceride-Derived Fatty Acid Clearance and Uptake
by Organs

Triglyceride (TG)-rich lipoprotein-like particles (80 nm)
radiolabeled with glycerol tri[3H]oleate were prepared and
characterized as described previously (16). Mice were fasted
for 4 h and plasmawas collected before an intravenous injec-
tion of lipoprotein-like particles (1 mg TG diluted in 200 μL
saline/mouse). Plasma was collected over time to determine
plasma decay. After 15 min, mice were euthanized by CO2 in-
halation, perfused via the heart with ice-cold PBS, and vari-
ous organs were collected. Organs were processed as
described in Hyperinsulinemic-Euglycemic Clamp above and
3H-activity was measured with a b counter (Tri-Carb 2910
TR, PerkinElmer, Waltham, MA). The uptake by organs was
calculated as a percentage of injected dose per whole organ.

Glycogen Content

Glycogen content of tibialis anterior was measured using
the Glycogen Assay Kit II (Abcam, Cambridge, UK), accord-
ing to themanufacturer’s protocol.

Plasma Lactate and Alanine

Plasma lactate (kit ab65331) and alanine (kit ab83394)
were measured after deproteinization with 10-kDa spin col-
umns (kit ab93349) (all Abcam, Cambridge, UK), according
to themanufacturer’s protocols.

NADþ Content in Skeletal Muscle

NADþ content was measured in tibialis anterior muscle
fromWT and Rev1 KOmice supplemented with NR by using
the NAD/NADH Quantification Kit (Sigma Aldrich, St. Louis,
Missouri), after deproteinization with 10-kDa spin columns
(ab93349), according to themanufacturer’s protocols.

Gene Expression

Frozen interscapular brown adipose tissue (iBAT) was lysed
in TriPure Isolation Reagent (Roche, Diagnostics, Almere, The
Netherlands) for RNA isolation. Subsequently, cDNAwas syn-
thesized from 1 mg RNA using M-MLV Reverse Transcriptase
(Promega, Madison, WI) and qPCR was carried out using
SYBR green kit (Promega, Madison, WI) on a CFX96 PCR
machine (Bio-Rad, Hercules, CA), according to the manufac-
turer’s protocols. mRNA expression was normalized to 60S
acidic ribosomal protein P0 (Rplp0) as housekeeping gene
and expressed as a fold change compared with the WT group
using the DDCT method. Primers are listed in Supplemental
Table S1; see https://doi.org/10.6084/m9.figshare.16774813.

Mitochondrial-to-Nuclear DNA Ratio

Mitochondrial and nuclear DNA were isolated from tibi-
alis anterior using the QIAamp DNA Mini Kit (No. 51306;

Qiagen, Hilden, Germany), according to the manufacturer’s
protocol. qPCR was carried out with 1 ng DNA using SYBR
green kit (Promega, Madison, WI) on a CFX96 PCR machine
(Bio-Rad, Hercules, CA), according to the manufacturer’s
protocols. Combined mRNA expression of mitochondrial
genes 16S ribosomal RNA (16S) and cyclooxygenase 2 (Cox2)
was normalized to nuclear genes hexokinase 2 (Hk2) and
uncoupling protein 2 (Ucp2) and expressed as a fold change
compared with the WT group using the DDCT method.
Primers are listed in Supplemental Table S2.

Protein Quantification

Frozen tissue was lyzed in PI3K buffer and homoge-
nized as described previously (17). Protein concentra-
tions were determined using the Pierce bicinchoninic
acid (BCA) Protein Assay Kit (Thermo Fisher Scientific,
Waltham). Protein samples from fasted mice were used
to measure mitochondrial oxidative phosphorylation
complexes I-V by using Total OXPHOS Rodent WB
Antibody Cocktail (ab110413; Abcam, Cambridge, UK;
diluted 1:1,000) as described previously (17). Blots were
stained with Ponceau S (5% Ponceau S in water with 2.5%
acetic acid) for normalization. Protein samples from
clamped mice were used to measure phosphorylated
protein kinase B (pAKT)Thr308, AKT (D6G4), phosphoryl-
ated-acetyl-CoA carboxylase (p-ACC)Ser79, and ACC, and
samples from fasted mice were used to measure citrate
synthase by using automated Western blot with Wes
(ProteinSimple, Santa Clara, CA), according to the man-
ufacturer’s protocol. Protein lysates were diluted to 0.8
mg/mL for p-AKT and AKT, to 0.2 mg/mL for p-ACC, ACC,
and GAPDH, and to 0.02 mg/mL for citrate synthase. For
detection, phospho-Akt (Thr308; 1:20), Akt2 (D6G4) rab-
bit mAb (1:20), phospho-acetyl-CoA carboxylase (Ser79)
antibody (1:20), acetyl-CoA carboxylase antibody (1:20)
(9275, 3063, 3661, and 3662, respectively, Cell Signaling,
Danvers, MA), and anti-citrate synthetase antibody
(ab96600, Abcam, Cambridge, UK; 1:20) were used.
GAPDH (1:50; sc-25778, Santa Cruz, Dallas, TX) was used
for normalization. For all antibodies, a secondary anti-
rabbit antibody (1:1,000, 10 mL/well) was used. Compass
software (ProteinSimple; v5.0.1) was used for analysis
and quantification. An overview of all blot images is dis-
played in Supplemental Fig. S5.

Statistical Analyses

Statistical analyses between groups were performed
with unpaired t tests, one-way or two-way ANOVA with
post hoc tests, where applicable. Data sets were tested for
normality. In case of non-normal distributions, nonpara-
metric tests were performed (Mann–Whitney). Differences
in energy expenditure between groups were analyzed by
analysis of covariance (ANCOVA), listing lean mass, and
locomotor activity as separate covariables. Data are pre-
sented as means (± SE). Differences at P < 0.05 were con-
sidered statistically significant. Statistical analyses were
performed with GraphPad Prism software, version 8.4.2
(GraphPad, La Jolla, California) or SPSS Statistics 25 (IBM,
Armonk, NY).
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RESULTS

Rev1 Deficiency Induces Adiposity in Female Mice and
Reduces Lean Mass Accompanied by Impaired Glucose
Tolerance in Both Male and Female Mice

To study the impact of replication stress at endogenous
DNA damage on the natural course of body weight gain,
male and female Rev1 KOmice with an average age of 8 (4.5–
11.5) wk of age were compared with their WT littermates and
followed over time. Female Rev1 KO mice showed increased
body weight gain (Fig. 1D; time-genotype interaction by two-
way ANOVA: P = 0.0001) explained by an increase in fat
mass over time (Fig. 1E; time-genotype interaction by two-
way ANOVA: P = 0.0001). These parameters were unchanged
in male Rev1 KO compared with WT mice (Fig. 1, A and B).
However, both male and female Rev1 KO mice had signifi-
cantly reduced lean mass when compared with their WT lit-
termates throughout the course of the study (Fig. 1, C and F).
There was a trend for reduced locomotor activity in female
Rev1 KO mice (Fig. 1G; P = 0.055; measured in n = 4 mice),
and a significant increase in male Rev1 KO mice, compared
with their WT littermates (Supplemental Fig. S1A). At 25
(21.5–28.5) wk of age, female Rev1 KO mice had elevated glu-
cose (Fig. 1H) and insulin levels (Fig. 1I) and they showed
impaired glucose tolerance (Fig. 1, J and L). In males, Rev1
deficiency elevated fasting glucose levels but insulin levels
were unchanged (Supplemental Fig. S1, B and C). Glucose
clearance was slower in the male Rev1 KO mice suggesting
impaired second phase insulin release (Supplemental Fig. S1,
D–F), albeit less pronounced than in females. At an average
age of 30 (26.5–33.5) wk, the mice were killed and organs
were collected. Subcutaneous white adipose tissue (sWAT)
weight was increased in female Rev1 KO mice (Fig. 1M) but
not in the males (Supplemental Fig. S1G), in line with the dif-
ferences in fat mass among the genotypes and sexes.
Gonadal white adipose tissue (gWAT) and liver weight (Fig.
1M, Supplemental Fig. S1G) were unchanged by Rev1 defi-
ciency in both sexes.

Rev1 Deficiency Does Not Affect Lipid Tolerance in
Female Mice

As the female Rev1 KO mice showed a more pronounced
metabolic phenotype than their male counterparts, we fol-
lowed up on this sex to more comprehensively assess altera-
tions in energy metabolism and delineate underlying
mechanisms. In this second experiment, we plotted body
weight and body composition by age to estimate the age of
onset of the metabolic phenotype. Fat mass gain in female
Rev1 KO mice was significantly increased from 11 wk of age
onward, whereas lean mass was already reduced at the first
measurement at 5 wk of age (Supplemental Fig. S2, A–C).
Cumulative food intake, which was measured in n = 3 cages
of 3 mice/genotype, was lower in Rev1 KO mice when com-
pared with their WT littermates (Fig. 2A) regardless of correc-
tion for body weight (Supplemental Fig. S2D) or lean mass
(Supplemental Fig. S2E), suggesting reduced energy
demand. To investigate whether impaired lipid handling
caused the increase in fat mass, we subjected half of the
mice at 14 (11.5–16.5) wk of age to a lipid tolerance test (Fig. 2,
B–D). Although the postprandial TG curves appeared

different betweenWT and Rev1 KOmice, there was no signif-
icant difference at any of the time points, nor for fasted TG
levels. At 18 (15.5–20.5) wk of age, we injected the same sub-
set of mice with TG-rich lipoprotein-like particles labeled
with glycerol tri[3H]oleate to assess plasma clearance and
organ distribution of TG-derived fatty acids. In line with the
unchanged lipid tolerance, plasma clearance of 3H-activity
did not differ between genotypes (Fig. 2E) and we could only
detect a modest increase in [3H]oleate uptake by the heart,
but not by any of the other metabolic organs, in the Rev1 KO
mice (Fig. 2F).

Rev1 Deficiency Decreases Energy Expenditure as a
Consequence of Reduced Lean Mass and Locomotor
Activity in Female Mice

To assess the consequences of Rev1 deficiency on whole
body energy expenditure, the second half of the female mice
was temporarily housed in metabolic cages at 17 (14.5–19.5)
wk of age. The decreased food intake in Rev1 KOmice during
this week (Supplemental Fig. S3A) was consistent with the
reduced food intake we observed throughout the study (Fig.
2A). The Rev1 KO mice showed decreased energy expendi-
ture (Fig. 2, G and H). This effect was most pronounced
around the onset and during the first half of the dark phase
and accompanied by a strong decrease in locomotor activity
during this period (Fig. 2, K and L). Covariate analysis sug-
gested that both the lower lean mass and the reduced loco-
motor activity contributed to the overall decrease in energy
expenditure in the Rev1 KO mice (Supplemental Table S3).
Interestingly, throughout the dark phase, the RER was sub-
stantially elevated in the Rev1 KOmice when compared with
their WT littermates (Fig. 2, I and J), possibly due to an
increase in anaerobic glycolysis in line with the previously
reported mitochondrial dysfunction upon Rev1 deletion (12).
During a cold challenge, the Rev1 KO mice were able to
defend their core body temperature (Supplemental Fig. S3B)
by increasing their energy expenditure (Supplemental Fig.
S3, C and D) but relied more on fat oxidation as suggested by
the low RER (Supplemental Fig. S3, E and F). Impaired car-
bohydrate oxidation, reduced lean mass, and reduced loco-
motor activity collectively suggest that the metabolic
phenotype originates from skeletal muscle. To exclude the
involvement of thermoregulatory BAT, we assessed func-
tional markers in BAT. Consistent with the unchanged lipid
tolerance and [3H]oleate uptake by BAT and cold tolerance,
the expression of genes involved in thermogenesis, mito-
chondrial function, glucose uptake, and lipid uptake in BAT
was unchanged between the genotypes (Supplemental Fig.
S3G).

Rev1 Deficiency Increases Hepatic Glucose Production
and Insulin-Stimulated Glucose Uptake in Muscle in
Female Mice

In the female mice subjected to indirect calorimetry, we
performed a hyperinsulinemic-euglycemic clamp to delin-
eate mechanisms underlying the glucose intolerance at 18
(15.5–20.5) wk of age. During both the basal (fasted) and
hyperinsulinemic state, plasma glucose levels were higher in
Rev1 KO mice compared with WT mice (Fig. 3A), whereas
glucose infusion rates were comparable between genotypes
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(Fig. 3B). Whole body [3-3H]glucose utilization (Fig. 3C)
and hepatic glucose production (Fig. 3D) were both signif-
icantly elevated during the basal state. Although hepatic
glucose production remained nonsignificantly elevated
in the hyperinsulinemic state, the relative suppression
was comparable in both genotypes (Fig. 3E). The elevated

glucose levels during the glucose tolerance test (Fig. 1J)
were thus explained by elevated hepatic glucose produc-
tion rather than impaired glucose clearance. The whole
body insulin sensitivity index, calculated based on the
difference between the basal and hyper state, showed no
significant changes in whole body or hepatic insulin

Figure 1. Body composition and glucose tolerance. Male WT (white square) and Rev1-KO (black square), and female WT (white circle or bar) and Rev1-KO
(black circle or bar) were monitored during 22 wk starting at 8 (4.5–11.5) wk of age for (A/D) body weight, (B/E) fat mass, and (C/F) lean mass for males
and females, respectively (n = 8–10 mice/group).G: voluntary locomotion behavior was recorded in female mice by measuring beam breaks with infrared
passive cameras and expressed during the dark phase, light phase, and total in single-housed mice for 24 h (n = 4 mice). Female mice 25 (21.5–28.5) wk
of age were fasted for 4 h, and (H) plasma glucose and (I) plasma insulin levels were measured, before injection with an intravenous glucose bolus at
ZT6. J: plasma glucose was measured at t = 2, 5, 10, 15, 30, 60, 90, and 120 min and (K) the area under the curve (AUC) and (L) the incremental AUC
(iAUC) were calculated. M: liver, gonadal white adipose tissue (gWAT), and subcutaneous white adipose tissue (sWAT) of 30 (26.5–33.5)-wk-old female
mice were weighed. Data are presented as means ±SE (n = 8–10 mice/group). �WT vs. Rev1-KO. �P < 0.05; ��P < 0.01; ���P < 0.001, according to
unpaired t test, two-way ANOVA and Šídák’s multiple-comparisons test, or Mann–Whitney test. KO, knockout; WT, wild-type.
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sensitivity (Fig. 3F). However, insulin-stimulated glucose
uptake as assessed by [14C]2DG uptake in clamped mice
was elevated in all muscles (tibialis anterior, soleus, ex-
tensor digitorum longus, and heart) of Rev1 KO mice (Fig.

3G). Accordingly, insulin-stimulated p-AKT/AKT ratio
was found to be increased in the tibialis anterior of Rev1
KO mice (Fig. 3, H–J). In line with this, p-ACC Ser79/ACC
ratio was nonsignificantly reduced (P = 0.059) (Fig. 3, K–

Figure 2. Lipid tolerance and indirect calo-
rimetry. In female WT (white symbols) and
Rev1-KO (black symbols) mice, (A) food
intake was measured for 9 wk, starting at
the age of 7 (4.5–9.5) wk (n = 3 cages of 3
mice). B: mice of 14 (11.5–16.5) wk old were
fasted for 4 h and received an oral olive
oil bolus at ZT12 and blood was collected
for plasma TG measurement at t = 0, 1, 2,
4, and 8 h (n = 8 mice/group), after which
(C) the area under the curve (AUC) and (D)
incremental AUC (iAUC) were calculated.
Mice 18 (15.5–20.5) wk of age were fasted
for 4 h and injected with very-low-density-
lipoprotein-like TG-rich particles labeled
with glycerol tri[3H]oleate at ZT12 to
assess (E) plasma clearance and (F)
uptake by gonadal white adipose tissue
(gWAT), subcutaneous (s)WAT, interscap-
ular brown adipose tissue (iBAT), subscap-
ular (s)BAT, tibialis anterior (TA), soleus,
extensor digitorum longus (EDL), and
heart (n = 8 mice/group). Mice 17 (14.5–
19.5) wk of age were single-housed in
metabolic cages for continuous measure-
ments of O2 consumption and CO2 pro-
duction, from which (G and H) whole body
energy expenditure (EE) and (I and J) re-
spiratory exchange ratio (RER) were calcu-
lated during the dark phase, light phase,
and combined. K and L: locomotor activity
was assessed by beam breaks (n = 9
mice/group). Data are presented as
means ±SE. �WT vs. Rev1-KO. �P < 0.05;
��P < 0.01; ���P < 0.001, according to
two-way ANOVA and Šídák’s multiple-
comparisons test. KO, knockout; TG, tri-
glyceride; WT, wild-type.
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M), suggesting reduced b-oxidation as a consequence of
elevated glucose availability.

Rev1 Deficiency Aggravates Oxidative Phosphorylation
in Muscle While Inducing Anaerobic Glycolysis in
Female Mice

As we previously showed that Rev1 deletion can cause mi-
tochondrial dysfunction (7, 12) and the data obtained thus
far point toward impaired skeletal muscle physiology, we
measured protein abundance of the mitochondrial oxidative
phosphorylation complexes I-V in the tibialis anterior from
mice that were killed during the fasted state. Rev1 KO mice
showed a significantly reduced abundance of complexes II,
III, and IV, whereas the abundance of the complex I and V
was nonsignificantly reduced (Fig. 3N). However, we were
unable to detect any changes in othermeasures ofmitochon-
drial quantity or quality, including mitochondrial/nuclear
DNA ratio and citrate synthase abundance (Supplemental
Fig. S3,H and I). Nevertheless, we did observe reduced glyco-
gen content in the tibialis anterior (Fig. 3O) and significantly
elevated plasma levels of lactate in the Rev1 KO mice (Fig.
3P), consistent with increased dependence on anaerobic gly-
colysis. Within the Cori cycle lactate is a substrate for hepatic
gluconeogenesis and can thus promote hepatic glucose pro-
duction that was indeed found to be increased (Fig. 3D).
Plasma alanine, which can also serve as a substrate for gluco-
neogenesis, was unaltered (Fig. 3Q).

Dietary NR Supplementation Does Not Rescue the
Metabolic Phenotype of Female Rev1 KOMice

To test the hypothesis that NADþ repletion could inhibit
or reverse the metabolic phenotype induced by Rev1 defi-
ciency, 14 (12–16)-wk-old Rev1 KO mice and WT littermates
received dietary NR for a total of 6 wk. NR supplementation
nonsignificantly increased NADþ content in tibialis anterior
(Fig. 4A) of WT (P = 0.101) and Rev1 KOmice (P = 0.091), and
significantly increased NADþ content in liver of WT mice
(Supplemental Fig. S4A). However, NR supplementation did
not prevent body weight gain (Fig. 4B) or fat mass gain (Fig.
4C), nor did it prevent glucose intolerance at ZT5 at 18 (16–
20) wk of age (Fig. 4, E and F).

DISCUSSION

In this study, we investigated the metabolic consequences
of replication stress induced by deletion of Rev1. We showed
that Rev1 deletion from a young age onward induces adipos-
ity in females but not in male mice, although both sexes

showed reductions in lean mass accompanied by impaired
glucose tolerance. Mechanistically, we found evidence for
increased dependence on anaerobic glycolysis and excessive
hepatic glucose production as such.

The complex metabolic phenotype of the Rev1 KO mice
appears to be originating from impaired muscular metabolic
function and increased reliance on anaerobic respiration
(see also the graphical summary in Fig. 5). Mitochondrial
NADþ depletion in Rev1 deficiency, as demonstrated previ-
ously (12), might have been responsible for these effects,
although we only found limited direct evidence for mito-
chondrial dysfunction in skeletal muscle. Nonetheless, a cel-
lular energy deficit due to reduced ability to complete the
Krebs cycle or b-oxidation would explain the decreased gly-
cogen content and increased insulin responsiveness of the
muscle. In addition, increased reliance on anaerobic glycoly-
sis may also account for the elevated circulating levels of lac-
tate and increased hepatic glucose production, possibly
explaining the elevated postprandial glucose excursions in
the Rev1 KOmice. Furthermore, a possible decrease in skele-
tal muscle oxidative capacity can lead to breakdown of the
tissue, aligning with the observed reduced lean mass, loco-
motor activity, and whole body energy expenditure.

In female, but not male Rev1 KO mice, fat mass was
increased. We suspect that this difference between the sexes
was due to higher locomotor activity in males consequential
to an elevated stress response during handling of the male
Rev1 KO mice and more aggressive behavior toward each
other when compared with their WT littermates, hence the
reason for single-housing of all male mice during our experi-
ments. For future studies, it would be of interest to obtain
more insight into the sexual dimorphic behavioral changes
caused by Rev1 deficiency and how these relate to the meta-
bolic phenotype.

Replication stress theoretically occurs in all proliferating
cells, yet we found no evidence for primary functional
impairment in metabolic organs other than skeletal muscle,
such as BAT and WAT. Lipid tolerance and distribution were
unaffected, as was insulin-stimulated glucose uptake by the
adipose tissues. This could explain why Rev1 deletion
increases RER at room temperature and reduces RER during
cold exposure compared with their WT littermates. A higher
RER at room temperature is likely a consequence of
increased reliance on anaerobic glycolysis in muscle,
whereas the relative contribution of fat oxidation by BAT to
total energy expenditure during cold likely further increases
because Rev1 KO mice cannot rely on (non)shivering ther-
mogenesis in muscle. Interestingly, deficiency of another

Figure 3. Insulin sensitivity and mitochondrial complex abundance. Female WT (white symbols) and Rev1-KO mice (black symbols), 18 (15.5–20.5) wk of
age, were fasted for 4 h and subjected to a hyperinsulinemic-euglycemic clamp at ZT7. During both the basal and hyperinsulinemic period, (A) plasma
glucose was monitored every 5–10 min, and (B) the glucose infusion rate (GIR) was adjusted accordingly. A [3-3H]glucose label was used to measure (C)
the whole body glucose uptake and (D) hepatic glucose production (HGP) during the basal and hyperinsulinemic period. The difference between both
periods was used to calculate (E) the relative hepatic glucose suppression (F) and the whole body and hepatic insulin sensitivity index (ISI) (n = 7–9 mice/
group). [14C]2deoxyglucose was injected at 50 min after the start of the insulin infusion and (G) organ distribution was assessed in liver, gonadal white
adipose tissue (gWAT), subcutaneous (s)WAT, interscapular brown adipose tissue (iBAT), subscapular (s)BAT, tibialis anterior (TA), soleus, extensor digito-
rum longus (EDL), and heart (n = 7 or 8 mice/group). Protein abundance of (H) p-AKTThr308, (I) AKT, (K) p-ACCSer79, and (L) ACC in TA of clamped mice were
analyzed by automatedWestern blot with Wes to calculate (J) p-AKTThr308/AKT and (M) p-ACCSer79/ACC ratio. N: protein abundance of mitochondrial oxida-
tive phosphorylation (OXPHOS) complexes I-V in tibialis anterior (TA) from fasted female WT and Rev1 KO mice 20 (18–22) wk of age was analyzed by
Western blot on two gels that were derived and processed at the same time and normalized to a loading marker.O: glycogen content in TA, (P) plasma lac-
tate, and (Q) plasma alanine were measured in the same mice (n = 7 or 8 mice/group). Data are presented as means±SE. �WT vs. Rev1-KO. �P < 0.05;
��P< 0.01; ���P< 0.001, according to unpaired t test or two-way ANOVA and Šídák’s multiple-comparisons test. KO, knockout; WT, wild-type.
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TLS polymerase, polymerase g, was recently reported to
induce obesity and glucose intolerance that coincided with
accelerated adipose tissue senescence (18). The development
of obesity occurred later in life in polymerase g KO mice,
whereas we observed increased adiposity in Rev1 KO mice
from a young age onward. This difference between the mod-
els could possibly be explained by the different functions of
the polymerases. Polymerase g is thought to be involved in
bypassing poorly distorting lesions and Rev1 in bypassing
severely distorting lesions. As impaired bypassing of severely
distorting lesions results in more replication stress than
poorly distorting lesions, Rev1 deficiency may cause greater
replication stress than polymerase g deficiency, explaining
why Rev1 deficiency induces a metabolic phenotype in early
life and polymerase g deficiency does not. In line with this
notion, previous studies using mouse models with genetic
alterations in DNA repair and DNA damage response genes
identified different tissues as the origin of metabolic dys-
function, such as impaired glucose homeostasis (9). For

example, Ataxia telangiectasia mutated (Atm)�/� (19) and
p44 (a short isoform of p53) (20) transgenic mice show pan-
creatic dysfunction resulting in impaired insulin secretion,
whereas Trp53flox/flox (21) mice and excision repair endonu-
clease noncatalytic subunit 1 (Ercc1)�/� (22) mice show adi-
pose tissue senescence and inflammation resulting in
insulin resistance, and Sirtuin (Sirt)6�/� (23) and Parp1�/�

(24) mice show increased glucose uptake by skeletal muscle
and BAT resulting in increased glucose tolerance. Proposed
links between DNA damage with glucose metabolism
include modulation of glucose transporters by p53 and
through key metabolic regulators such as peroxisome prolif-
erator-activated receptor-c coactivator (PGC)-1, PARP, and
sirtuins (9).

As we have previously shown that replication stress
induced by Rev1 deficiency impairs mitochondrial function
through NADþ depletion, which could be partially rescued
by NR supplementation (12), in this study we aimed to assess
whether repletion of NADþ by NR supplementation, a

Figure 4. Nicotinamide riboside supplementation. Female WT (white symbols) and Rev1 KO mice (black symbols) received dietary nicotinamide riboside
for 6 wk starting at the age of 14 (12–16) wk. A: NADþ content in tibialis anterior (TA) was analyzed and (B) body weight, (C) fat mass, and (D) lean mass
were monitored throughout the study. Mice 18 (16–20) wk of age were fasted for 4 h and injected with an intraperitoneal glucose bolus at ZT5. E: plasma
glucose was measured prior to injection and at t = 15, 30, 60, and 120 min and (F) the incremental area under the curve (iAUC) was calculated. Date pre-
sented as means ±SE (n = 7 or 8 mice/group). Circles indicate control groups, triangles indicate NR-treated groups. �WT control vs. Rev1-KO control.
&WT NR vs. Rev1 KO NR. �,&P < 0.05; ��,&&P < 0.01; ���,&&&P < 0.001, according to two-way ANOVA and Šídák’s multiple-comparisons test. KO, knock-
out; NR, nicotinamide riboside; WT, wild-type.
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precursor of NADþ , alleviates metabolic dysfunction. Thereto,
Rev1 KO mice and WT littermates were fed either an NR-
enriched or standard chow diet. Surprisingly NR supple-
mentation did not improve adiposity or glucose tolerance,
despite increased NADþ in liver and a tendency toward
increased levels in skeletal muscle, indicating that the
increased dependency on anaerobic respiration developed
early in life persists. In line with previous reports on the
use of NR supplementation, no metabolic changes in oth-
erwise healthy WT mice were expected and observed (25–
27). Rev1 deletion did likely not reduce NADþ content in
the tibialis anterior or liver as a whole because NADþ

depletion by the DNA damage response may primarily
occur in proliferating cells. The question remains, how-
ever, why NR supplementation did not lead to improve-
ments in the metabolic phenotype in the Rev1 KOmice.

A perspective topic for future studies would be to pinpoint
whether the metabolic dysfunction induced by Rev1 deletion
results from accumulating damage throughout life, or dam-
age that occurred due to excessive replication stress during
intense growth at a young age. Mitochondrial damage that
potentially primarily occurs during early life may not be
reversed later in life and thereby metabolic impairment
could persist. Similar to the early onset of increased adipos-
ity and muscle atrophy observed in Rev1 KOmice,mdxmice
as a model for Duchenne muscular dystrophy, are character-
ized by an early onset of muscle dystrophy that does not get
progressively worse later in life (28), and by glucose intoler-
ance (29). Similarly, the Rev1 deletion phenotype might de-
velop during growth and stabilize afterward. Future studies
should elucidate the metabolic impact of Rev1 deletion in
early development versus adulthood, by using inducible or
conditional knockout or knock-down models. In addition, it
would be of interest to identify the exact mechanism under-
lying the metabolic phenotype of Rev1 KOmice to determine

whether it may be worthwhile to study the effects of NR sup-
plementation earlier in life.

In conclusion, replication stress caused by Rev1 deletion
has pronounced but complex sex-dependent effects on me-
tabolism, most likely initiated by muscular metabolic dys-
function and increased dependence on anaerobic glycolysis.

SUPPLEMENTAL DATA

Supplemental Tables S1–S3 and Supplemental Figs. S1–S5:
https://doi.org/10.6084/m9.figshare.16774813.
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