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SUMMARY

Dihydroorotate dehydrogenase (DHODH) is essential for the de novo synthesis
of pyrimidine ribonucleotides, and as such, its inhibitors have been long used to
treat autoimmune diseases and are in clinical trials for cancer and viral infections.
Interestingly, DHODH is located in the inner mitochondrial membrane and con-
tributes to provide ubiquinol to the respiratory chain. Thus, DHODH provides
the link between nucleotide metabolism and mitochondrial function. Here we
show that pharmacological inhibition of DHODH reduces mitochondrial respira-
tion, promotes glycolysis, and enhances GLUT4 translocation to the cytoplasmic
membrane and that by activating tumor suppressor p53, increases the expression
of GDF15, a cytokine that reduces appetite and prolongs lifespan. In addition,
similar to the antidiabetic drug metformin, we observed that in db/db mice,
DHODH inhibitors elevate levels of circulating GDF15 and reduce food intake.
Further analysis using this model for obesity-induced diabetes revealed that
DHODH inhibitors delay pancreatic b cell death and improve metabolic balance.

INTRODUCTION

Pharmacologic inhibition of DHODH with leflunomide has been used to treat patients with autoimmune

diseases since the 1990s. In addition, leflunomide shows anticancer activity in animal models (Brown

et al., 2017; Mathur et al., 2017; White et al., 2011). However, the use of leflunomide and teriflunomide

(the active metabolite of leflunomide) is limited by off-target effects and a remarkably long half-life, which

requires the use of either cholestyramine or charcoal to enhance clearance in the case of hypersensitivity

(Alcorn et al., 2009; Brent, 2001; Doscas et al., 2014). Recent work with brequinar, a highly specific and

potent DHODH inhibitor described in the 1980s, has led to the understanding that DHODH inhibitors

could be effective in acute myeloid leukemia cases (Sykes et al., 2016). In this regard, there is a clinical trial

ongoing using a novel and extremely potent DHODH inhibitor (BAY2402234 [Christian et al., 2019]) for

myeloid malignancies (clinicaltrials.gov). This renewed interest in DHODH as a target for cancer has

been accompanied by the discovery of numerous inhibitors in addition to the long list of agents already

described (Boukalova et al., 2020; Ladds et al., 2018; Mollick and Laı́n, 2020; Munier-Lehmann et al.,

2013). Moreover, inhibitors of DHODH, including leflunomide, are also considered to combat RNA virus

infections (Deans et al., 2016; Xiong et al., 2020) and have now entered clinical trials for coronavirus disease

2019 (COVID-19) (clinicaltrials.gov).

DHODH catalyzes the oxidation of dihydroorotate to orotate, which is further converted into uridinemono-

phosphate from which all other pyrimidine ribonucleotides can be obtained. Depletion of pyrimidine ribo-

nucleotide pools is thought to be the main reason why DHODH inhibitors reduce RNA virus replication and

slow down the proliferation of fast-growing cells such as activated T cells and cancer cells. Supporting this,

the effects of DHODH inhibitors on viral load and cell proliferation can be abolished by the addition of an

excess of uridine (50 mM�1 mM) through a salvage pathway (Figure S1A) (Christian et al., 2019; Deans et al.,

2016; Ladds et al., 2018; Sykes et al., 2016). One special feature of DHODH is that in mammalian cells, this

enzyme is found in the inner mitochondrial membrane (Figure S1A) and is the only enzyme in the pyrimidine

ribonucleotide synthesis pathway at this site. The oxidation of dihydroorotate to orotate catalyzed by

DHODH occurs by transferring electrons to ubiquinone (Rawls et al., 2000). In this way, DHODH provides

reduced ubiquinone (ubiquinol) to complex III of the respiratory chain (Fang et al., 2013; Vélez et al., 2013).
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Given its ubiquinone dependency and localization, DHODH activity supports respiratory chain function

(Gattermann et al., 2004; Khutornenko et al., 2010; Löffler et al., 1997) and also provides the link that bal-

ances respiration and pyrimidine ribonucleotide synthesis (Figure S1A).

According to the World Health Organization, the number of people with diabetes rose from 108 million in

1980 to 422 million in 2014 with the majority of them suffering from type 2 diabetes. Metformin is still the

first-line therapeutic for type 2 diabetes, and although still in debate, its ability to weaken mitochondrial

respiration has been considered to be important for its antidiabetic effect (Bridges et al., 2016; Madiraju

et al., 2014; Owen et al., 2000; Wang et al., 2019). In addition, metformin can increase circulating

growth/differentiation factor 15 (GDF15) levels (Gerstein et al., 2017). GDF15 is produced by a wide range

of cell types and is associated with several pathophysiological conditions; however, rather than causing

them, it is potentially involved in protecting tissues from further damage (Tsai et al., 2018). Interestingly,

transgenic mice overexpressing GDF15 live longer, which suggests that overall, the effect of GDF15 can

be beneficial (Wang et al., 2014). GDF15 binds to the GFRAL receptor (GFRAL) (Mullican et al., 2017)

and activates GFRAL-expressing brainstem neurons ultimately leading to a reduction in food intake. Of

relevance to the work described here, metformin reduces food intake and body weight in humans as

well as in mice and does so in a manner that is dependent on its ability to increase circulating GDF15

(Coll et al., 2020; Day et al., 2019). In leptin receptor-deficient db/db mice, GDF15 depletion associates

with renal damage leading to higher blood glucose, glucosuria, polyuria, and polydipsia (Mazagova

et al., 2013). Altogether, these studies suggest that GDF15 protects from type 2 diabetes. In addition, in

type 1 diabetes, GDF15 may enhance insulin production by protecting the pancreas from inflammation

(Nakayasu et al., 2020).

Given that DHODH participates in mitochondrial respiration, that GDF15 expression is induced by the tu-

mor suppressor p53 (Li et al., 2000), that DHODH inhibitors increase p53 synthesis (Ladds et al., 2018; Po-

pova et al., 2020), and that an extra TP53 allele can delay aging in mice (Matheu et al., 2007), here we tested

the effects of DHODH inhibitors on metabolic balance and on the production of GDF15 by cells and in db/

db mice as a model for obesity-induced type 2 diabetes.

RESULTS

DHODH inhibitors reduce oxygen consumption and increase glycolysis

We observed that when cells were cultured in the presence of DHODH inhibitor, the culture medium

became acidified and that there was a reduction in the concentration of glucose in themedium (Figure S1B).

This suggested an increase in lactate production and an increase in glucose consumption by cells. Accord-

ingly, and as shown in Figure 1A, brequinar, like insulin and metformin, induced the translocation of the

glucose transporter GLUT4 to the plasma membrane. Supporting that the effect of brequinar was due

to inhibition of DHODH, BAY2402234 had the same effect on GLUT4. As induction of the translocation

of GLUT4 to the plasma membrane is also a feature of the mitochondrial complex I inhibitor rotenone

(Becker et al., 2001) and DHODH is involved in mitochondrial respiration, we measured oxygen consump-

tion rate (OCR) and extracellular acidification rates in the cell culture medium and observed that both

DHODH inhibitors (BAY2402234 and brequinar) partially reduced OCR and promoted a shift toward glycol-

ysis (Figures 1B, 1C, and S2).

When cells were given a large excess of uridine (100 mM), which thwarts the effect of DHODH inhibitors on

cell proliferation (Ladds et al., 2018), the effects of brequinar and BAY2402234 on respiration and glycol-

ysis were not fully prevented (Figures 1B, 1C, and S2). As could be expected (see Figure S1A), this sug-

gests that the disruption of mitochondrial respiratory function by DHODH inhibitors is less sensitive to

uridine supplementation than their effect on cell proliferation. Another aspect that may be of relevance

is that brequinar promotes mitochondrial fusion, a feature that could affect respiration efficacy (Miret-

Casals et al., 2018).

DHODH inhibitors increase GDF15 levels

Figures 2A and S3 show that BAY2402234 and brequinar elevate intracellular GDF15 levels in MCF7 human

breast cancer cells. GDF15 was also increased by these two DHODH inhibitors in the medium of MCF7 cul-

tures as well as in the medium of murine fibroblast cultures (Figures 2B and 2C). The increase in both intra-

cellular and secretedGDF15 was ablated by an excess of uridine. This demonstrates that DHODH inhibitors

increase the synthesis and/or secretion of GDF15 by blocking pyrimidine ribonucleotide synthesis.
2 iScience 24, 102494, May 21, 2021
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Figure 1. DHODH inhibitors promote GLUT4 translocation to the plasma membrane and affect mitochondrial

respiration and glycolysis

(A) Localization of GLUT4 upon treatment with the indicated compounds. Plasma membrane-bound GLUT4 is labeled

with a Myc tag on its extracellular domain, and total GLUT4 is labeled with mCherry. The average (GSEM) of the ratio

between anti-Myc and mCherry fluorescence was calculated. p values correspond to Student’s t test, and n = 23�30 cells

for each treatment.

(B and C) Cellular respiration and glycolysis measurements.

(B) Average (GSEM) oxygen consumption rate (OCR) and extracellular acidification rate (ECAR) measurements.

(C) Variation of respiration and glycolysis parameters in response to the indicated inhibitors. Values correspond to the

average (GSD). n = 3 biological repeats, and p values correspond to Student’s t test. See also Figure S2. +U, +uridine

100 mM; BAY, BAY2402234; brq, brequinar
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Figure 2. DHODH inhibitors increase GDF15 expression and secretion

(A) Expression of GDF15, p53, ATF4, and mdm2 were measured by western blotting of MCF7 and MCF7 p53KO cell

extracts from cultures treated for 48 h as indicated. Histone H3 was used as loading control.

(B and C) MCF7 cells, MCF7 p53KO cells, or T22-RGCDFos-LacZ murine fibroblasts were treated for 48 h as indicated,

after which GDF15 in the culture medium was measured. Where indicated 100 mM uridine was added. Error bars

correspond to SEM of four biological repeats, and p values were calculated by two-way ANOVA.

See also Figure S3.

ll
OPEN ACCESS

iScience
Article
Asmentioned earlier, transcription of GDF15 is known to be induced by p53 (Li et al., 2000), DHODH inhibitors

activate p53, and this is prevented in the presence of 100 mMuridine (Ladds et al., 2018; Popova et al., 2020). In

line with these observations and as shown in Figures 2A, 2B, and S3, both DHODH inhibitors increased intra-

cellular and secreted GDF15 levels in wild-type p53-expressing MCF7 cultures but not in MCF7 p53 knockout

cells. ATF4 is another transcription factor activating GDF15 expression (Patel et al., 2019), but we did not

detect an increase in its levels in response to DHODH inhibitors (Figures 2A and S3). However, it is interesting

to note that mdm2, whose expression is activated by p53 and DHODH inhibitors (Ladds et al., 2018) (see Fig-

ures 2A and S3), binds to and drives the transcription factor activity of ATF4 (Riscal et al., 2016).
4 iScience 24, 102494, May 21, 2021



Figure 3. DHODH inhibitors elevate circulating GDF15 in db/db mice

Average (GSD) circulating GDF15 in db/dbmice from experiment 1 (treatment started at 7 weeks of age) and experiment

3 (treatment started at 16 weeks of age). p values calculated by Student’s t test.
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In agreement with the results described for metformin in mice and humans (Coll et al., 2020; Day et al.,

2019), a significant increase in serum GDF15 levels was noticed in young db/db mice treated with

BAY2402234 (experiment 1) (Figure 3). A clear increase in serum GDF15 levels was also observed in older

mice treated with brequinar (Figure 3, experiment 3).

DHODH inhibitors reduce food intake and polydipsia in db/db mice

It is widely accepted that GDF15 influences food intake (Tsai et al., 2018). Therefore, we tested whether

DHODH inhibitors also reduce appetite in db/db hyperphagic mice. As shown in Figure 4A,

BAY2402234 as well as brequinar reduced food intake.

DHODH inhibitors did not have significant effect on body weight in young db/db mice (experiment 2). In

agreement with previous observations (Coleman and Hummel, 1967), older db/dbmice (experiment 3) lost

weight over time (Figure 4B), but this body weight loss decelerated in mice treated with brequinar.

Aside from hyperphagia, polydipsia is a feature of db/dbmice (Coleman and Hummel, 1967). Here we show

that BAY2402234 and brequinar caused a stark reduction in water consumption in db/dbmice, which could

be detected shortly after treatment was started and before changes in food intake were noticeable

(Figure 4C).

DHODH inhibitors improve glucose control in db/db mice

Having in mind the effects on mitochondria, metabolism, and GDF15 we evaluated whether DHODH

blockage could lower glycemia in db/db mice. Accordingly, and as shown in Figure 5A, brequinar

improved glucose tolerance in young mice (experiment 2) and also in older mice (experiment 3). Fast-

ing and non-fasting blood glucose levels were also lower in brequinar-treated mice than in controls

(Figures 5C and S4). The improvements in blood glucose were mirrored by improvement in HbA1c

levels in young mice treated with DHODH inhibitors (experiments 1 and 2) (Figures 5B and S5). In older

mice treated with brequinar (experiment 3), the levels of HbA1c were clearly reduced over time (Fig-

ure 5B). Furthermore, as shown in the insulin tolerance test for experiment 3 (Figure 5D), on day 30 after

treatment, that is, when mice were approximately 20 weeks old, brequinar treatment improved sensi-

tivity to insulin.

DHODH inhibitors delay loss of b cell mass in db/db mice

It is well established that at 10 days of age, db/dbmice start to display hyperinsulinemia and between 8 and

12 weeks of age the concentration of insulin reaches a maximum of approximately 6–10 times the normal

levels (0.8–1.2 ng/mL). At this time point, the total mass of pancreatic b cells gradually declines, and this is

followed by an abrupt drop in blood insulin levels until death (Coleman and Hummel, 1967; Dalbøge et al.,

2013; Puff et al., 2011). Accordingly, we observed that vehicle-treated db/db mice presented an average

non-fasting serum insulin concentration of 12.11 ng/mL when they were 11 weeks old (experiment 1) and

2.05 ng/mL when they were 22 weeks old (experiment 3) (Figure 6A).
iScience 24, 102494, May 21, 2021 5
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Figure 4. DHODH inhibitors reduce food intake and polydipsia in db/db mice but do not affect body weight

(A) Cumulative food intake per db/db mouse measured daily in experiment 2 (treatment started at 7 weeks of age) and

experiment 3 (treatment started at 16 weeks of age). Values correspond to the mean (GSD) of 3 cages (n = 3). p values are

calculated by two-way ANOVA.

(B) Average body weights (GSEM) normalized to the weight at the start of the experiments. p values by two-way ANOVA.

(C) Cumulative water intake per db/db mouse measured daily in experiments 2 and 3. Values correspond to the mean

(GSD) of 3 cages (n = 3). p values by two-way ANOVA.
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In experiment 1 (where 7-week-old mice were treated with BAY2402234 for 4 weeks), non-fasting serum in-

sulin levels in treated mice were significantly higher (32.42 ng/mL) than in vehicle-treated mice (12.11 ng/

mL) (Figure 6A). In experiment 3, where older mice (16 weeks old) were treated with brequinar for 6 weeks,

the average non-fasting serum insulin level was 10.06 ng/mL, also significantly higher than in control-

treated mice (Figure 6A). In this experiment, 2 of the 10 mice had remarkably high levels of insulin above

20 ng/mL and were also the ones that showed the lowest HbA1c values in Figure 5B. The other 8 mice pre-

sented an average non-fasting serum insulin concentration of 3.10 ng/mL, which is still significantly higher

(p = 0.01) than the average value for the saline control-treated mice (2.05 ng/mL).

Subsequently, we stained the pancreas of the mice from experiments 1 and 3 with an antibody against in-

sulin. This revealed that on average, the number of insulin-positive Langerhans islets and the area occupied

by them were larger in BAY2402234- or brequinar-treated mice than in controls (Figures 6B, 6C, and S6). In

the brequinar experiment with older mice (experiment 3), we also stained for insulin and activated caspase
6 iScience 24, 102494, May 21, 2021
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Figure 5. DHODH inhibitors improve glucose control in db/db mice

(A) Intraperitoneal glucose tolerance test (IPGTT) for experiments 2 and 3 on the indicated days after treatment start.

Graph shows mean values (GSEM). p values were calculated using two-way ANOVA.

(B) Average (GSD) HbA1c levels at the indicated days after treatment in experiments 2 and 3. p values by Student’s t test.

In experiment 3, several measurements were above the range of the apparatus and were assigned the maximum value

(130 mmol/mol).

(C) Average (GSD) fasting blood glucose in experiment 3 measured on day 37. Note that the effect of brequinar on fasting

blood glucose is significant in this measurement, whereas the effect on fasting blood glucose is lost in the zero time point

of the insulin tolerance test (ITT) assay in experiment 3 shown in (D). It is possible that this lack of effect is because in (D),

fasting glucose was measured on day 30, which is 3 days after brequinar administration, whereas day 37 is only 1 day after

the injection of brequinar. Supporting this view, the effect of brequinar on non-fasting blood glucose levels is only

significant on the day after injection (Figure S4). p values obtained using the Student’s t test.

(D) Insulin sensitivity test for experiment 3. Left graph shows mean values (GSEM) and p values calculated using two-way

ANOVA. Right graph shows area under the curve for each mouse. Error bars indicate SD, and p values are calculated by

Student’s t test.

See also Figures S4 and S5.
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Figure 6. DHODH inhibitors prevent b cell mass loss in db/db mice

(A) Average (GSEM) serum insulin levels in mice from experiment 1 (treatment start at 7 weeks of age) and experiment 3

(treatment start at 16 weeks of age) after 27 and 42 days of treatment with the indicated DHODH inhibitor, respectively. p

values calculated by Mann-Whitney’s test.

(B) Insulin-positive islet numbers and area occupied by these islets measured in experiments 1 and 3. Error bars show

SEM, and p values are calculated by Student’s t test.

(C) Representative staining of pancreases from experiment 3 (mice 1_2 and 6_4) with an antibody against insulin.

(D) Representative staining of islets with antibodies against insulin and activated caspase 3 in pancreases from

experiment 3. Bar graphs show average counts (GSEM) and p values are calculated by Student’s t test. n = 23 islets for

saline control, and n = 26 islets for brequinar treated.

See also Figure S6.
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Figure 7. DHODH inhibitors increase GDF15 expression in pancreatic islets

Representative staining of islets with antibodies against GDF15 and insulin in pancreases from experiment 3. Bar graphs

show average counts (GSEM), and p values are calculated by Student’s t test. n = 28 islets for saline control, and n = 25

islets for brequinar treated.

ll
OPEN ACCESS

iScience
Article
3 as a marker for apoptosis. As shown in Figure 6D, insulin labeling was more intense in brequinar-treated

mice than in controls and this correlated with a weaker signal for activated caspase 3. Altogether, these

analyses suggest that administration of DHODH inhibitors delays b cell loss in db/db mice.

Interestingly, a significant increase in GDF15 levels was detected in pancreatic islets frommice treated with

DHODH inhibitors (Figure 7). Of note, this increase was only evident in the cells with less insulin.
DISCUSSION

The results presented in this work demonstrate that pharmacological inhibition of DHODH improves

glucose balance in hyperphagic db/dbmice. This associates with the ability of DHODH inhibitors to reduce

mitochondrial respiration, induce GDF15 expression and circulating GDF15, reduce food and water intake,

and protect b cells from apoptosis.

In addition to reducing food consumption, GDF15 is anorectic (Tsai et al., 2018) and mediates the body

weight loss induced by metformin (Coll et al., 2020; Day et al., 2019). However, DHODH inhibitors neither

reduced the rate of body weight gain in younger db/dbmice nor enhanced weight loss in the older db/db

mice, despite the observed reduction in food consumption. Instead, DHODH inhibitors, and especially

clearly in the experiment with older mice, protected from body weight loss. Insulin treatment is associated

with increased body weight in humans and as previously reported, also in db/dbmice (Sugizaki et al., 2017).

Here we show that DHODH inhibitor-treated db/db mice have higher levels of serum insulin than controls

and that their b cells are protected from apoptosis. Therefore, this increase in insulin production could

explain why DHODH-treated mice did not lose weight.

In summary, this study suggests a model (Figure 8) wherein DHODH inhibitors reduce mitochondrial respi-

ration to a moderate extent, but perhaps sufficiently to promote glucose consumption by tissues and

reduce hyperglycemia. In addition, by depleting pyrimidine ribonucleotide pools, DHODH inhibitors acti-

vate p53, which in turn enhances the expression of GDF15. Increased circulating GDF15 could reduce

appetite, thus delaying hyperglycemia and b cell exhaustion in db/db mice.

Whether type 2 diabetes is an autoimmune disease is still a matter of debate (de Candia et al., 2019; Tsai et al.,

2015). Furthermore, the literature on the importance of the immune systemon the development of diabetes in

db/db mice suggests that the immune system plays a very small role in pancreatic b cell death in this mouse

model (Leiter et al., 1987). However, because GDF15 can protect the pancreas from inflammation at least in

type 1 diabetes (Nakayasu et al., 2020), and because DHODH inhibitors are used against autoimmune dis-

eases, it is still possible that to some extent, DHODH inhibitors could protect the pancreas from inflammation.
iScience 24, 102494, May 21, 2021 9



Figure 8. Mechanistic model

See discussion section for a description.
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Hence, it could be interesting to evaluate whether leflunomide- and teriflunomide-treated patients are less

prone to develop type 2 diabetes. With regard to the use of DHODH inhibitors for the treatment of COVID-

19, it is also relevant to mention that diabetes is a clear risk factor. Further studies are needed to establish

whether DHODH inhibitors, aside from being of use for the treatment of chronic diseases such as rheuma-

toid arthritis or multiple sclerosis, may be considered as antidiabetic drugs. In this regard, one advantage

of pharmacological DHODH inhibition is that a wide variety of chemicals are available, some of which are

extremely potent and specific as well as orally available. The structures of these chemicals are diverse and

therefore, bound to have different pharmacokinetic properties. This feature may enable designing treat-

ments for each type of disease and patient. Indeed, the success of metformin in the clinic is likely to be

due to its adequate pharmacokinetic properties when compared with other biguanides (Pernicova and

Korbonits, 2014). Taking into account DHODH polymorphisms is also advisable because these are known

to influence patient responses to leflunomide (Grabar et al., 2009; O’Doherty et al., 2012).

Limitations of the study

From a mechanistic point of view, confirming the model proposed in this work requires experiments using

p53 knockout db/dbmice. This will allow establishing unequivocally the role of p53 on the observed effects

of DHODH inhibitors in vivo. Also, from amechanistic perspective, it is still unclear whether the effect of the

DHODH inhibitors on mitochondrial respiration contributes to the activation of p53 and/or to the enhance-

ment of GDF15 expression. Again, experiments using p53 knockout db/dbmice will be necessary to design

approaches to answer this question.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Insulin mouse monoclonal antibody (2D11-H5) Santa Cruz Biotechnology Cat#sc-8033; RRID:AB_627285

Cleaved Caspase 3 rabbit monoclonal antibody Cell Signaling Technology Cat#9664; RRID:AB_2070042

c-Myc mouse monoclonal antibody (9E10) Thermo Fisher Scientific Cat#13-2500; RRID:AB_2533008

GDF15 mouse monoclonal antibody Sigma-Aldrich Cat#AMAB90687; RRID:AB_2665632

GDF15/MIC-1 Polyclonal Antibody Bioss Cat#BS-3818R; RRID:AB_10857699

p53 mouse monoclonal antibody DO1 Abcam Cat#ab1101; RRID:AB_297667

Rabbit monoclonal antibody to ATF4 (EPR18111) Abcam Cat#ab184909; RRID:AB_2819059

Rabbit polyclonal antibody to Histone H3 Abcam Cat#ab1791; RRID:AB_302613

Alexa Fluor Plus 488 secondary antibody Thermo Fisher Scientific Cat#A32731; RRID:AB_2633280

Alexa Fluor Plus 555 secondary antibody Thermo Fisher Scientific Cat#A32727; RRID:AB_2633276

Chemicals, peptides, and recombinant proteins

Brequinar Sigma-Aldrich

Bio-techne

Cat#SML0113

6196

BAY2402234 Med Chem Express Cat#HY-112645

Metformin Selleckchem Cat#S1950

Insulin Novorapid Novo Nordisk Cat#A10AB05

D-glucose Merck Cat#G8270

Uridine Alfa Aesar (Thermofisher

scientific)

Cat#A15227.14

Critical commercial assays

Glucose Quantification Kit Sigma-Aldrich Cat#MAK263

Seahorse XF base medium Agilent Technologies Cat#103335-100

Seahorse XF Glycolysis Stress Test Kit Agilent Technologies Cat#103020-100

Mouse/Rat GDF15 Quantikine ELISA Kit R&D Systems Cat#MGD150

Human GDF15 Quantikine ELISA Kit R&D Systems Cat#DGD150

DC protein assay Bio-Rad Cat#5000112

Mouse insulin ELISA kit Mercodia Cat#10-1247-01; RRID:AB_2783837

IHC Select Immunoperoxidase Secondary Detection Millipore Cat#DAB150

Experimental models: Cell lines

MCF7 and MCF7 p53KO Previously described

(Zhu et al., 2020)

NA

T22-RGCDFos-LacZ murine fibroblasts Previously described

(Lu et al., 1996)

NA

3T3-L1 adipocytes Professor Yihai Cao

(Karolinska Institutet)

NA

Experimental models: Organisms/strains

Mouse: BKS(D)-Leprdb/JOrlRj (db/db) Janvier Cat#SM-DB-F

Recombinant DNA

pLenti-myc-GLUT4-mCherry Addgene Cat#64049; RRID:Addgene_64049

Software and algorithms

Fiji (Image J) NIH https://imagej.net/Fiji/Downloads

(Continued on next page)
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Wave2.6 Agilent Technologies https://www.agilent.com/en/product/cell-analysis/real-time-

cell-metabolic-analysis/xf-software/seahorse-wave-desktop-

software-740897

ZEN2.3 Zeiss https://www.zeiss.com/microscopy/int/products/microscope-

software/zen.html

Deposited data

Western blott data This paper Mendeley data (https://doi.org/10.17632/76742x9w87.1)

Animal experiments data This paper Mendeley data (https://doi.org/10.17632/76742x9w87.1)

Other

Accucheck Aviva strips Roche https://www.accu-chek.se/blodsockermatare/aviva

Prima Home Test Multicare-IN Glucometer BSI 895698

DCA vantage analyzer for HbA1c Siemens https://www.siemens-healthineers.com/diabetes/diabetes/

dca-vantage-analyzer
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RESOURCE AVAILABILITY

Lead contact

Information and requests for resources should be directed to and will be fulfilled by the Lead Contact, Su-

has Darekar (suhas.drarekar@ki.se).

Materials availability

This study did not generate new unique reagents.

Data and code availability

The published article contains all data generated or analyzed.

Original/source data for figures in the paper is available on Mendeley Data.

http://dx.doi.org/10.17632/76742x9w87.2

EXPERIMENTAL MODEL AND SUBJECT DETAILS

db/db mice

7 week old female BKS(D)-Leprdb/JOrlRj (db/db) obese leptin receptor deficient mice on C57BLKS/J (BKS)

genetic background were purchased (SM-DB-F, Janvier, Le Genest St. Isle, France). Mice were housed un-

der specific pathogen-free conditions and according to directives and guidelines of the Swedish Board of

Agriculture, the Swedish Animal Protection Agency, and Karolinska Institutet. Animals were kept under

controlled light (12 h:12 h light:dark cycle), 21-22�C and 50 G 20% humidity and had access to standard

chow diet containing 28,7 protein kcal%, 13,4 fat kcal% and 57,9 carbohydrate kcal% and water ad libitum.

Animals were quarantined and acclimated for at least 5 days before starting an experiment.

Experimental protocols were approved by the regional ethical board (Stockholms djurförsöksetiska

nämnd) in accordance to national regulations outlined in L150 (Föreskrifter och allmänna råd om Försöksd-

jur, SJVFS 2012:26). During treatments, mice were monitored daily for signs of morbidity and body weight

loss. Food and water intake were also monitored every day by weighing the crates containing the chow pel-

lets and the water bottles in each cage. Mice were randomly distributed into cages (3-4 mice per cage).

Researchers were not blinded to group allocations.

Cell lines

In this work we used human breast cancer cells MCF7 and MCF7 p53KO and murine cell lines T22-

RGCDFos-LacZ fibroblasts and 3T3-L1 adipocytes. Cell lines were not authenticated. For references on

their origin see key resources table.
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METHOD DETAILS

Measurement of glucose in cell culture medium

Murine T22-RGCDFos-LacZ cells (previously described(Lu et al., 1996)) were seeded at 5 x 104 cells/well of a

6-well plate in DMEM medium from Sigma-Aldrich (high glucose) supplemented with 10% fetal bovine

serum (FBS) and 1% penicillin/streptomycin. Next day, medium was replaced with complete McCoy’s 5A

medium (3000 ng/mL glucose and 219.15 ng/mL L-Glutamine supplemented with 10% FBS and 1% peni-

cillin/streptomycin, Sigma-Aldrich) containing vehicle control or test compounds. 72 h after treatment

with brequinar (Bio-techne, 6196), glucose content in the cell culture medium was determined with the Pri-

ma Home Test Multicare-IN Glucometer (BSI, 895698).

GLUT4 translocation measurement

3T3-L1 adipocytes (Kind gift from Professor Yihai Cao, Karolinska Institutet) were transfected with a plasmid

(Addgene, 64049) expressing GLUT4 fusion protein (Myc-GLUT4-mCherry) as described (Lim et al., 2015).

24 hours after transfection, cells were treated with 100 nM BAY2402234 (Med Chem Express, HY-112645),

1 mMbrequinar (Bio-techne, 6196) or 2 mMmetformin (Selleckchem, S1950) for 24 hours and then fixed with

4% paraformaldehyde. As a positive control, cells were treated with 200 nM insulin (Sigma-Aldrich, I9278)

for 20 min after a 3 h serum starvation. In non-permeabilized conditions, cells were incubated with primary

mouse anti-Myc antibody (9E10, Thermo Fisher Scientific, 13-2500) followed by Alexa Fluor 488-conjugated

anti-mouse secondary antibody (Thermo Fisher Scientific, A32723). Mounted samples were subjected to

confocal imaging. Fiji software (ImageJ, NIH) was used for quantitative measurements of GLUT4. The ratio

of surface to total GLUT4 was quantified by measuring anti-Myc fluorescence immunolabelling and

mCherry fluorescence.

Cellular respiration and glycolysis

Cellular respiration and glycolysis were measured by Seahorse XFe96 Extracellular Flux Analyzer (Agi-

lent Technologies, Santa Clara, CA, USA). Briefly, T22-DFosRGC-LacZ cells were seeded at a density of

2,500 per well in Seahorse XF96 Cell Culture Microplates. Next day, cells were treated for 24 hours with

compounds. Prior to measurements, cells were incubated in DMEM assay medium in a non-CO2 incu-

bator at 37 �C for 1 h. DMEM assay medium for OCR (oxygen consumption rate) measurements con-

tained Seahorse XF base medium (Agilent Technologies, 103335-100) including 10 mM glucose,

1 mM pyruvate and 2 mM glutamine. The following inhibitors from Seahorse XF Cell Mito Stress

Test Kit (Agilent Technologies, 103015-100) were injected: oligomycin (1 mM), FCCP (1 mM), rotenone

(0.5 mM), antimycin A (0.5 mM). Calculation of OCR-linked and ATP production was carried out accord-

ing to instructions by the manufacturer. The DMEM assay medium for extracellular acidification rate

(ECAR) measurements contained Seahorse XF base medium including 1 mM glutamine and the

following compounds from Seahorse XF Glycolysis Stress Test Kit (Agilent Technologies, 103020-100)

were injected: 10 mM glucose, 1 mM oligomycin A, and 50 mM 2-DG. Glycolysis rate and glycolytic ca-

pacity were calculated as described by the manufacturer by using the software Wave2.6 (Agilent Tech-

nologies). All values were normalized to the protein content of each well, measured with the DC protein

assay (Bio-Rad, 5000112).

Western blotting

MCF7 or MCF7 p53KO cells (previously described (Zhu et al., 2020)) were seeded in 6-well plates at a

density of 20 3 104 cells per well. Next day, cells were treated with the indicated compounds for 48 h.

Cell pellets were lysed and processed as described (Popova et al., 2020). Primary antibodies used are

as follows: GDF15 mouse monoclonal antibody (Sigma-Aldrich, AMAB90687), p53 mouse monoclonal

antibody DO1 (Abcam, ab1101), Rabbit monoclonal antibody to ATF4 (Abcam, ab184909), Rabbit poly-

clonal antibody to Histone H3 (Abcam, ab1791), MDM2 mouse monoclonal antibody IF2 (Calbiochem,

OP46).

Measurement of GDF15 in cell culture medium

MCF7 or MCF7 p53KO cells were seeded in 6-well plates at a density of 20 3 104 cells per well. T22-

RGCDFos-LacZ murine fibroblasts were seeded at 104 cells/well in 24-well plates. Next day, cells were

treated with the indicated inhibitors for 48 h and GDF15 levels in cell culture supernatant were

measured using the Human (R&D Systems, DGD150) or Mouse/Rat (R&D Systems, MGD150) GDF15

Quantikine ELISA Kits.
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Experiments in db/db mice

Experiment 1. Seven-week old mice were randomly distributed into cages (3-4 mice per cage). Two

groups were established by combining cages in order to achieve a similar weight distribution. In the first

group, mice were treated daily for 27 days with 2 mg/Kg of BAY2402234 (Med Chem Express, HY-

112645) administered by intraperitoneal (i.p.) injection in vehicle (5% DMSO, 40% PEG300, 5% Tween-

80, 50% saline). The control group received vehicle by i.p. injection.

Experiment 2. Seven-week old mice were randomly distributed into 10 cages (3 mice per cage). Four

groups were established by combining cages in order to achieve a similar weight distribution between

groups. The first and second groups were treated with 2 mg/Kg of BAY2402234 (n=9) or its vehicle (5%

DMSO, 40% PEG300, 5% Tween-80, 50 % saline) (n=9) daily via i.p. for 37 days. The third and fourth groups

received 25 mg/Kg of brequinar (Bio-techne, 6196) (n=6) or saline solution (n=6) as vehicle by i.p. injection

every third day until day 33. The half-life of brequinar in mice is around 12 hours according to a previous

report (Sykes et al., 2016).

Experiment 3. 20 sixteen-week oldmice were randomly distributed into 6 cages (3-4 mice per cage). Two

groups of 10 mice were established by combining cages in order to achieve a similar weight distribution

between groups. One group was i.p. injected every third day with 25 mg/Kg brequinar (Bio-techne, 6196) in

saline solution. The control group received i.p. saline. One mouse in the saline control group showed

aggressive behavior, was humanely euthanized and excluded from the study.

At the end of the experiments, mice were anaesthetized by isoflurane and euthanized by cervical disloca-

tion. Whole blood was taken by terminal heart puncture for serum collection. Pancreases were collected

and fixed as described below.

Blood glucose and HbA1c measurements. Blood was collected from the tail vein and blood glucose

was measured using glucose strips and the glucometer from the Prima Home Test Multicare-IN meter

system (BSI, 895698). Where indicated, mice were fasted for 6 hours from early morning. For measurement

of glycated hemoglobin (HbA1c) Siemens DCA vantage analyzer was used.

Intraperitoneal glucose tolerance test (IPGTT). Mice were fasted for 6 hours from early morning. At this

point, 25 mg/Kg of brequinar (Bio-techne, 6196) or saline control were administered by i.p. injection. 30 mi-

nutes later, D-glucose (Merck, G8270) was administered at 2 g/Kg by i.p. injection. Tail blood samples were

taken at the indicated time-points and glucose was measured using glucose strips and the glucometer as

above.

Insulin tolerance test (ITT). Mice were fasted for 6 hours from early morning. At this point, brequinar

(Bio-techne, 6196) (25 mg/Kg) or saline solution were administered by i.p. injection. 30 minutes later, insulin

(Novorapid, Novo Nordisk, A10AB05) was administered at 0.75 IU/Kg by i.p. injection. Blood was taken

from the tail at the indicated times and glucose was measured as above.

Serum measurements. Terminal blood was collected by cardiac puncture and serum was isolated after

allowing blood clotting at 4�C overnight followed by centrifugation at 1500 x g for 15 minutes. Serum

GDF15 levels were measured using the Mouse/Rat GDF15 Quantikine ELISA Kit (R&D Systems, MGD150).

Serum insulin was measured using a mouse insulin ELISA kit (Mercodia, 10-1247-01).
Pancreas staining

For DAB stainings, pancreases were fixed in 4% formaldehyde for 24 h and embedded in paraffin

blocks. Next, 5 mm sections were prepared, air-dried and then deparaffinized and de-hydrated using

xylene and decreasing serial dilutions of ethanol. Pancreatic tissue sections were incubated for 10 mi-

nutes with 3% H2O2 in Tris-buffered saline to quench endogenous peroxidase activity. Sections were

then blocked with 5% goat serum (Thermo Fisher Scientific, 50197Z) for 20 minutes at room tempera-

ture. After washing, sections were incubated with the primary antibody against insulin (1:50) diluted in

blocking solution for 2 h at room temperature or overnight at 4�C. Sections were PBS-washed and incu-

bated with secondary antibodies using IHC Select Immunoperoxidase Secondary Detection System

(Millipore, DAB150) following manufacturer’s instructions. Slides where counterstained with Mayer’s
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hematoxylin and mounted with xylene-based mounting medium. Quantifications were performed using

Image J software.

For double immunofluorescence, pancreases were fixed in cold methanol and embedded in OCT freezing

medium. Samples were sectioned to a mean thickness of 5 microns. After blocking with 5% goat serum,

sections were then incubated overnight with anti-insulin (Santa Cruz Biotechnology, sc-8033) and anti-

active caspase 3 (Cell Signaling Technology, 9664) antibody. After PBS washing, sections were incubated

with Alexa Fluor 488-labeled anti-rabbit IgG (Thermo Fisher Scientific, A32731) and Alexa Fluor 555-labeled

anti-mouse IgG (Thermo Fisher Scientific, A32727). Samples were mounted with mounting medium con-

taining DAPI. Fluorescence was visualized with a Zeiss confocal laser scanning microscope (ZEN2.3 soft-

ware). The fluorescence intensity of insulin, active caspase 3 and GDF15 after removal of background fluo-

rescence was quantified by using Fiji software (ImageJ, NIH).
QUANTIFICATION AND STATISTICAL ANALYSIS

All statistical analyses were performed using Prism software version 8.2.1 (279) (GraphPad). The tests per-

formed are described in each figure. For all statistical tests, a p-value of % 0.05 was used to denote statis-

tical significance (*). **, *** and **** denote p % 0.01, p % 0.001 and %0.0001, respectively. The type of

statistical test, the number of replicates and whether error bars denote standard deviation (SD) or the stan-

dard error of the mean (SEM), is specified in each figure legend.
18 iScience 24, 102494, May 21, 2021


	DHODH inhibition modulates glucose metabolism and circulating GDF15, and improves metabolic balance
	Introduction
	Results
	DHODH inhibitors reduce oxygen consumption and increase glycolysis
	DHODH inhibitors increase GDF15 levels
	DHODH inhibitors reduce food intake and polydipsia in db/db mice
	DHODH inhibitors improve glucose control in db/db mice
	DHODH inhibitors delay loss of β cell mass in db/db mice

	Discussion
	Limitations of the study

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	db/db mice
	Cell lines

	Method details
	Measurement of glucose in cell culture medium
	GLUT4 translocation measurement
	Cellular respiration and glycolysis
	Western blotting
	Measurement of GDF15 in cell culture medium
	Experiments in db/db mice
	Experiment 1
	Experiment 2
	Experiment 3
	Blood glucose and HbA1c measurements
	Intraperitoneal glucose tolerance test (IPGTT)
	Insulin tolerance test (ITT)
	Serum measurements

	Pancreas staining

	Quantification and statistical analysis





