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A B S T R A C T   

The alternative oxidase, AOX, provides a by-pass of the cytochrome segment of the mitochondrial respiratory 
chain when the chain is unavailable. AOX is absent from mammals, but AOX from Ciona intestinalis is benign 
when expressed in mice. Although non-protonmotive, so does not contribute directly to ATP production, it has 
been shown to modify and in some cases rescue phenotypes of respiratory-chain disease models. Here we studied 
the effect of C. intestinalis AOX on mice engineered to express a disease-equivalent mutant of Uqcrh, encoding the 
hinge subunit of mitochondrial respiratory complex III, which results in a complex metabolic phenotype 
beginning at 4–5 weeks, rapidly progressing to lethality within a further 6–7 weeks. AOX expression delayed the 
onset of this phenotype by several weeks, but provided no long-term benefit. We discuss the significance of this 
finding in light of the known and hypothesized effects of AOX on metabolism, redox homeostasis, oxidative stress 
and cell signaling. Although not a panacea, the ability of AOX to mitigate disease onset and progression means it 
could be useful in treatment.   

1. Introduction 

Aerobic cellular respiration is made up of three key components: 

glycolysis, the Krebs cycle and oxidative phosphorylation (OXPHOS). 
The OXPHOS system comprises the mitochondrial respiratory chain 
(mRC), composed of four multi-subunit enzyme complexes (cI-cIV), plus 
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1 Who share senior authorship. 

Contents lists available at ScienceDirect 

BBA - Molecular Basis of Disease 

journal homepage: www.elsevier.com/locate/bbadis 

https://doi.org/10.1016/j.bbadis.2023.166760 
Received 9 March 2023; Received in revised form 24 April 2023; Accepted 16 May 2023   

mailto:howard.jacobs@tuni.fi
mailto:howy@jacobs.net
mailto:hrabe@helmholtz-muenchen.de
www.sciencedirect.com/science/journal/09254439
https://www.elsevier.com/locate/bbadis
https://doi.org/10.1016/j.bbadis.2023.166760
https://doi.org/10.1016/j.bbadis.2023.166760
https://doi.org/10.1016/j.bbadis.2023.166760
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbadis.2023.166760&domain=pdf
http://creativecommons.org/licenses/by/4.0/


BBA - Molecular Basis of Disease 1869 (2023) 166760

2

ATP synthase (complex V, cV). Together, they are responsible for ATP 
production, resulting from the release of free energy from the oxidation 
of carbohydrates, fats and other primary metabolites. Consequently, 
pathological dysfunction of the mRC results in broad physiological dis-
turbances affecting diverse organ systems. 

The mRC comprises >70 different polypeptides, 13 of which are 
encoded in mitochondrial DNA (mtDNA). The system thus depends on a 
large apparatus of mtDNA maintenance and expression, as well as for 
protein import and assembly, functions encoded by hundreds of nuclear 
genes requiring tightly coordinated regulation. Mutations in any of them 
may result in mRC disease with complex phenotypes that remain poorly 
understood. For example, null mutations in the cIV assembly factor 
SURF1 result in one form of Leigh syndrome [1,2], a form of progressive 
CNS degeneration commencing in infancy [3]. Mutations in different 
genes contributing to mRC biosynthesis and maintenance, or even in the 
same gene, may produce diverse phenotypes of dramatically different 
severity and organ involvement [4,5]. For example, different mutations 
in the cI subunit NDUFB11 are associated with microphthalmia with 
linear skin defects, histiocytoid cardiomyopathy, sideroblastic anemia 
or hypertrophic cardiomyopathy combined with lactic acidosis [6–8]. A 
number of pathological mutations in both humans and mice, affecting 
different subunits of mRC complex III (cIII), have been described, 
including UQCRH, the subject of the present study [9]. 

We have previously proposed the alternative oxidase, AOX, as both a 
tool to investigate the molecular basis of mRC pathology and, in the 
longer term, as a possible therapy [10]. AOX, found in most eukaryotes, 
including plants and many animals, but not in insects or vertebrates 
[11], acts as a by-pass for the cytochrome segment of the mRC and 
buffers stresses resulting from mRC insufficiency [12,13]. The enzyme is 
non-protonmotive and hence thermogenic. However, due to its much 
lower effective affinity than cIII for its electron-donating substrate, 
ubiquinol, the reduced form of coenzyme Q (CoQ), AOX contributes to 
electron flow only when cIII and/or cIV are unavailable due to overload, 
damage or mutation, leading to ubiquinol accumulation. AOX thus 
minimizes the risk of over-accumulation of ubiquinol, to which has been 
attributed various damaging effects. Notably, these effects include the 
triggering of reverse electron transport (RET) through cI (Szibor et al, 
2020), resulting in excess production of potentially harmful levels of 
reactive oxygen species (ROS), and the blockade of a host of metabolic 
reactions governed by cellular redox balance. Conversely, pathological 
outcomes resulting from an insufficiency of electron flow in the mRC 
upstream of cIII should not be alleviated by AOX. 

To date, experiments on AOX using animal models of mitochondrial 
disorders have produced a number of seemingly discordant results, 
indicating that the underlying pathomechanisms in mRC disease are not 
straightforwardly predictable, and vary according to the tissue, muta-
tional target, genetic background and environmental factors such as 
diet. Thus, although in both the fruit fly Drosophila [14] and in the 
mouse [15,16], ubiquitous AOX expression is essentially benign, effects 
in genetic, toxic and surgical disease models vary. Both flies and mice 
were rescued from the acute toxicity of respiratory poisons such as cy-
anide [14,15], which acts against cytochrome c oxidase (cIV) but not 
AOX. Substantial phenotypic rescue was also observed in flies where 
essential subunits of cIV (e.g., subunits VIa or VIIa) were knocked down 
by RNAi or were functionally impaired by point mutation [14,17]. 
However, null mutants or RNAi knockdown of core subunits were not 
rescued [14,17]. Mutations in components of the machineries of mito-
chondrial DNA maintenance or expression were generally not compen-
sated by AOX [18,19], although phenotypic improvement was seen in 
one fly model of Parkinson’s disease associated with a defect in the 
mtDNA polymerase [20] Conversely, fly models of neurodegenerative 
disease associated with oxidative [14] or proteotoxic [21] stress were 
clearly alleviated by AOX, though the exact mechanisms remain 
uncertain. 

Implementation of AOX in mouse disease models has generated a 
similarly mixed picture. AOX produced a dramatic rescue of a mouse 

sepsis model based on LPS (lipopolysaccharide) injection [22], allevi-
ated the lung pathology resulting from chronic exposure to toxic smoke 
[23] and prevented the most damaging effects of the disease-equivalent 
mutation in a cIII disease (GRACILE syndrome) model, involving the cIII 
assembly factor [24] Bcs1l. In contrast, in mouse models of cIV-deficient 
(Cox15-associated) skeletal myopathy [25], Mcp1-induced inflamma-
tory cardiomyopathy [26] and cardiac ischemia/reperfusion [27], 
ubiquitous expression of AOX exacerbated pathological outcomes, 
which was hypothesized to result from the failure of repair and regen-
eration due to disrupted ROS signaling. AOX also abrogated hypoxia 
signaling in the lung [28]. One particularly puzzling observation is that, 
whereas AOX rescued the phenotype of the most affected organ in the 
Bcs1l (GRACILE syndrome) mutant model, the heart [24], it impacted 
the same organ negatively in other contexts [26,29]. 

To expand our understanding of how AOX modifies disease pheno-
types associated with mRC dysfunction and thus reveal details of the 
underlying pathophysiology, we here studied its effects on a second cIII 
disease model. Mice bearing a deletion of most of the coding region of 
Uqcrh [9], encoding the ‘hinge’ subunit of cIII that has been suggested to 
bridge cytochrome c1 to cytochrome c [30], manifest a failure to thrive, 
combined with a progressive metabolic phenotype characterized by 
disturbed glucose homeostasis, lactic acidosis and hyperammonemia, 
with onset around 5–6 weeks and death several weeks later. The Uqcrh− / 

− mouse phenotype shares some features with that of the Bcs1l 
(GRACILE syndrome) mutant [24,31], notably involving cardiac and 
kidney dysfunction, but also recalling the metabolic crisis seen in many 
cIII patients [32]. In addition, in the post growth-arrest phase there are 
widespread developmental abnormalities affecting most of the body’s 
organ systems [9]. 

In the present study we bred mice to homozygosity for the Uqcrh 
deletion combined with hemizygosity for ubiquitously expressed AOX 
inserted at the Rosa26 locus [16]. These mice are here designated as 
Uqox mice (see crossing scheme illustrated in Fig. S1A). They were 
compared with Uqcrh homozygous mutant littermates lacking AOX, here 
designated as Uqcrh mice, and with wild-type littermate animals in the 
same genetic background, C57BL/6NCrl (Fig. S1A). The Uqox mice 
initially had a much healthier appearance but, with a delay of approx-
imately 3 weeks, eventually manifested a similar growth arrest and 
metabolic phenotype as the Uqcrh mice. A number of other physiolog-
ical parameters showed modest improvements in the Uqox mice, when 
studied at the same age point, most likely reflecting this delay in the 
onset of symptomatic disease. 

Although the gradual metabolic and physiological deterioration was 
not rescued permanently, we posit that AOX provides benefit in the 
immediate post-weaning period to mice deficient in cIII due to Uqcrh 
deletion. 

2. Experimental procedures 

2.1. Uqox mouse model generation 

To test for possible rescue of the detrimental effects of the loss of 
Uqcrh protein in mice [9], we crossed the Uqcrh mouse line with AOX 
transgenic mice [16] that had previously been backcrossed for ≥7 
generations from C57BL/6 J to C57BL/6NCrl background. For gener-
ating the mouse line to be analyzed, mice heterozygous for both the 
Uqcrh gene ablation [9] and AOX were crossed with Uqcrh heterozy-
gotes lacking AOX, as illustrated in Fig. S1A. The mice resulting from 
this cross that were homozygous for the Uqcrh mutation and heterozy-
gous for AOX are here designated as Uqox mice. The other genotypes of 
interest were homozygotes for the Uqcrh mutation (Uqcrh mice) and 
wild-type mice. Doubly heterozygous mice were used for maintenance 
breeding. Animals were ear-clipped at day 18–21 and left with their 
mother until weaning, as previously described [9,16]. After genotyping 
the cohort was separated by sex with 3 mice per cage, one wild-type, one 
Uqcrh and one Uqox. 
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2.2. Animal maintenance and ethical permits 

Animals were maintained in IVC cages with water and standard 
mouse chow according to directive 2010/63/EU, German national laws 
and GMC housing conditions (www.mouseclinic.de). Uqcrh, Uqox and 
wild-type mice were fed ad libitum with moist food freshly supplied 
twice per day, in addition to the normal chow food. Animals were 
sacrificed at 9–12 weeks in accordance with ethical permits and stan-
dard protocols. All tests performed were approved by the responsible 
authority of the district government of Upper Bavaria. 

2.3. Genotyping 

Mice were genotyped as described previously [9,16]. 

2.4. Phenotyping 

The experiments reported used three cohorts of animals. The first 
cohort, cohort I, comprised 41 females (15 wild-type, 16 Uqcrh and 10 
Uqox) and 45 males (14 wild-type, 16 Uqcrh and 15 Uqox). The second, 
cohort II, comprised 45 males and 45 females, i.e., 15 animals of each 
sex and genotype. Cohort III consisted of 33 females (13 wild-type, 13 
Uqcrh and 7 Uqox) and 30 males (9 wild-type, 12 Uqcrh and 9 Uqox). 
Results were obtained from these cohorts as indicated in figure legends 
and relevant tables, along with ages, sexes and numbers of animals 
analyzed. Phenotypic analyses were conducted according to published 
protocols [33] and as described previously [9,16,24], with relevant 
modifications as in figure legends, or as described below. 

2.5. Body and organ weights 

Body and organ weights were measured as previously described 
[9,33]. 

2.6. Clinical chemistry and hematology 

Tail glucose was monitored periodically as described previously 
[34]. Terminal blood samples from non-fasted mice were taken by 
puncturing the retro-orbital plexus under isofluorane anesthesia, and 
processed as summarized in Fig. S1H, with implementation of the pro-
cedures indicated in the yellow boxes therein. Instruments used were 
Olympus AU480 for clinical chemistry and Sysmex XT-2000iV for he-
matology. Insulin, leptin, FGF21 and cytokine levels in plasma were 
determined with a combined electroluminescence multiplex assay sys-
tem (Meso Scale Discovery, MSD, Rockville, MD, USA). 

2.7. Dissections and histopathological analysis 

Mouse tissues were dissected, paraffin-embedded, sectioned, stained 
conventionally with hematoxylin and eosin (H&E) and imaged with a 
NanoZoomer® 2.0-HT (Hamamatsu Photonics, Hamamatsu City, Japan) 
digital slide scanner as described previously [9]. Subcutaneous white 
(WAT) and brown adipose tissue (BAT) were collected, fixed by zinc- 
formalin immersion, paraffin-embedded and 3 μm sections were 
stained with H&E. Digital whole-slide images were acquired (x20) with 
the NanoZoomer® 2.0-HT digital slide scanner as above, for histo-
morphometric analysis. 

2.8. WAT histomorphometric analysis 

Six boxes (300 × 300 μm) were randomly positioned in each H&E- 
stained subcutaneous WAT image. Automatic adipocyte size and count 
analyses were performed using open-source software QuPath 0.3.0 [35]. 
Briefly, adipocyte detection was reliably performed using QuPath’s cell 
detection algorithm function. In order to delete false-positive adipocyte 
assignments a random-forest classifier was trained. QuPath then 

automatically measured the distribution of areas per adipocyte for each 
box analyzed. Data was visualized by histograms or boxplots according 
to genotype, as presented in the figures. 

2.9. Body composition analysis 

Thoracic and pelvic adipose tissue mass were separately determined 
post mortem at 18 μm3 voxel resolution using a SkyScan 1176 micro-CT 
system (Bruker microCT, Kontich, Belgium), using the following pa-
rameters: 50 kV source voltage, 500 μA source current, 240 ms exposure 
time, 360◦ rotation, 0.5◦ rotation step, 4 frame averages, 0.5 mm 
aluminum filter. Image reconstruction was performed using NRecon 
software (Bruker microCT, Kontich, Belgium; version 1.7.5). For 
reconstruction, symmetrical boxcar smoothing with a smoothing level of 
10 was applied, together with 30 % beam hardening correction and a 
ring-artifact correction of 4. Contrast limits were set to achieve optimal 
soft tissue contrast, while saturating bone. From each whole-body 
dataset, the anatomical regions of the thorax and pelvis were extrac-
ted into two additional data files by using CTAn (CT analyzer software, 
Bruker microCT, Kontich, Belgium; version 1.20.8). The thoracic region 
was defined as the area from the cervical vertebra C1 to thoracic 
vertebra T12. The pelvic region covered the lumbar to sacral vertebrae 
L3 to S3. Adipose tissue volumetry was performed using a semi- 
automated tissue segmentation approach (3D Slicer, version 5.1 / 
r30987; www.slicer.org). Fat mass was estimated by assuming a fat 
density of 0.9 g/cm3 [36]. Finally, total adipose tissue mass was defined 
as the sum of the thoracic and the pelvic fat masses determined, and 
divided by body-weight to extrapolate % adipose tissue for each mouse. 

2.10. Energy metabolism analysis 

Gas exchange (oxygen consumption and carbon dioxide production), 
heat production and substrate utilization were measured for individu-
ally caged mice by indirect calorimetry in metabolic home cages (TSE 
Systems GmbH, Berlin, Germany, see https://www.mousephenotype. 
org/impress/ProcedureInfo?action=list&procID=852&pipeID=7). The 
measurement commenced five hours before lights off and finished four 
hours after lights-on the next morning (21 h in total). 

2.11. Infrared (IR) thermography 

Whole-body surface temperature of unrestrained conscious mice was 
dorsally captured by IR thermography (A655sc, FLIR Systems), with 
ambient temperature set to 21–22 ◦C. 

2.12. Cardiac and muscle performance 

Cardiac parameters were estimated by transthoracic echocardiog-
raphy (TTE) on conscious mice, as previously described [9,37]. Two- 
and four-paw grip strength was estimated as the mean of three consec-
utive trials of each mouse analyzed, as described previously [33]. 

2.13. Behavioral analyses 

Behavior was evaluated using a modified SHIRPA protocol [33] as 
previously described [9]. Locomotor activity was measured in a viewing 
arena approximately 33 × 55 cm, with a grid of 11 cm squares drawn on 
the floor. Units of locomotor activity were defined as the number of 
squares crossed in the first 30 s after transfer of the animal into this 
arena, counted manually. 

2.14. Statistical analyses 

If not stated otherwise, data were analyzed using GraphPad Prism, 
LibreOffice Calc or R (version 3.24.34), applying ANOVA or by Wil-
coxon rank-sum test as appropriate, and as indicated in figure legends. 
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Values of p < 0.05 were considered as significant, with no correction for 
multiple testing. 

3. Results 

3.1. Growth arrest and onset of metabolic phenotype are delayed by 3 
weeks in Uqox mice 

Although Uqcrh mice are close to normal weight 1–2 weeks post-
natally, they stop growing after weaning and enter growth arrest by 5 
weeks of age [9]. Uqox mice showed a similar growth arrest, although 
delayed by approximately 3 weeks (Fig. 1A, B). The body weight of 
Uqcrh mice at 8 weeks, i.e., 3 weeks after growth arrest had set in, was 
only 60–65 % that of wild-type controls (Fig. 1A, B, S1B, S1C, S1E, S1F). 
The body weight of Uqox mice at the same age was 80 % (females, 
Fig. 1A) and 88 % (males, Fig. 1B) of wild-type values, and 3 weeks after 
growth arrest (i.e., at 11 weeks) their body weight was approximately 
73 % (females, Fig. 1A) or 80 % (males, Fig. 1B) that of wild-type lit-
termates of the same age. Uqox, Uqcrh and wild-type mice were easily 

distinguishable visually at 10 weeks (Fig. 1C). In summary, Uqox mice 
displayed an overall healthier appearance than Uqcrh mice, but suffered 
a similar growth arrest with a delay of ~3 weeks. 

In Uqcrh mice, growth arrest is accompanied by a progressive 
metabolic crisis and multi-organ dysfunction [9], requiring routine 
sacrifice at the age of 11 weeks. We measured a number of key blood 
parameters in parallel in Uqox, Uqcrh and wild-type mice (Fig. 2). Blood 
glucose after weaning was tracked in all genotypes until 9 weeks of age 
(Fig. 2A, Fig. 2B, S1D, S1G). At 4 weeks blood glucose was the same in 
all genotypes, but Uqcrh mice had become severely hyperglycemic by 6 
weeks. Uqox also became hyperglycemic to the same degree, but with a 
delay of 3 weeks in females and 2 weeks in males (Fig. 2A-2C, S1D, SG). 
At the 9-week time point, Uqcrh but not Uqox mice also showed high 
insulin levels (Fig. 2D), indicating insulin resistance. Leptin levels were 
very low (Fig. 2E) in both Uqcrh and Uqox mice, whilst triglyceride 
(Fig. 2F) and lactate (Fig. 2G) were both elevated in Uqcrh mice, with 
little or no rescue in Uqox mice. Other plasma parameters, including 
markers for kidney and liver function (Fig. S2) fell into two broad cat-
egories: (i) some were clearly shifted towards wild-type values in Uqox 

Fig. 1. Growth phenotype of Uqox mice 
Body weight of (A) female and (B) male mice of the indicated genotypes (means ± SD) in the weeks after weaning. wt – wild-type. For cohort information and n 
numbers see Table S3. (C) Image of representative males of each genotype at 10 weeks. See also Fig. S1 for details of body weight changes. 
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mice compared with Uqcrh, notably sodium (Fig. S2A), chloride 
(Fig. S2B), alkaline phosphatase (Fig. S2D), iron (Fig. S2E) and unsat-
urated iron-binding capacity (Fig. S2F); (ii) other markers that were 
abnormal in Uqcrh mice showed only minimal shifts towards normal 
physiological values in Uqox animals, namely inorganic phosphate 
(slightly elevated, Fig. S2C), total serum protein (slightly decreased, 
Fig. S2G), albumin (slightly decreased, Fig. S2H), lipase activity (low, 
Fig. S2I), urea (high, Fig. S2J), alanine aminotransferase (Fig. S2K) and 
aspartate aminotransferase (Fig. S2L), both slightly elevated. FGF21 
levels showed only minor differences between the groups (Fig. S2M). 
Some pro-inflammatory cytokines that were elevated in Uqcrh mice 
were partially normalized in Uqox mice (IL-6, Fig. S2N), though for IL-2 
only in males (Fig. S2O), whilst for IL-10 there was no such rescue 
(Fig. S2P). IL-5 was low in Uqcrh mice but restored in Uqox females and 
partially restored in Uqox males (Fig. S2Q). In summary, the metabolic 
phenotype manifested a few weeks later in Uqox compared to Uqcrh 
mice, with a minor sex difference in the delay to the onset of hyper-
glycemia. In addition, Uqcrh mice showed evidence suggestive of 
chronic inflammation, which was ameliorated in Uqox mice. 

3.2. Key pathological markers are partially rescued in age-matched Uqox 
mice 

In addition to growth arrest, Uqcrh mice show a number of features 
indicative of a multi-organ pathology, some of which were partly 
ameliorated in Uqox mice. Based on macroscopic examination upon 

dissection, the subcutaneous and perigonadal white adipose tissue 
(WAT) content of Uqcrh mice at 10 weeks appeared to be diminished 
compared with wild-type, but partially restored in Uqox animals 
(Fig. 3A, S3A). Histopathological examination of subcutaneous WAT 
tissue from wild-type mice showed uniform adipocytes containing sin-
gle, large lipid droplets, with the nucleus pushed to the periphery of the 
cell (Fig. 3B, upper left panel, EV3B panel i). WAT from Uqcrh mice 
revealed adipocyte size alterations that appeared to be partially rescued 
in Uqox mice. Lipid droplets in Uqcrh WAT were microvesicular and 
appeared greatly diminished in size compared with wild-type, but 
shifted back towards wild-type size in Uqox animals at 10 weeks of age 
(Fig. 3B, upper panels, Fig. 3C, S3B panels i-iii). Histomorphometric 
WAT analysis (Fig. 3C, Fig. S3C) confirmed these findings. Interscapular 
brown adipose tissue (BAT) in wild-type mice presented small adipo-
cytes with numerous small lipid droplets and an eccentrically located 
nucleus (Fig. 3C lower left panel, EV3B panel iv). In contrast, those in 
Uqcrh interscapular BAT were enlarged compared with wild-type, but 
appeared intermediate in Uqox animals (Fig. 3B, lower panels, Fig. S3B 
panels iv-vi). 

Whereas in wild-type mice there was a clear distinction between 
white (WAT) and brown (BAT) intrascapular adipose tissue in the high- 
resolution CT data (Fig. S3D), Uqcrh and Uqox mice showed a more 
uniform X-ray absorption pattern in these fat depots (Fig. S3D). 
Consistent with this ‘brightening’ of brown fat in Uqcrh animals, body 
surface temperature showed a marked decline with age (Fig. 3D), 
commencing at 6–7 weeks, which was delayed by approximately 3 

Fig. 2. Blood chemistry of Uqox mice 
(A, B) Time course of blood glucose (tail-vein blood samples, means ± SD) in mice of the sex and genotype indicated. For statistical analysis of the week-on-week 
trends see Fig. S1B-G. (C-G) Plasma metabolites and hormones as shown, in 9-week old mice of the sex and genotype indicated (final clinical chemistry). Note that the 
mice were assayed and sacrificed unfasted, giving higher values for e.g. glucose or lactate than typical for fasted mice: see [38]. For cohort information and n 
numbers see Table S3. Boxplots follow standard Tukey convention (bars indicate median, 25th and 75th percentiles, whiskers at 1.5 IQR, ringed outliers beyond these 
limits, means denoted by faint asterisks). Statistical significance indicated by horizontal lines as per Table S1. 
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weeks in Uqox animals (Fig. 3D). However, measurements of total fat 
mass as a proportion of body weight showed a clear deficit only in males, 
and this was not rescued in Uqox animals (Fig. S3E). 

Hematological analysis of Uqcrh mice showed a very low leukocyte 
count (Fig. 3E), with an abnormally high proportion of leukocytes 
scored as neutrophils (Fig. S3F). In addition to macrocytosis (high MCV, 
Fig. S3G) and low mean corpuscular hemoglobin concentration (MCHC 
– Fig. S3H), platelet count was low (Fig. S3I). Uqox mice showed in-
termediate values for most of these markers (Fig. 3E, ES3F, S3H, S3I), 
though not MCV (Fig. S3G). Indirect calorimetry showed decreased rates 
of oxygen consumption and carbohydrate oxidation of Uqcrh mice at 9 
weeks (Fig. S3J-S3M). The wild-type circadian pattern of fluctuation of 
both oxygen consumption (Fig. S3J, S3K) and carbohydrate oxidation 
(Fig. S3L, S3M) was absent in Uqcrh mice, similar to starvation condi-
tions. Uqox mice of the same age showed a partial recovery in these 
parameters (Fig. S3J-S3M), especially in males (Fig. S3K, S3M), with the 
circadian pattern restored. Heat production corrected for body weight 
(Fig. S3N) showed no consistent trend, despite the morphological 
changes in BAT: the slight increase in Uqox males was not replicated in 
females. 

Many of the internal organs of Uqcrh mice, when examined at 10 
weeks, were disproportional when corrected for total body weight 
(Fig. S3O-S3R), and these abnormalities were at least partially rectified 
in Uqox animals, notably low heart (Fig. S3O), and spleen (Fig. S3P) 
weights, and high liver (Fig. S3Q, partially rescued only in Uqox 

females) and kidney (Fig. S3R) weights. 
However, most histopathological features of the Uqcrh model were 

not convincingly ameliorated in Uqox animals examined at 10 weeks, 
including glycogen and/or fat deposits in the liver (red arrows, Fig. S3S), 
atrophic changes in the testis (Fig. S3T), ovary (Fig. S3U, red arrow 
denotes degenerating follicle – Foll; CL – corpus luteum) and thymus 
(Fig. S3V), and vacuolation in the myocardium (red arrows, Fig. S3W). 

3.3. Functional abnormalities remain mainly unrescued in Uqox mice 

We next conducted a series of tests of behavioral, cardiac and muscle 
function with a similar overall conclusion as from clinical chemistry and 
histopathology. On some key measures of behavior and muscle function, 
where Uqcrh mouse performance was poor, Uqox mice showed a partial 
functional rescue (Fig. 4). Other parameters showed only minimal, if 
any, improvement (Fig. S4). Thus, on a battery of behavioral tests con-
ducted at 8 weeks, Uqox mice showed substantial amelioration on 
measures of locomotor activity (Fig. 4A) and tremor (Fig. 4B), but no 
major improvements in body position (Fig. S4A) transfer arousal (which 
was anyway only minimally affected in the mutant strain, Fig. S4B), or 
gait (Fig. S4C). Minor improvements in performance were more evident 
in males than females (Fig. S4A-S4C). Cardiac parameters were studied 
in Uqox versus control mice at 12 weeks, and compared with Uqcrh 
animals at 9 weeks. Cardiac measurements at a later time point were not 
possible in the Uqcrh mouse line, since this was the latest time point 

Fig. 3. Tissue phenotypes of Uqox mice 
(A) Abdominal view of dissected, 10 week-old female mice of the indicated genotypes, showing perigonadal WAT (red arrow) and subcutaneous WAT (green box). 
For the corresponding whole-body images see Fig. S3A. (B) Representative micrographs of tissue sections from 10-week old male mice of the indicated genotype. 
WAT – white adipose tissue (here, subcutaneous), BAT – brown adipose tissue. Scale bars 100 μm. (C) Distribution of lipid droplet numbers from 10-week old male 
mice of the indicated genotype, n = 5 animals of each genotype, with six 300 × 300 μm boxes analyzed from sectioned, subcutaneous WAT of each mouse. Note that 
these are total counts across all boxes analyzed, not means. (D) Body surface temperature (BST) of mice of the indicated sex and genotype (means ± SD). (E) 
Leukocyte (WBC) counts as shown, for mice of the indicated sex and genotype, at 9 weeks. Statistical significance indicated by horizontal lines as per Table S1. For 
cohort information and n numbers see Table S3. Boxplot nomenclature as in Fig. 2. 
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allowed by our ethical permit. Some cardiac parameters revealed partial 
or even complete functional normalization in the Uqox animals, notably 
ejection fraction (Fig. 4C), stroke volume (Fig. 4D) and heart rate 
(Fig. 4E) whilst some other parameters were apparently corrected to 
beyond wild-type values, such as left-ventricular (LV) inner cavity size 
(Fig. S4D) and mass (Fig. S4E). In terms of skeletal muscle function, grip 
strength (both 4-paw – Fig. 4F, and 2-paw – Fig. S4F) showed some 
improvement in Uqox compared with Uqcrh mice, when measured at 8 
weeks, though statistical analysis revealed a confounding influence of 
body weight (see legends to Fig. 4F, S4F). Upon repeated trials many 
Uqcrh males, but not Uqox males, became visibly exhausted in this 
assay. 

3.4. Partial rescue in Uqox mice is mostly a delay in phenotypic 
deterioration 

To distinguish phenotypic parameters that were truly rescued (or 
part-rescued) in Uqox mice from those where deterioration was merely 
delayed, we looked again at a number of parameters in Uqox mice 2–3 
weeks later than the time-points shown in the various figures thus far 
presented, and compared them with wild-type mice of the same age 
(note that Uqcrh animals had already been sacrificed by this point). As 
summarized in Figs. 5 and S5, some phenotypes showed the expected 

deterioration, but some did not, whilst others revealed only a slight 
decline. Taking account of the fact that comparability is not exact, since 
wild-type mice at 10–12 weeks differ from those at 8–9 weeks, the 
following conclusions can be drawn: neuromuscular phenotypes (loco-
motor activity – Fig. 5A, 4-paw grip strength – Fig. 5B and tremor – 
Fig. 5C) showed a marked deterioration in Uqox mice at 10 weeks 
compared with 8 weeks. Leukocyte count (Fig. 5D) also showed a further 
decrease in Uqox mice, although serum iron (Fig. S5A) and unsaturated 
iron binding capacity (Fig. S5B) did not show the changes seen in Uqcrh 
mice (Fig. S2E, S22F), that were suggestive of hemolysis. Uqox mice at 
11–12 weeks also did not manifest the large increase in insulin levels 
(Fig. 5E) seen in Uqcrh mice at 9 weeks (Fig. 2D), despite hyperglycemia 
(Fig. 2C). Electrolyte levels (Fig. S5C, S5D) and alkaline phosphatase 
(Fig. S5E) in Uqox mice remained at similar levels as at 9 weeks. Indirect 
calorimetry indicated a further decline in metabolic activity of Uqox 
mice at 11 weeks, with the circadian fluctuations of both oxygen con-
sumption (Fig. S5F) and carbohydrate oxidation (Fig. S5G) largely 
abolished, as was seen in Uqcrh mice already at 9 weeks (Fig. S3J-S3M). 

Fig. 4. Performance indicators of Uqox mice 
(A) Locomotor activity of 8-week old mice of the indicated sex and genotype, units as defined in Materials and Methods. (B) Tremor scores (percentage of animals 
exhibiting tremor) from SHIRPA analysis of 8-week old mice of the sex and genotype indicated. Filled areas – tremor absent, cross-hatched areas – tremor present. (C, 
D, E) Cardiac parameters, as indicated, of mice of the indicated sex and genotype derived by echocardiography. Uqox and control mice were analyzed at 12 weeks, 
Uqcrh mice from the same cohort at 9 weeks. Parameters from Uqcrh mice of a separate cohort, measured alongside controls at 9 weeks, are shown here for 
comparison: see Table S2, which summarizes relevant data published elsewhere [34], bpm – beats per minute. p-values (Wilcoxon rank-sum test) for Uqox/wt 
comparison were as follows: ejection fraction, p > 0.05, females and p < 0.05, males; stroke volume p > 0.5, both sexes; heart rate, p < 0.01, females and p < 0.001, 
males. Note that full longitudinal characterization of cardiac phenotype of Uqcrh mutant mice will be published elsewhere. See also Fig. S4. (F) Mean 4-paw grip 
strength of 8-week old mice of the indicated sex and genotype (mean of 3 trials for each mouse studied). Statistical analyses (linear mixed effects model, S-plus) 
indicated significant effect of genotype (wt/Uqcrh: p < 0.05, Uqox/Uqcrh: p < 0.05) but also body-weight (wt/Uqcrh: p < 0.001, Uqox/Uqcrh: p < 0.05). For cohort 
information and n numbers see Table S3. Boxplot nomenclature as in Fig. 2. See also Fig. S4. 

H.T. Jacobs et al.                                                                                                                                                                                                                               



BBA - Molecular Basis of Disease 1869 (2023) 166760

8

4. Discussion 

4.1. Overview 

In this study we investigated the effect of expressing AOX, the 
alternative oxidase, in a mouse model of UQCRH (cIII) disease. Further 
details on the Uqcrh phenotype itself have been [34] or will be published 
elsewhere. Here we took advantage of the properties of AOX as a by-pass 
of the cytochrome segment of the mRC to obtain specific information 
concerning the pathomechanism behind the mutant phenotype. Ubiq-
uitously expressed AOX [16] was able to delay the growth arrest and 
lethal metabolic crisis of the Uqcrh mouse, but only by ~3 weeks, with 
minor differences between the sexes. Many but not all pathological 
features of the model were mitigated by AOX expression, and are likely 
to be secondary to the metabolic disturbance and growth arrest. The 
metabolic phenotype in the Uqcrh mutant manifests at or very shortly 
after weaning, and is consistent with an inability to process carbohy-
drates and/or maintain glucose homeostasis. This is manifested as hy-
perglycemia and either by depletion of fat reserves or a failure in fat 
deposition, both processes being dependent on the functioning of the 
mRC [39] and shuttle systems [40]. The metabolic phenotype was 
accompanied by signs suggestive of starvation: low leptin levels, loss of 
the circadian pattern of metabolism, and thymic atrophy (consequent 
upon growth restriction), as also seen in ob homozygotes that lack 
endogenous leptin [41]. However, the ‘starvation hormone’ FGF21 
[42,43], also diagnostic for some metabolic [44] and mitochondrial 
diseases [45], was not systematically induced by the Uqcrh mutation, 
with and without concomitant AOX expression. 

Given the ~3 week delay produced by AOX, in the onset of the Uqcrh 
metabolic phenotype, the discussion of how AOX impacts the model has 
two, seemingly contradictory aspects: (i) why does AOX not rescue the 
model, even though it does modify and at least partially rescue other 
models of mRC disease and (ii) why does it nevertheless do so for a short 
time and to a limited extent. We now discuss these two aspects of our 
findings, and their possible meaning. 

4.2. AOX non-rescue of the Uqcrh mouse model 

The failure of AOX to effect a permanent rescue of the Uqcrh model is 
very unlikely to be due to low or insufficient expression. Hemizygous 
AOX expression from the Rosa26 locus was previously shown to be 
comparable at the protein, RNA and enzymatic level with that of 
endogenous OXPHOS-system genes and widespread across the tissues 
[16]. It was also sufficient to protect against LD50 doses of cyanide [16] 
and LPS [22] and to bring about a permanent rescue of the lethal car-
diomyopathy of a second cIII disease model [24]. 

Since it was shown previously that expression of AOX in mouse heart 
results in a dramatic alleviation of H2O2 production when cIII is 
inhibited [16], its failure to prevent the lethal Uqcrh phenotype, effec-
tively rargues against oxidative stress as an underlying pathological 
mechanism. 

The simplest explanation for the essentially negative finding is that 
the Uqcrh pathology is due to a limitation on proton pumping at cIII and 
cIV, causing a deficiency of ATP production in one or more crucial tis-
sues. In principle, AOX should be able to restore redox homeostasis and, 
by enabling unimpeded electron flow through cI, should at least 
partially restore mitochondrial ATP synthesis. However, this may be 
quantitatively insufficient to relieve the ATP deficiency and the meta-
bolic response to it. Given that the instrumental tissue of any such effect 
is unknown, and may be a only very minor fraction of the whole animal 
by mass (e.g. part of an endocrine organ), or revealed only under specific 
physiological conditions (e.g. of nutrition, activity or circadian timing), 
it could easily escape detection. 

Specific features of the Uqcrh phenotype suggest that other mecha-
nisms may be involved. A failure to process carbohydrates implies that 
cells are starved of carbon skeletons for biosynthesis. AOX should 
facilitate forward electron flow through cI [27] and thus restore TCA 
cycle activity. However, this may depend on the functional partition of 
the quinone pool and the supercomplex organization of the respiratory 
membrane in different tissues and developmental stages [46,47], which 
has not yet been systematically studied even in wild-type mice. 

Fig. 5. Phenotypic indicators of late-stage Uqox mice 
(A) Locomotor activity, (B) 4-paw grip strength, (C) tremor score, (D) leukocyte (WBC) count and (E) serum insulin of mice of the indicated ages, sexes and genotypes 
(nomenclature as for Fig. 2-4). For clarity, only the median values for mice at the earlier time points, reproduced from Figs. 2, 3 or 4 as appropriate, are shown. For 
cohort information and n numbers see Table S3. Note that Uqcrh mice had already been sacrificed (at 9 weeks) when the later assays were conducted. 
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Complexome analysis of heart mitochondria in Uqcrh mice found 
that cIII distribution in supercomplexes is abnormal, with almost no 
‘free’ dimer detectable [9] and a very high molecular weight complex 
(denoted SXL), containing cI, cIII and other polypeptides seen much more 
prominently [9]. Non-rescue by AOX may simply reflect the fact that 
AOX does not disturb supercomplex organization and does not directly 
interact with any of the individual OXPHOS complexes [15,16]. In 
previous work, cI activity in intact, proliferating cells grown in high 
glucose was shown to be shut down in response to cIII inhibition in a 
way that was not relieved by AOX [48]. Changes in supercomplex or-
ganization, for which cIII has been shown to play a crucial role [49], 
facilitate the switch between glycolysis and OXPHOS [50]. The absence 
of UQCRH may therefore block the switch to aerobic metabolism during 
development, and which is required for post-weaning growth. Intrigu-
ingly, a Drosophila mutant with mRC deficiency, manifesting a pheno-
type of growth impairment with sugar-intolerance and lactate overload 
[51], was also unmodified by the co-expression of AOX [18]. 

cIII dysfunction has been implicated in the induction of the tumor 
suppressor p53 in response to mRC inhibition [52], and UQCRH is the 
top-ranked gene down-regulated by hypermethylation in clear cell renal 
cell carcinoma [53,54]. UQCRH has been suggested to have a specific 
role in switching the cell’s metabolic program between the glycolytic 
[55] and OXPHOS-based modes [56]. Although the mechanism of such a 
switch is not known, if it is unrelated to the redox function of cIII it 
would explain why AOX cannot alleviate its disruption. 

UQCRH interacts with the Rieske iron‑sulfur subunit and cyto-
chrome c1 [57,58], as well as with cytochrome c. Its overexpression 
causes cytochrome c leakage into the cytosol, lowering the threshold for 
apoptosis [59]], whilst its silencing inhibits apoptosis [54]. Interference 
with the redox state of cytochrome c may disrupt apoptotic signaling 
[60], against which AOX would be ineffective. 

4.3. Transient rescue of the Uqcrh model by AOX 

There is little evidence of any correlation between the tissue pattern 
of AOX expression [16] and the degree or timing of rescue of the Uqcrh 
mutant phenotype by AOX. At the RNA level, AOX expression is highest 
in heart and skeletal muscle, lower in lung, liver, kidney and testis, and 
lowest in brain and spleen [16]. In terms of tissue pathology (Fig. S3S- 
S3W), there was no rescue in heart, liver or testis, and only a minimal 
rescue in thymus. Regarding relative organ sizes, there was an apparent 
rescue in heart (Fig. S3O) but only a partial rescue in spleen (Fig. S3P), 
liver (Fig. S3Q) and kidney (Fig. S3R), all to a similar extent. Func-
tionally, the rescue in behavioral, cardiac and muscle parameters was 
partial (Fig. 4, S4) and/or transient (Fig. 5) in all cases. The tissue- 
specificity of the Uqcrh phenotype and the utility of AOX rescue could 
be explored further using conditional ablation of Uqcrh. This would first 
require generation of a conditional knock-out strain for the gene, which 
could then be combined with conditionally activatable AOX [26]. 

If a developmental switch in supercomplex organization in a specific 
tissue accounts for the failure of AOX to confer a permanent rescue, as 
suggested, the 3-week delay in the onset of the lethal phenotype may just 
reflect the time taken for the switch to take effect. The possible 
involvement of even larger assemblies involving components of the fatty 
acid oxidation pathway [61], the influence of various microproteins, of 
the pyruvate dehydrogenase complex and of the mitochondrial protease 
OMA1 in supercomplex architecture [50,62–64] should all be investi-
gated further. 

One intriguing difference between Uqcrh and Uqox mice is the fact 
that insulin levels are high in the former but remain low in the latter, 
even at 11–12 weeks when hyperglycemia is already well established 
and the mice are approaching the terminal state. Elevated insulin would 
be a logical response to hyperglycemia, except that it would have min-
imal physiological effect if the block on glucose utilization is far 
downstream. Mitochondrial OXPHOS is known to regulate insulin 
sensitivity [65]. The fact that AOX abolishes the elevation in insulin 

suggests that partial inhibition of cIII and/or cIV might be required for 
glucose sensing in the insulin-secreting cells of the pancreas. This recalls 
the finding that cIV inhibition is required for oxygen sensing, e.g., in 
pulmonary arterial smooth muscle cells, which is also relieved by AOX 
[28]. Although speculative, pancreatic overload of cIV by high glucose 
may generate a ROS signal, as hypothesized previously [80], that is 
required for insulin release. In the Uqox mouse, the alternative route for 
electron flow would abolish such a signal. Note, however, that no evi-
dence for pancreatic dysfunction or impaired insulin release was seen in 
the AOX-expressing mouse in an otherwise wild-type background [16]. 
This may implicate cIII in the generation of such a signal, or could reflect 
a developmentally determined threshold effect. 

4.4. Comparative effects of AOX in different cIII and cIV disease models 

Knockout of mouse genes encoding core subunits of cIII such as 
Uqcrc1 [66] is lethal. However, three mouse models for cIII disease have 
now been created and characterized [9,67,68] that are not lethal in 
utero. Not only do they present differing degrees of phenotypic severity, 
but in the two that have been combined with AOX, different outcomes 
were observed. Knock-in of the GRACILE disease point mutation [69] to 
the gene encoding the cIII assembly factor Bcs1l produced distinct 
phenotypes when studied in two different mtDNA backgrounds, due to 
an otherwise sub-pathological mutation in the cytochrome b gene [31]. 
In the latter case, a phenotype at least as severe than that of Uqcrh was 
observed, with the mice suffering post-weaning growth arrest and death 
by 13 weeks, with a median lifespan of only ~5 weeks [68]. However, 
this background is apparently no longer available, and was not tested in 
combination with AOX. In a more wild-type mtDNA background, 
GRACILE mice survived until ~200 days, succumbing eventually to 
dilated cardiomyopathy and contractile failure [24,70]. AOX prevented 
cardiac and kidney pathology and produced a further lifespan extension 
to >500 days, in contrast to its inability to rescue the cardiac phenotype 
or lethal outcome in Uqcrh mice. 

Intriguingly, tissue-specific ablation in catecholaminergic cells, of an 
essential cIII subunit, the Rieske iron‑sulfur protein Uqcrfs1, produces a 
rather similar growth defect as observed here, which is associated with 
decreased levels of growth hormone [71]. There is no obvious expla-
nation as to why AOX should fail to rescue this phenotype, unless the 
AOX transgene is not expressed in specific neuroendocrine cells. The 
issue could be explored further, for example by driving high-level AOX 
expression using the tyrosine hydroxylase promoter, as well as taking 
other mechanistic approaches to study why a neuroendocrine cIII defect 
impairs hormone secretion. 

Transient or partial rescue by AOX in most cIII disease models con-
trasts with negative findings with cIV models. AOX had no impact on the 
early lethality of cardiomyocyte-specific Cox10 knockout, nor on the 
cardiac insufficiency manifested in cardiomyocyte-specific Cox10 het-
erozygotes [26]. Furthermore, the phenotype of skeletal muscle-specific 
Cox15 knockout was exacerbated by AOX, by abrogating repair pro-
cesses initiated by oxidative stress signaling [25]. AOX also provided no 
long-lasting benefit in mouse models of inflammatory cardiomyopathy 
[26] or cardiac ischemia-reperfusion [27], with cIV a major target, at 
least in the latter case. 

Why cIII but not cIV deficiency in the heart was at least partially 
compensated by AOX remains to be explained. Note, however, that both 
of the cIII models tested retain residual function [9,24], whilst the cIV 
models involved the deletion of genes encoding enzymes needed for the 
biosynthesis of heme a, an essential prosthetic group of cIV [72], and are 
hence null mutants for cIV function. This may also impact supercomplex 
assembly [73]. 

Another possible explanation is that AOX cannot replace all of 
essential functions of the cytochrome chain. Although most flavin-linked 
dehydrogenases reduce ubiquinone, at least one, ALR (Evr1 in yeast), 
which serves as electron acceptor from Mia40 in the protein import and 
processing pathway to the mitochondrial intermembrane space, reduces 
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cytochrome c [74–77]. The yeast enzyme may also interact directly with 
oxygen [76,78]. AOX receives electrons directly from ubiquinol, serving 
as an alternative to cIII, but is unable to receive electrons from ALR/Evr1 
in case of cIV deficiency. 

4.5. Therapeutic potential of AOX 

In contrast to initial hopes that AOX might be curative in cases of 
respiratory chain disease, whether in general [10] or, more specifically, 
in cases of cIII dysfunction [24], such a proposition now appears unre-
alistic. Although it is still not possible to account for the phenotypic 
diversity of mitochondrial disease itself, we now have to consider, in 
addition, the diversity of phenotypic effects conferred by AOX, at least in 
animal models, which can apparently vary from substantial rescue 
[14,17,21,24,79], through modest delay (as here), to no detectable ef-
fect at all [18,26], or even to exacerbation of disease phenotypes 
[25,26]. This does not mean that AOX might not be a useful therapeutic 
tool in some circumstances. However, any such application has to be 
based on a thorough exploration of its effects on mitochondrial meta-
bolism and signaling in relevant contexts, and using reliable and valid 
models. In conclusion, whilst permanent rescue was not achieved, this 
study does provide novel insight into the functions of UQCRH and the 
nature of the physiological disturbances resulting from its absence. 
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A. Casuso, F. García-Marqués, R. Acín-Pérez, Y. Martí-Mateos, J.C. Silla-Castro, et 
al., Functional role of respiratory supercomplexes in mice: SCAF1 relevance and 
segmentation of the Qpool, Sci. Adv. 6 (2020) eaba7509. 

[47] I. Vercellino, L.A. Sazanov, The assembly, regulation and function of the 
mitochondrial respiratory chain, Nat Rev Mol Cell Biol 23 (2022) 141–161. 

[48] G. Cannino, R. El-Khoury, M. Pirinen, B. Hutz, P. Rustin, H.T. Jacobs, E. Dufour, 
Glucose modulates respiratory complex I activity in response to acute 
mitochondrial dysfunction, J. Biol. Chem. 287 (2012) 38729–38740. 
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