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Background: Recent research suggests that the ketogenic diet (KD) has the potential to serve as an effective treatment option for neuropsychiatric disorders, targeting both dysfunctions in brain metabolism and cardiometabolic comorbidities. In many patients, KDs may ameliorate comorbidities such as obesity, metabolic syndrome and type 2 diabetes. However, the long-term effects of KDs on cardiovascular health remain an important topic of investigation, due to considerable inter-individual variability in how KDs may impact lipid metabolism. While some studies have shown no significant change in cholesterol levels, and some have shown improvements, still others have highlighted the potential of KDs to induce or exacerbate hyperlipidemia.

Objective: To shed new light on this ongoing controversy, we present both beneficial and concerning effects of a 3-month intervention with Ketogenic Metabolic Therapy (KMT) (1.5:1 ratio) on a wide range of cardiometabolic health markers in seven outpatients with bipolar disorder and comorbid dyslipidemia.

Methods: Cardiometabolic assessments were based on markers of lipoprotein burden, such as apolipoprotein B (apoB), lipoprotein (a) (Lp(a)), low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein cholesterol (HDL-C), triglyceride (TG) and total cholesterol (TC), markers of inflammation, such high-sensitivity C-reactive protein (hsCRP) and tumor necrosis factor (TNF-α), markers of oxidative stress, such as malondialdehyde-modified LDL (MDA-LDL) and nitrotyrosine, molecules that relate to endothelial function, such as homocysteine and advanced glycation end products (AGE), and anthropometric measures, such as BMI and fat mass. Mean changes between pre-KMT and post-KMT measurements were calculated. In addition, within-person changes in outcomes of interest were visually summarized using boxplots.

Results: Beneficial cardiometabolic effects included a decrease in mean Lp(a) of 6.6 mg/dl (−21%), a reduction in mean triglyceride of 40.6 mg/dl (−30%), a reduction in mean apoB of 0.14 g/L (−10,5%) and an increase in mean HDL-C of 3 mg/dL (+5%), a reduction in mean hsCRP of 0.94 mg/L (−45%), a reduction in mean TNF-α of 1.31 pg/ml (−7%), a reduction in mean MDA-LDL of 36.77 U/L (−38%), a reduction in mean nitrotyrosine of 225 nmol/L (−28%), a mean weight reduction of 4 kg (−4,6%), a mean visceral fat reduction of 0.69% (−10%) and a mean fat mass reduction of 3.7 kg (−12%). However, some concerning effects were also observed. Of note, mean homocysteine levels increased by 1.94 umol/L (+18%) and mean AGE levels increased by 30.9 ug/ml (+106%). Moreover, mean LDL-C was increased by 14 mg/dl (+9%) and mean total cholesterol was increased by 7 mg/dl (+3%).

Conclusion: Based on these findings, it is concluded that comprehensive Ketogenic Metabolic Therapy provided to outpatients with bipolar disorder can be beneficial in improving a broad range of cardiometabolic health markers, including lipid metabolism, inflammation, oxidative stress and anthropometric measures. Tentatively, these findings suggest that at least a proportion of patients with bipolar disorder may find remarkable improvements in cardiometabolic health adopting a metabolic treatment such as the ketogenic diet. However, potentially concerning effects on markers such as homocysteine and AGE call for well-formulated, individualized KDs.
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1 Introduction

Compared with the general population, patients with bipolar disorder (BD) have significantly higher rates of cardiometabolic comorbidities, including obesity, metabolic syndrome, dyslipidemia, hypertension, insulin resistance and type 2 diabetes (1–4). These comorbidities place the bipolar population at higher risk for developing cardiovascular disease (CVD) and reduce life expectancy in this population. Studies have indicated that patients with bipolar disorder lose on average 10 years of their normal lifespans, with excess mortality being primarily due to preventable diseases such as cardiovascular disease and type 2 diabetes (5, 6). The most common cause of death in the bipolar population, responsible for about a third of all deaths, is CVD, which often goes underdiagnosed and undertreated (7–9).

The increase of cardiometabolic comorbidities in the bipolar population may be related to both lifestyle habits (e.g., smoking, poor diet, lack of exercise) and medication side effects, which affect the metabolic, hormonal and neurologic systems (8). These side-effects are well established. Lithium can cause weight gain (10, 11) and adversely influence glucose metabolism (12). Second generation antipsychotics such as quetiapine, clozapine, asenapine, lurasidone, etc. are associated with hyperlipidemia (13–17), insulin resistance or increased risk of diabetes mellitus (14, 18–23).

In addition to worsening physical health, cardiometabolic comorbidities also contribute to poorer response to psychiatric treatment, and are associated with more severe mood symptoms (24–26). BD patients with comorbid obesity have been reported to have a more chronic course of illness, more severe symptoms (including risk of suicide), anxiety symptoms, poor cognitive performance and poor response to lithium (24, 27, 28). Similarly, BD patients with comorbid insulin resistance or type 2 diabetes have been reported to have three times higher odds of a chronic course of bipolar disorder compared with euglycaemic (glucose tolerant) patients, three times higher odds of rapid cycling and to be more likely to be refractory to lithium treatment (29).

In recent years, there has been a remarkable surge in interest in the ketogenic diet (KD) as a metabolic intervention for psychiatric diseases, targeting both dysfunctions in brain metabolism and cardiometabolic comorbidities. Although there is only a small number of clinical trials investigating the therapeutic potential for psychiatric disorders, current evidence from case reports (30–32) and pilot studies (33–35) is promising. Implementing Ketogenic Metabolic Therapy (KMT) in patients with mental disorders has been a feasible and well-tolerated approach, resulting in remarkable reductions in psychotic and affective symptoms and significant improvements in metabolic health. More than a dozen clinical trials of KMT for serious mental illness are currently underway for conditions including bipolar disorder, major depression, and schizophrenia spectrum disorder (36–46).

Systematic reviews and meta-analyses of randomized clinical trials (RCTs) have also reported moderate to high-quality evidence for the diet’s efficacy in treating metabolic syndrome, obesity and type 2 diabetes, and in positively affecting problematic cardiometabolic markers (47). However, studies have also shown there is considerable inter-individual variability in the low-density lipoprotein cholesterol (LDL-C) and total cholesterol response to ketogenic dietary interventions. While some studies show no changes in cholesterol levels, and others show improvements, still others have shown that KDs have the potential to induce or exacerbate hypercholesterolemia, raising both total cholesterol (TC) and LDL-C (48). This is particularly significant for patients in psychiatric care, given their increased risk of cardiometabolic comorbidity.

The objective of this retrospective study is to display both potentially beneficial and potentially harmful effects of the ketogenic diet on a broad spectrum of cardiometabolic health markers in bipolar patients with underlying hyperlipidemia. We evaluate cardiometabolic health effects based on markers of lipoprotein burden, such as apolipoprotein B (apoB), lipoprotein (a) (Lp(a)), triglyceride (TG), total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C) and low-density lipoprotein cholesterol (LDL-C), measures of inflammation, such high-sensitivity C-reactive protein (hsCRP) and tumor necrosis factor (TNF-α), markers of oxidative stress, such as malondialdehyde-modified LDL (MDA-LDL) and nitrotyrosine, molecules that relate to endothelial function, such as homocysteine and advanced glycation end products (AGE), and anthropometric measures, such as BMI, body weight and fat mass.



2 Case presentations


2.1 Therapeutic program

KetoBrain is a medically supervised program of the MOJO Institute for Regenerative Medicine, Hennef, Germany, focused on implementing ketogenic dietary therapy for people with psychiatric disorders. Between January 2024 and March 2024, 11 patients with bipolar disorder enrolled for the program and were placed on a personalized KD under the supervision of a medical doctor, a psychologist, and an intern ketogenic dietitian, under supervision of the treating medical doctor. In this therapeutic intervention (see Supplementary Data), KMT was used as a medical prescription, consisting of an individualized ketogenic diet, standardized micronutrient supplementation, and other lifestyle interventions such as physical exercise and community support provided by the program. Psychiatric medication and other therapeutic treatment remained unchanged throughout the 3-month duration of the program. Clinician support was provided weekly, mostly through digital group meetings (Figure 1).

[image: Timeline for a 12-week KetoBrain program overview. It includes a paleo phase from January 4 to January 22 with a baseline clinical assessment in Hennef, followed by a keto phase from January 22 to April 5 with adaptation and maintenance stages. Final assessment in Hennef on April 5. Support includes weekly group calls, an online peer group forum, and a food and sleep diary.]

FIGURE 1
 Graph showing the intervention timeline.


Four participants withdrew from participation prior to program completion, two of which withdrew at the outset due to medical reasons. Two others stopped the intervention before completion because they did not respond well to the treatment. The program continued with seven remaining participants, whose initial and final clinical assessments are presented in this paper.

This case series received generous sponsorship from IMD Institut für Medizinische Diagnostik Berlin-Potsdam GbR, MOJO Institut für Regenerationsmedizin, Biocoach and Panifactum Lowcarb Food Gmbh, allowing all patients to participate in the program free of charge. Written informed consent was obtained from all participants to pursue KMT and to allow publications of de-identified data.



2.2 Case presentations

In this section, we present seven individual case descriptions with cardiometabolic outcomes, psychiatric outcomes and patient perspectives. For psychiatric measurements, German versions of Global Assessment of Functioning Scale (GAF) (49), Clinical Global Impression for Bipolar Disorder (CGI–BP) (50), Patient Health Questionnaire - 9 (PHQ–9) (51), Beck Depression Inventory II (BDI-II) (52), Hamilton-Depression Scale (HAM-D) (53) and Montgomery Asberg Depression Rating Scale (German version of MADRS) (54) were used. For more detailed patient profiles and psychiatric outcomes, we refer the reader to two forthcoming publications, which will discuss the effects of the intervention on psychiatric and microbiome health markers.


2.2.1 Case 1

Case 1 is a 39-year-old single man with bipolar disorder II. He had a history of prediabetes, which was diagnosed in 2018, and presented with obesity (BMI 33.5 kg/m2). Since 2013 he had been treated with lithium (450 mg 1–0-2) and bupropion (300 mg 1–0-0). Since 2018 he has also taken metformin (1,000 mg 1–0-1). His laboratory assessment revealed a mixed dyslipidemic profile, with TG of 399 mg/dl, LDL-C of 146 mg/dl, apoB of 1.46 g/L, total cholesterol of 226 mg/dl, and HDL of 34 mg/dl. Being prediabetic, his HbA1c was elevated at 46 mmol/mol (6.4%). At the initiation of KMT 2:1, Case 1 intuitively preferred to adopt intermittent fasting and to consume only two meals per day (lunch and dinner). Describing himself as an emotional eater who frequently overeats, he was surprised to feel a remarkable decline in hunger and cravings. Within 1 week of keto-adaptation, he easily reached therapeutic nutritional ketosis with consistent serum BHB levels of between 1 and 4 mmol/L.

After the 3-month KD intervention, we found significant improvements in markers of obesity, prediabetes and inflammation, and mixed improvements in dyslipidemia. The patient lost 8 kg of body weight, BMI decreased to 30.9 kg/m2, body fat mass decreased from 39.0 kg to 34.3 kg and visceral fat percentage decreased from 10.6% to 8.8%. Moreover, HbA1c decreased to 5.1%, allowing the patient to discontinue metformin. The following dyslipidemic markers improved: TG decreased from 399 mg/dl to 202 mg/dl and HDL increased from 34 mg/dl to 42 mg/dl. However, total cholesterol increased to 272 mg/dl and LDL-C increased to 211 mg/dl. Despite this increase in LDL-C, apoB did not increase, staying quasi-constant from 1.46 g/L to 1.4 g/L. Accordingly, despite improvements in dyslipidemic markers, KMT did not reverse dyslipidemia, with LDL-C, TC and apoB still in the elevated range. Lp(a) slightly increased from 2.0 mg/dl to 3.1 mg/dl, but remained in a very low range. MDA-LDL, an important indicator of oxidative stress, decreased from 111 U/L to 70.4 U/L, now in the normal range. Inflammatory markers also improved with a significant reduction in hsCRP from 4.42 mg/L to 0.91 mg/L and a reduction in TNF-α from 10.6 to 9.5 pg/ml – albeit still in the elevated range. Nitrotyrosine remained in the standard range, despite an increase from <200 nmol/L to 572 nmol/L. Finally, laboratory assessments showed a concerning increase of homocysteine from 10.2 umol/L to 16 umol/L and a concerning increase of AGE from 36.1 ug/ml to 66.5 ug/ml.

The psychiatric outcomes of KMT were remarkable for Case 1. At the end of the intervention, he experienced profound improvements in emotional resilience, increased energy, better mental focus and stronger willpower. He went from a part-time job to working full-time. This was reflected in improvements in psychiatric assessments. His GAF, reflecting social, occupational and psychological functioning, improved from 60 to 100. CGI-BD-S, measuring symptom severity and treatment response in bipolar disorder, improved from 5 to 2 (1 = clinical remission, 2 = minimal symptoms). PHQ-9 and BDI-II, which are self-reported assessments measuring severity of depression, improved from 13 to 1 (PHQ-9) and from 20 to 3 (BDI-II), thereby achieving a “not depressed range.” Finally, HAM-D and MADRS, which are used by mental health professionals to measure severity of depression and treatment changes, also improved notably. HAM-D improved from 14 (mild depression) to 2 (clinically unremarkable) and MADRS improved from 22 (middle-grade depression) to 1, again ending up in the non-depressed range.



2.2.2 Case 2

Case 2 is a 50-year-old married woman with rapid-cycling bipolar disorder II, which was diagnosed at age 30. Her medical history revealed sleep apnea, chronic pain syndrome, tinnitus and ADHD. She also had a history of irritable bowel syndrome, but she indicated that she was not troubled by this at present. Further complaints included itching, skin rashes, psoriasis, eczema, hives, acne and frequent headaches. She was treated with sertraline (50 mg 1–0-0) from 2023, lamotrigine (200 mg 1–0-1) from 2018 and quetiapine (50 mg 0–0–1-2) from 2023. At the initiation of KMT 1.5:1, Case 2 had difficulties reaching consistent serum BHB levels above 0.5 mmol/L. Upon shifting her KD ratio to 2:1, she still hardly reached 1 mmol/L. We surmise this may have been due to the impact of quetiapine, an antipsychotic that may lead to increased insulin secretion and plasma glucose levels, which both hinder ketogenesis. Throughout the 12-week-program, her blood BHB levels mostly fluctuated between 0.2 mmol/L and 1.0 mmol/L.

Metabolically, she was obese (BMI 34.7 kg/m2), with a body fat mass of 57.5 kg and visceral fat percentage of 11.2%. After 12 weeks of KMT, she had lost 14.5 kg of body weight, BMI decreased to 30.3 kg/m2, body fat mass decreased to 46.7 kg and visceral fat was reduced to 8.7%. Labs revealed a dyslipidemic profile, which improved significantly after the intervention. TG dropped from 245 mg/dl to 133 mg/dl, LDL-C decreased from 218 mg/dl to 203 mg/dl, apoB decreased from 1.86 g/L to 1.35 g/L, and total cholesterol decreased from 317 mg/dl to 270 mg/dl. However, Lp(a) was somewhat increased, going from 34.3 mg/dl to 38.7 mg/dl. In turn, MDA-LDL was reduced significantly, from 155 U/L to 72.1 U/L. Inflammatory markers improved slightly, with hsCRP going from 4.83 mg/L to 3.78 mg/L and TNF-α staying quasi-unchanged with an evolution from 9.8 pg/ml to 10 pg/ml – albeit still in the elevated range. Nitrotyrosine decreased from 326 nmol/L to <200 nmol/L, both being in the standard range. Finally, laboratory assessments again showed a concerning increase of homocysteine from 11 umol/L to 13.1 umol/L and a concerning increase of AGE from 25.7 ug/ml to 43.7 ug/ml.

At the end of the intervention, Case 2 also saw remarkable improvements in all psychiatric assessments. GAF improved from 50 to 80. CGI-BD-S improved from 5 to 2 (1 = clinical remission, 2 = minimal symptoms). PHQ-9 improved from 18 (indicating moderately severe depression) to 3 (indicating no depression). BDI-II improved from 42 (indicating severe depression) to 7 (indicating no depression). HAM-D improved from 21 (indicating moderately severe depression) to 5 (clinically unremarkable) and MADRS improved from 26 (indicating moderately severe depression) to 7 (indicating mild depression).



2.2.3 Case 3

Case 3 is a 46-year-old married man with bipolar disorder II. Due to unwanted side-effects such as lethargy and fatigue, he had discontinued all medications under the supervision of his treating psychiatrist, 1 year prior to the present intervention. Six months after discontinuing his medications, and 4 months prior to the present intervention, he had a first 2.5 month experience with KMT. Since the shift to KMT, he had felt more energized, more emotionally balanced and resilient, and less irritable. During this first 2.5 month KMT, he had lost 11 kg. He decided to pursue KMT in the present intervention to optimize his KD and in the hope KMT would allow him to stay off medications. Until the time of this writing, he has been able to do so successfully.

Upon initiating the present KMT (1.5:1) intervention, Case 3 quickly reached therapeutic nutritional ketosis with consistent serum BHB levels between 1.0 and 3.0 mmol/L. Metabolically, he started the intervention with a BMI of 25.0 kg/m2, a fat mass of 29.3 kg and visceral fat percentage of 7.2%. Having already lost 11 kg in the previous 2.5-month KD phase in 2023, he lost less in this 3-month period, namely 3 kg. His BMI further decreased to 24.2 kg/m2, body fat mass further decreased to 26.8 kg, and visceral fat percentage decreased to 6.9%. While initial labs revealed a dyslipidemic profile, all elevated markers improved after the intervention. TG decreased from 60.3 mg/dl to 50.2 mg/dl, LDL-C decreased from 178 mg/dl to 145 mg/dl, apoB decreased from 1.42 g/L to 1.03 g/L and total cholesterol decreased from 215 mg/dl to 183 mg/dl. HDL remained unchanged at 35 mg/dl. Of note was also a decrease in Lp(a), from 10.4 mg/dl to 8.1 mg/dl, and of MDA-LDL, from 77.4 U/L to 38.7 U/L. In turn, inflammatory markers also improved, with hsCRP decreasing from 2.27 mg/L to 1.01 mg/L and TNF-α decreasing from 7.7 pg/ml to 6.2 pg/ml. Baseline nitrotyrosine was strongly elevated at 3043 nmol/L and greatly decreased to 1463 nmol/L, albeit still in the elevated range. Finally, we found a decrease in homocysteine from 17 umol/L to 14 umol/L, albeit both in the elevated range, and a concerning increase of AGE from 28.7 ug/ml to 45.7 ug/ml, albeit both in the standard range.

After the intervention, Case 3 showed improvements across all psychiatric assessments. His GAF improved from 95 to 100. CGI-BD-S improved from 4 to 2. PHQ-9 and BDI-II improved from 6 to 2 (PHQ-9) and from 6 to 2 (BDI-II). HAM-D improved from 5 to 3 and MADRS improved from 7 to 1. Case 3 continues to follow KMT to this day, considering it a life-changing intervention, his friends and family attesting to its favorable therapeutic effects.



2.2.4 Case 4

Case 4 is a 47-year-old woman with bipolar disorder II, which was diagnosed in 2023, at 46 years of age. She has been treated with lamotrogine (50 mg 1–0-1) since her diagnosis in 2023 and escitalopram (15 mg) since having had long covid in February 2022. At the initiation of KMT 1.5:1, Case 4 quickly reached consistent serum BHB levels of 1.0 mmol/L. Throughout the 12-week-program, her blood BHB levels mostly fluctuated between 0.5 and 1.0 mmol/L.

Metabolically, she began the intervention with a BMI of 22.8 kg/m2, a body fat mass of 18.6 kg and visceral fat percentage of 4.5%. After the intervention, her weight decreased to 54.5 kg, BMI decreased to 21.8 kg/m2, her fat mass decreased to 17.5 kg, and her visceral fat percentage decreased to 4.1%. Labs revealed a dyslipidemic profile with elevated LDL-C of 123 mg/dl and total cholesterol of 240 mg/dl. After the intervention, both markers further increased to 141 mg/dl (LDL-C) and 240 mg/dl (total cholesterol). However, her baseline apoB of 0.92 g/L remained quasi unchanged at 0.91 g/L, again marking discordance between LDL-C and apoB. HDL increased from 105 mg/dl to 113 mg/dl, and triglycerides slightly increased from 63.1 mg/dl to 66.6 mg/dl. Also, Lp(a) decreased from an elevated 92.8 mg/dl to 56.8 mg/dl, albeit still in the elevated range. MDA-LDL and nitrotyrosine, both markers of oxidative stress, decreased significantly from 73.3 U/L to 42.8 U/L (MDA-LDL) and from 926 nmol/L to 432 nmol/L (nitrotyrosine). Inflammatory markers also improved after the intervention: baseline hsCRP of <0.3 mg/L remained unchanged, while TNF-α decreased from 5.6 pg/ml to 4.3 pg/ml. Finally, both homocysteine and AGE again showed concerning changes with homocysteine increasing from 6.1 umol/L to 12.4 umol/L and AGE increasing from 28.5 ug/ml to 64.1 ug/ml.

After the intervention, Case 4 showed improvements across all psychiatric assessments. Her GAF improved from 60 to 100. CGI-BD-S improved from 3 to 2. PHQ-9 and BDI-II improved from 9 to 0 (PHQ-9) and from 13 to 1 (BDI-II). HAM-D improved from 9 to 0 and MADRS improved from 8 to 0.



2.2.5 Case 5

Case 5 is a 34-year-old married woman with bipolar disorder I, which was diagnosed at 32 years of age, and comorbid anxiety disorder, which was diagnosed at 19 years of age. Since 2022, she has been treated with lithium (450 mg 1–0-1.5) and quetiapine (150 mg 0–0-1). Metabolically, she had a BMI of 26.6 kg/m2, with a body fat mass of 30 kg and visceral fat percentage of 4.1%. After the intervention, she lost 2.9 kg, her BMI decreased to 25.7 kg/m2, body fat mass decreased to 27.9 kg and visceral fat decreased to 3.5%. She too presented with dyslipidemia at the outset, but her elevated markers evolved heterogeneously. While total cholesterol increased from 219 mg/dl to 234 mg/dl, HDL slightly decreased from 64 mg/dl to 63 mg/dl, and LDL-C increased from 151 mg/dl to 179 mg/dl, her apoB remained unchanged at 1.01 g/L, again marking discordance between LDL-C and apoB. Favorable changes included a decrease in Lp(a) from 7.3 mg/dl to 4.9 mg/dl, and a decrease in TG from 51.1 mg/dl to 33.8 mg/dl. Both markers of oxidative stress also improved with MDA-LDL decreasing from 67.2 U/L to 54.9 U/L and nitrotyrosine decreasing from 438 nmol/L to 315 nmol/L. Inflammatory markers also improved with hsCRP remaining unchanged at <0.3 mg/L and TNF-α decreasing from 13.1 pg/ml to 8.9 pg/ml. Finally, both homocysteine and AGE again increased unfavorably with homocysteine rising from 6.6 umol/L to 11.3 umol/L and AGE increasing from 18.6 ug/ml to 53.5 ug/ml.

After the intervention, Case 5 also showed improvements across all psychiatric assessments. Her GAF improved from 60 to 100. CGI-BD-S improved from 4 to 1. PHQ-9 and BDI-II improved from 3 to 2 (PHQ-9) and from 8 to 3 (BDI-II). HAM-D improved from 7 to 0 and MADRS improved from 9 (mild depression) to 1 (no depression).



2.2.6 Case 6

Case 6 is a 29-year-old man with bipolar disorder I, which was diagnosed in 2015, at 20 years of age. Medical history was notable for a severe case of Lyme disease immediately preceding the onset of his first depressive episode at the age of 18, with the formal diagnosis of bipolar disorder following 3 years later. He was treated with valproate (1,000 mg 1–0-1) and sertraline (200 mg 1–0-0). At the initiation of KMT 1.5:1, Case 6 quickly reached consistent serum BHB levels between 1.0–2.0 mmol/L. Throughout the 12-week-program, his blood BHB levels mostly fluctuated between 1.0 and 3.0 mmol/L.

Metabolically, he had a BMI of 26.5 kg/m2, a body fat mass of 25.2 kg and visceral fat percentage of 4%. After 12 weeks of KMT, he had lost 1.9 kg of bodyweight, BMI decreased to 25.9 kg/m2, body fat mass decreased to 19.2 kg and visceral fat decreased to 3.5%. Labs revealed a dyslipidemic profile, with elevated levels of total cholesterol (237 mg/dl) and LDL-C (178 mg/dl). After the intervention, both dyslipidemic markers increased, with total cholesterol reaching 242 mg/dl and LDL-C reaching 192 mg/dl. However, apoB decreased from 1.33 g/L to 1.17 g/L, again showing remarkable discordance between LDL-C and apoB. Other favorable lipid changes include an increase of HDL from 52 mg/dl to 54 mg/dl, a lowering of TG from 70 mg/dl to 59.1 mg/dl and a decrease in Lp(a) from 24.3 mg/dl to 16 mg/dl. MDA-LDL also improved, decreasing from 108 U/L to 79 U/L. On the other hand, nitrotyrosine increased from 425 nmol/L to 799 nmol/L, now in the elevated range. Inflammatory markers evolved positively with hsCRP lowering from 1.2 mg/L to 0.3 mg/L and TNF-α slightly decreasing from 8.7 pg/ml to 8.4 pg/ml, albeit still in the elevated range. Baseline homocysteine of 14.7 umol/L remained elevated at 14.7 umol/L, and baseline AGE again increased unfavorably from 27.6 ug/ml to 56.3 ug/ml.

After the intervention, Case 6 saw mixed changes in psychiatric assessments. While some assessments improved, others remained unchanged and some slightly worsened. For this reason, we do not consider Case 6 an unequivocal respondent to this intervention. While GAF improved from 80 to 100, CGI-BD-S slightly worsened from 3 to 4. PHQ-9 slightly worsened from 1 to 2, but this is still in the “healthy” range. BDI-II improved from 9 (minimal depression) to 5 (no depression). HAM-D slightly worsened from 2 to 3, both being in the “clinically unremarkable” range, while MADRS slightly improved from 3 to 2, both indicating “no depression.”



2.2.7 Case 7

Case 7 is a 50-year-old married man with bipolar disorder I, which was diagnosed in 2004, at 30 years of age. His medical history was notable for ankylosing spondylitis (Morbus Bechterew) and recurrent migraines. He was treated with quetiapine (275 mg 0–0-1) and valproate (200 mg 0–0-1). At the beginning of our KMT intervention, Case 7 chose to adopt a carnivore KD, with virtually no carbohydrate intake. We agreed to this, on the condition his serum BHB levels would consistently reach between 1.0 mmol/L and 5.0 mmol/L. Throughout the intervention, this was consistently the case.

Metabolically, he had a BMI of 22.3 kg/m2, a body fat mass of 16.2 kg and visceral fat percentage of 5.6%. After 12 weeks of KMT, he had gained 4.4 kg (3.8 kg of which was muscle mass), BMI increased to 23.6 kg/m2, body fat mass increased to 17.5 kg and visceral fat percentage also increased to 6.9%. Labs revealed a dyslipidemic profile, with baseline elevated markers including a total cholesterol of 224 mg/dl and LDL-C of 162 mg/dl. At the end of the intervention, total cholesterol increased to 258 mg/dl, and LDL-C increased to 185 mg/dl. Further concerning changes included an increase of baseline TG from 51.1 mg/dl to 111 mg/dl and an increase in baseline apoB from 1.18 g/L to 1.35 g/L. Conversely, baseline HDL increased from 54 mg/dl to 61 mg/dl and Lp(a) decreased from 46.5 mg/dl to 44 mg/dl. MDA-LDL also decreased from 84.3 U/L to 52.4 U/L, while baseline nitrotyrosine of <200 nmol/L remained unchanged at <200 nmol/L. Effects on inflammatory markers were also mixed, with hsCRP slightly increasing from 1.14 mg/L to 1.3 mg/L and TNF-α slightly decreasing from 70.9 pg/ml to 69.9 pg/ml, being still markedly elevated. Finally, homocysteine decreased from 10.9 umol/L to 8.6 umol/L and AGE increased from 38.6 ug/ml to 89.9 ug/ml.

Psychiatric assessments indicated that Case 7 was a non-respondent to KMT. While some assessments either improved minimally and some assessments remained unchanged, others worsened. Initial GAF score of 60 improved to 70, but initial CGI-BD-S score remained unchanged (4). The PHQ score slightly worsened from 8 to 9, but this remained within the “clinically unremarkable” range. BDI-II slightly improved from 8 to 7, both indicating “no depression.” HAM-D remained unchanged, both initial and final assessments scoring 10, indicating “mild depression.” Finally, the MADRS assessment gave a worse result at the end of the intervention, going from 6 (“no depression”) to 12 (“mild depression”).





3 Discussion


3.1 Main findings

In this section, we present mean intervention outcomes using box plots, which show the evolution of all patients. All cardiometabolic outcomes are displayed in Table 1. All data and code are available upon request.


TABLE 1 Changes in laboratory findings.


	Outcome
	n
	Pre-KD, Mean
	Pre-KD, SD
	Post-KD, mean
	Post-KD, SD
	Change
	Percent change

 

 	AGE, ug/ml 	7 	29.11 	6.63 	59.97 	15.69 	30.86 	105.99


 	Homocysteine, umol/L 	7 	10.93 	3.95 	12.87 	2.43 	1.94 	17.78


 	LDL-C, mg/dl 	7 	165.14 	30.21 	179.43 	27.09 	14.29 	8.65


 	HDL-C, mg/dl 	7 	56.57 	23.89 	59.57 	25.57 	3.00 	5.30


 	Cholesterol, mg/dl 	7 	239.71 	35.25 	246.86 	31.75 	7.14 	2.98


 	LDL/HDL ratio 	7 	3.37 	1.31 	3.41 	1.19 	0.04 	1.27


 	Weight, kg 	7 	88.34 	19.78 	84.29 	16.10 	−4.05 	−4.58


 	TNF-a, pg/ml 	7 	18.06 	23.42 	16.74 	23.53 	−1.31 	−7.28


 	Visceral fat (%) 	7 	6.74 	3.05 	6.06 	2.34 	−0.69 	−10.17


 	Apo-lipoprotein B, g/L 	7 	1.31 	0.32 	1.17 	0.20 	−0.14 	−10.46


 	Fat mass, kg 	7 	30.83 	14.00 	27.13 	10.67 	−3.70 	−12.00


 	Lipoprotein (a), mg/dl 	7 	31.09 	31.47 	24.51 	21.64 	−6.57 	−21.14


 	Nitrotyrosine, nmol/L 	7 	794.00 	1021.68 	568.71 	448.66 	−225.29 	−28.37


 	Triglycerides, mg/dl 	7 	134.23 	135.92 	93.67 	59.14 	−40.56 	−30.21


 	MDA-LDL, U/L 	7 	96.66 	30.70 	59.89 	16.93 	−36.77 	−38.04


 	HsCRP, mg/L 	7 	2.07 	1.87 	1.13 	1.24 	−0.94 	−45.37




 


3.1.1 Mean effects on lipid metabolism

Following the KD intervention, mean (SD) effects on lipid metabolism showed largely favorable changes. While most of these were predictable, our findings also showed an unexpected discordance between LDL-C and apoB (Figure 2).

[image: Six box plots compare blood marker levels pre- and post-KMT. Triglycerides and lipoprotein (a) show a decrease, while cholesterol and HDL increase. Apo-lipoprotein B displays small changes, tending downwards, whereas LDL displays smalls changes, tending upwards. The boxes represent data spread with individual data points linked by lines. Pre-KMT is shown in blue and post-KMT in yellow.]

FIGURE 2
 Changes in lipid metabolism over time.


First of all, in line with the literature to date, one would expect KMT to have the following positive effects on lipid metabolism: a reduction in TG, an increase in HDL-C, and possibly a reduction in Lp(a) (47, 55, 56). Our mean results were in line with these expectations. Mean TG was lowered by 40.56 mg/dl, which is a 30% reduction over the span of 3 months. Mean HDL-C was slightly increased by 3 mg/dl, which is a 5% increase. Of note, mean Lp(a) was lowered by 6.57 mg/dl, which is a 21% reduction.

Second, based on the current literature, we know KMT may have a variable effect on LDL-C and total cholesterol, potentially improving or worsening hyperlipidemia (47, 48, 55). If an animal-based KD is adopted, one may reasonably expect an increase in both markers. This was also the case in our findings, with both LDL-C and TC increased in 5 out of 7 patients. We found a mean increase of LDL-C of 14.29 mg/dl, which is a 8.6% increase, and a mean increase of total cholesterol of 7.14 mg/dl, which is a 3% increase. It should be noted that all participants adopted a KD high in saturated fat, against our dietary recommendation to consume a Mediterranean ketogenic diet, consisting of 50% MUFA, 25% PUFA and 25% SFA.

Third, based on the current literature, one would expect to find a high correlation between changes in LDL-C and apoB. As the 2019 European Atherosclerosis Society/European Society of Cardiology Guidelines state, it is generally estimated that only in 20% of patients there may be discordance between measured LDL-C and apoB levels (57). This high correlation between LDL-C and apoB is one of the reasons why apoB is often not measured in routine clinical care. When recommended by guidelines and consensus groups, measurement of apoB has been prioritized or restricted to patients with hypertriglyceridaemia, the presumption being cholesterol-depleted apoB particles are only common in such individuals.

In contrast to the high correlation between apoB and LDL-C, our case series highlights a remarkable discordance between changes in LDL-C and apoB. In fact, while mean LDL-C increased by 14 mg/dl (a 8.6% increase), mean apoB was decreased by 14 mg/dl (0.14 g/L, as indicated in the table above), which is a reduction of 10.46%. Indeed, whereas 5 out of 7 patients saw their LDL-C increase, only 1 patient saw his apoB increase, 2 patients saw their apoB decrease, and 4 saw their apoB unchanged. Of the 5 patients who had increased LDL-C, 3 saw their apoB remain unchanged, 1 saw his apoB decrease and only 1 saw his apoB increase.

The observed increase in LDL-C without a change in apoB, or with a decrease in apoB, may indicate a shift in the composition of LDL particles, from small-dense LDL (sdLDL) particles towards large, buoyant (lbLDL) LDL particles. Given such a shift, LDL particles would contain more cholesterol per particle (hence the increase in LDL-C) but the total number of LDL particles (and hence apoB) would not have increased, or even have decreased. This suggests that in at least 4 patients, our intervention led to a shift in LDL particle size, which would increase LDL concentration but not apoB count. Whether or not such a shift reduces overall cardiovascular risk, has been a heated topic of debate (58–65). As it stands, the markers of apoB and LDL particle number are considered stronger predictors of cardiovascular risk than LDL-C. Thus, the observed mean increase in LDL-C should be seen in light of the observed mean decrease in apoB. Potential discordance between LDL-C and apoB underlines the importance of measuring both markers to accurately evaluate individual cardiometabolic effects of KMT.

Finally, it is noteworthy that triglycerides did not add to the predictive value of changes in apoB. Contrary to current expectations, discordance between LDL-C and apoB did not correlate with elevated TG. Of the 4 patients who saw discordance between both markers, only one had elevated TG, whereas all others had TG below 66.6 mg/dl.



3.1.2 Mean effects on markers of inflammation

Since mitochondria and metabolism are fundamental regulators of immune function, it should come as no surprise that metabolic interventions can have a profound impact on immunity and inflammation (66). KDs in particular have consistently been shown to lower markers of inflammation such as C-reactive protein (CRP), tumor necrosis factor-alpha (TNF-α) and interleukin (IL)-6 (67). After our intervention, mean hsCRP was reduced by 0.94 mg/L, which is a reduction of 45%, and mean TNF-α was reduced by 1.31 pg/ml, which is a reduction of 7% (Figure 3).

[image: Box plots comparing hsCRP and TNF-a levels before and after KMT. The hsCRP levels show a significant decrease from pre-KMT (blue) to post-KMT (yellow), while TNF-a levels remain relatively stable with minimal change.]

FIGURE 3
 Changes in inflammatory markers over time.




3.1.3 Mean effects on markers of oxidative stress

Chronic oxidative stress is found in most chronic diseases, ranging from heart disease and type 2 diabetes to schizophrenia and bipolar disorder (68). Our case series looked at two key biomarkers for systemic oxidative stress, namely malondialdehyde-modified LDL (MDA-LDL) and nitrotyrosine. Malondialdehyde is a result of oxidative fatty acid degeneration. It has cytotoxic effects and attacks LDL particles, with MDA-LDL as a result. While LDL-C is an important risk factor for atherosclerosis, its oxidized forms, such as MDA-LDL, are especially atherogenic. Some studies have even suggested MDA-LDL is a superior marker of ASCVD compared to other commonly used lipid markers (69). We found a mean reduction of MDA-LDL of 36.77 U/L, which is decrease of 38% (Figure 4).

[image: Box plots comparing MDA_LDL and Nitrosotyrosine levels in Pre-KMT and Post-KMT conditions. MDA_LDL levels (left) decrease from around 100 units Pre-KMT to 75 units Post-KMT. Nitrosotyrosine levels (right) remain similar, around 500 units, with one notable high outlier decreasing from 3000 units to around 1100 units Post-KMT.]

FIGURE 4
 Changes in markers of oxidative stress over time.


Persistent oxidative stress can lead to excessive formation of reactive nitrogen species (RNS), also referred to as nitrosative stress (NSS). RNS can lead to cell damage through the generation of nitrotyrosine, causing toxic effects on cells, much like oxidative stress. Nitrosative stress is a highly oxidizing, pathological condition that is found to participate in many cardiometabolic diseases such as atherosclerosis, diabetes, hypertension and endothelial dysfunction (70). After our KMT intervention, we have found a mean reduction in serum nitrotyrosine levels of 225 nmoL/L, a reduction of 28%.



3.1.4 Mean effects on homocysteine and advanced glycation end products

As noted in the case presentations above, laboratory assessments showed concerning increases in homocysteine and advanced glycation end products (AGE) throughout our cases. Given the impact of both markers on cardiovascular risk, these findings are remarkable. Mean baseline homocysteine was already elevated, with 10.9 umol/L. After the intervention, mean homocysteine increased to 12.9 umol/L, an 18% increase. This phenomenon may be attributed to an increased dietary intake of methionine without a corresponding and sufficient supply of essential cofactors such as vitamin B6, vitamin B9, vitamin B2, choline, zinc and/or magnesium, which are required for proper function of the methylation cycle. These co-factors can be lacking in a non-supplemented ketogenic diet without organ meats. Mean baseline AGE was in the standard range, with 29 ug/ml. However, after the intervention mean AGE was increased to 60 ug/ml, a 106% increase. This may have been caused by maillard reactions of fried, roasted and grilled meats, a depleted glyoxalase system caused by a relative deficiency of vitamin B1 (often lacking in organ-free ketogenic diets), general anti-oxidant deficiency, or physiological insulin resistance often seen in ketogenic diets, potentially leading to higher blood glucose and AGE formation.



3.1.5 Mean effects on body weight, visceral fat and fat mass

Mean weight reduction was 4 kg (−4.6%), mean visceral fat reduction was 0.69% (−10%) and mean fat mass reduction was 3.7 kg (−12%).




3.2 Limitations

Although this case series confirms several potential therapeutic effects of KMT on a range of cardiometabolic health markers, it is important to note the following limitations of this retrospective study. First of all, a case series such as this is an observational, descriptive study that allows for no generalizations to be made. The discussed intervention did not utilize a control group and its cohort is far too small to allow any meaningful statistical inference to be made. Thus, this study does not intend to provide evidence for causality. Instead, it intends to share remarkable experiences with other clinicians and to generate hypotheses for future research. Furthermore, it is important to note that beyond the ketogenic diet, this intervention also utilised micronutrient supplementation and intensive peer group support, both of which may also have contributed to improving patient outcomes.




4 Conclusion

In conclusion, this case series highlights remarkable improvements in a broad range of cardiometabolic health markers, including lipid metabolism, inflammation, oxidative stress and anthropometric measures. Regarding lipid metabolism, we found a reduction in mean TG by 40.6 mg/dl (−30%), a remarkable reduction in mean Lp(a) by 6.6 mg/dl (−21%), a reduction in mean apoB by 0.14 g/L (−10%) and an increase in mean HDL-C by 3 mg/dl (+5%). Regarding inflammation, we found a reduction of mean hsCRP of 0.94 mg/L (−45%) and a reduction in mean TNF-α by 1.31 pg/ml (−7%). Regarding oxidative stress, we found a reduction in mean MDA-LDL of 36.77 U/L (−38%) and a reduction in mean nitrotyrosine of 225 nmol/L (−28%). Finally, regarding anthropometric measures, we found a mean weight reduction of 4 kg (−4.6%), a mean visceral fat reduction of 0.69% (−10%) and a mean fat mass reduction of 3.7 kg (−12%).

However, some concerning effects were also observed. Of note, mean homocysteine levels increased by 1.94 umol/L (+18%) and mean AGE levels increased by 30.9 ug/ml (+106%). Moreover, mean LDL-C was increased by 14 mg/dl (+9%) and mean total cholesterol was increased by 7 mg/dl (+3%). Given recent consensus that apoB more accurately reflects the atherogenic burden of lipoproteins when compared to LDL-C, this mean increase in LDL-C should be seen in the context of the observed mean decrease in apoB. Potential discordance between LDL-C and apoB underlines the importance of measuring both markers to accurately evaluate individual cardiometabolic effects of KMT.

Based on these findings, we conclude that comprehensive Ketogenic Metabolic Therapy provided to outpatients with bipolar disorder can be beneficial in improving a broad range of cardiometabolic health markers, including lipid metabolism, inflammation, oxidative stress and anthropometric measures. Tentatively, these findings suggest that at least a proportion of patients with bipolar disorder may find remarkable improvements in cardiometabolic health adopting a metabolic treatment such as the ketogenic diet. However, potentially concerning effects on markers such as homocysteine and AGE call for well-formulated, individualized KDs. Further research is needed to explore these effects and to investigate optimal variants of KMT that may best address these concerns.
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