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Abstract


Although homeostasis is a commonly accepted concept, there is incontrovertible evidence that biological processes and functions are variable and that variability occurs in cycles. In order to explain and understand dysregulation, which has not been embraced by homeostatic principles, the allostatic model has emerged as the first serious challenge to homeostasis, going beyond its homeostatic roots. Circadian rhythm is the predominant variation in the body, and it is a pattern according to which many physiological and pathological events occur. As there is strong experimental and clinical evidence that blood pressure fluctuations undergo circadian rhythm, there is equally strong evidence that targeted time therapy for hypertension provides a better outcome of the disease. The research has gone even further throughout the development and approval process for the use of pulsatile drug release systems, which can be considered as an option for an even more convenient dosage regimen of the medicines needed.
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1. Introduction


There is a well-known and generally accepted assumption that homeostasis is a basic concept in biology and medicine. However, over the past fifty years, it has been clearly proven that biological processes and functions are not constant but are characterized by variability. This variability can be predicted as it occurs in cycles, which are of endogenous origin and occur even without external stimuli [1].



Many researchers mistakenly confused the homeostatic model with the one that defines and maintains the constant conditions in the body. This misunderstanding may be due to the terms used by Bernard (1870) and Cannon (1929), the creators of the homeostasis model, who used the French word “fixité” which was wrongly translated as consistency rather than stability. This notion, conceived as the “wisdom of the body” led many scientists to believe that homeostasis is the model for maintaining constancy in the body, which can be misleading up to a certain point. The purpose of homeostasis is to explain the maintenance of a steady-state in the organism by maintaining vital functions. On the other hand, the main disadvantage of a homeostatic model is the lack of prediction and elaboration of the ability to learn and anticipate and accordingly respond to stressful states [2]. Therefore, the homeostatic model had to be modified and adapted to explain as many situations as the body could be confronted with. In view of these assumptions, the allostatic model was introduced by Sterling and Eyer, according to which “stability is achieved through change” [3]. Allostasis is now accepted by many scientists who have recognized its undeniable advantages over homeostasis [2]. This approach to a case goes hand in hand with the maxim that “the only constant in life is change” (Heraclitus). According to Sterling and Eyer, the main difference between homeostasis and allostasis is in “waiting” as opposed to “preventing”. Homeostasis waits for errors and then reacts and corrects them, while allostasis waits for nothing. Allostasis uses either intrinsic or learned prior knowledge to prevent and reduce errors [3].



It is well known that under the effect of stressors and in anticipation of stressors, also known as allostatic challenges, the activation of the sympathetic adrenal system is strongly related to our urge to survive (Figure 1). The task of this system is to adjust blood pressure, glucose levels, body temperature, etc., so that their level responds to emergencies [4]. In other words, when people are confronted with emergencies or stress, a so-called “fight or flight response” occurs, which prepares the body to become active. People become physically and mentally alert when their heart and breathing rate rise, enabling them to act in situations that require a rapid response.



However, apart from allostatic challenges, the sympathetic adrenal system is activated in everyday activities, such as eating, speaking, exercise, etc. [4]. The allostatic response is shown in another way, apart from activating the body’s reaction to adapt to changes. This other way is shown by shutting down this reaction when the threat is over [5,6]. This means that the allostatic reaction is characterized by resilience, that is, the body is able to respond to various external challenges and to efficiently terminate the reaction as soon as challenges are over and recover from these negative events [7].



The process described requires mediators, including cortisol, vegetative nervous system (sympathetic, parasympathetic activity), metabolic hormones, and the immune system, i.e., pro- and anti-inflammatory cytokines. These mediators regulate each other and thus form a nonlinear network. Prolonged dysregulation of allostatic mediators, either continuous or intermittent, as in the case of chronic stress can have harmful, even pathophysiological consequences, a phenomenon known as allostatic load [4,7,8]. This means that the body remains in a heightened state of arousal even though there is no immediate threat.



The allostatic load might evoke different adaptation responses (altered phenotype) due to four events (Figure 1). The first is recurrent stress. For example, an increase in blood pressure can trigger myocardial infarction in susceptible individuals. In the second type of allostatic load, there is no adaptation to repeated stressors of the same type, which leads to longer exposure to stress hormones, as was the case in some people with chronic health problems or involved in difficult relationships with family members, partners, colleagues, or others. With the third type of allostatic load (Figure 1), there is an inability to switch off allostatic reactions after the end of stress. It is speculated that allostatic load over a lifetime may cause the allostatic systems to wear out or exhaust themselves. With the fourth type of allostatic load, inadequate reactions of some allostatic systems trigger compensatory increases in others. If one system does not react satisfactorily to a stressful stimulus, the activity of other systems increases because the underactive system does not provide the usual counter-regulation. If, for example, cortisol secretion does not increase in response to stress, the secretion of inflammatory cytokines increases, which are counteracted by cortisol [5].



Expectation and worry can also favor allostatic load. Expectation participates in the reflex that prevents us from fainting when we get out of bed in the morning and is also part of worry, anxiety, and cognitive preparation for a threat. Expectation anxiety can lead to the release of mediators like corticotropin, cortisol, and epinephrine, and for this reason, persistent anxiety and expectation result in allostatic load [5]. However, at this point, we must emphasize that expectation and worry are part of the “prior knowledge” in the allostatic model. Nevertheless, one of the most important features of allostasis is prediction and perceived control. This is an ability to track events, which leads to psychobiological adaptation, and is particularly pronounced under stress. At this moment, the state of permanent expectation develops, which can lead to allostatic load and pathological arousal [11].



Since allostasis involves the achievement of stability through change, including the specific rhythms of various functions in the organism, this narrative review aimed to briefly introduce the circadian rhythm of blood pressure in health and disease and to present the proven and novel possibilities in the treatment of hypertension through the art of pulsatile drug release systems.




2. Methods


Our aim in this topic review was to give a brief introduction to the concept of allostasis and to contrast it with the outdated but very familiar concept of homeostasis. Allostasis was of interest to us because the circadian variations of numerous physiological and pathophysiological processes undergo this type of rhythmic change. Since allostatic load and overload can lead to various health disorders, including elevated blood pressure, it was of particular interest to us to present physiological and pathophysiological variations in blood pressure in order to justify the chronotherapeutic approach to the treatment of hypertension, since chronotherapy involves targeted delivery of drugs at a specific time and studies presented later in the paper support the application of chronotherapeutic principles in the treatment of hypertension. Since we are pharmaceutical technologists, our goal was to provide an insight into the formulation aspects of drug delivery systems that will be able to adapt to circadian fluctuations in blood pressure. We present the drug delivery systems with the pulsatile release that are already approved for use. In the Future Directions section, we outline novel approaches in the development of such drug delivery systems. We conclude that a chronotherapeutic approach is a promising tool in managing hypertension and that many new approaches to formulating such systems are looming on the horizon.



Therefore, we reviewed data from Medline, Embase, Science Direct, and the public digital archive PubMed, including reference texts related to the field of allostasis, circadian variations of blood pressure and hypertension, and pulsatile antihypertensives delivery systems approved for use. Regarding Section 7. Future Directions, we searched the above databases for novel, biodegradable polymer-based, and nanotechnology-based drug delivery systems for pulsatile release that had been published before March 2021.




3. Types of Rhythmic Cycles


The frequency of the cycles that our body undergoes can be different. There are short cycles that vary every second (i.e., electroencephalogram) or every few seconds (breathing rhythm, heart rate). Intermediate and long cycles are characterized by frequencies ranging from a few hours to a few days, years, decades, centuries, etc. These cycles include the ultradian, circadian, and infradian cycles [12].



The ultradian cycle is characterized by a frequency of seconds, minutes, or hours (i.e., cell division, human rapid eye movement (REM)-non-REM (NREM) sleep cycles, food intake cycles) and occurs several times a day. Moszczynski and Murray [13] conducted one of the first ultradian cycle studies in humans. They studied the rhythms of the REM-NREM sleep cycle, which alternates every 90 min, and thus one has three to five of these cycles during a sleep period. Apart from this, it has been proven that the rhythmicity of sleep follows not only ultradian rhythm but also circadian rhythm [14].



It is not uncommon for biological processes to follow different rhythms. Hormones, which are the most energetically advantageous secretions in a pulsatile way, are one of these examples [15]. Glucocorticoids, for instance, are secreted under stress in an ultradian rhythm, while under basal, unstressed conditions they are secreted in a circadian rhythm [16]. The frequency of 24 h is characteristic of the circadian cycle which will be discussed in detail later. The infradian cycles have frequencies of more than 24 h and range from days to weeks, months, or years, with the example of the menstrual cycle in women [12,17].



Circadian Rhythm


The predominant variation in the body is 24-h and occurs as a result of the change between day and night. Phenomena that have this frequency are said to be subject to a circadian rhythm. The name circadian comes from the Latin words circa, which means about, and diem, which means day [18]. Above mentioned allostatic mediators show a rhythmic activity that is regulated according to the time of day, i.e., it is dependent on the sleep-wake cycle and therefore obeys circadian rhythm [19,20].



The so-called circadian clock has control over circadian rhythms. The circadian clock is a biological clock, and the most important attribute of a biological clock is temperature compensation. This means that the oscillation frequency must remain virtually unchanged over a wide temperature range [17]. The main circadian clock in mammals, which is also the biological master clock, is located in the suprachiasmatic nuclei (SCN) (lat. nuclei suprachiasmatici) of the hypothalamus and drives all rhythms in physiology and behavior [1,19]. The SCN has all the necessary characteristics of the biological clock: intrinsic rhythmicity, constant frequency, and temperature compensation. The proof that SCN is a master biological clock lies in the fact that SCN lesions terminate the circadian rhythmicity of locomotor activity, feeding, drinking, and hormonal secretion. Moreover, transplantation of SCN cells leads to a repair of the circadian rhythms in laboratory animals [17]. Circadian clocks have also been found in other parts of the brain, but also in some peripheral tissues where, together with SCN, they affect many of the systems involved in the mediation of allostasis. Therefore, disturbance of the circadian system can put the organism into a state of high allostatic load and ultimately overload [7,19].



The relationship between circadian rhythm disturbance and allostatic load can be explained by the role of the hypothalamic-pituitary-adrenal (HPA) axis in these processes. The HPA axis plays a crucial role in physiological stress response and its efficient regulation is a symbol of a “healthy” response. Maintaining the circadian rhythmicity of the HPA axis is important not only for the defense against stressors but also for the appropriate physiological regulation of glucocorticoid-sensitive target tissues throughout the body [20,21]. In case of repeated disturbance of glucocorticoid rhythms due to the inappropriate engagement of the HPA axis in the reaction to chronic or repeated stressors, physiological “wear and tear” as a synonym for allostatic load occurs [7].



Circadian clocks found in the brain and in the body, known as “peripheral clocks”, are designed to set the local time. SCN delivers synchronicity to peripheral clocks via multiple signals, including glucocorticoids, which can “reset” some peripheral clocks in the brain and body [7,19,22]. In addition to receiving inputs from SCN, peripheral clocks receive signals from feeding [23], glucocorticoids [24], temperature [25], metabolic state [26], and sleep [27,28]. The exact mechanism of interaction between these inputs and peripheral clocks is unknown.



Stokkan et al. (2001) used a transgenic rat model and demonstrated in vitro that feeding cycles can entrain the liver independently of the SCN and the light cycle. They also pointed out that it is possible that peripheral circadian clocks, such as those in the liver, can be linked to the SCN primarily through rhythmic behavior, such as feeding [23]. To support the claim that glucocorticoids can produce signals for peripheral clocks, Balsalobre et al. showed that the glucocorticoid hormone analog dexamethasone induces circadian gene expression in the liver, kidney, and heart, which leads to phase delays or phase advances throughout the 24-h cycle, while gene expression in SCN is not affected [24].



The influence of temperature on peripheral clocks was demonstrated by Morf et al. who proved that simulated body temperature cycles, but not peripheral oscillators, controlled the rhythmic expression of cold-inducible RNA-binding protein in fibroblasts [25]. On the other hand, Ramsey et al. suggested that the circadian feedback loop through nicotinamide phosphoribosyltransferase (NAMPT)-mediated NAD+ biosynthesis could work to fine-tune the daily cycles of energy storage and utilization, as NAD+ could have a cascade of effects on downstream pathways, including chromatin regulation, metabolism, and aging [26].



The effects of sleep were investigated by Yamakawa et al. and Davies et al. In brief, Yamakawa et al. showed that sleep deprivation or arousal activates cholinergic cells, which are then projected onto the circadian clock in the SCN [27]. Davies et al. identified plasma metabolites (lipids, serotonin, tryptophan, taurine), which were significantly altered during sleep deprivation, as well as 24-h variations of amino acids, biogenic amines, acylcarnitines, glycerophospholipids, and sphingolipids in the presence and absence of night’s sleep [28].



In the same way that cellular organelles are used for the spatial compilation of metabolic reactions, peripheral clocks serve for the temporal compilation of physiological functions. For example, hepatic and gastric clocks are reset by a food intake at a certain time of day, with a delay of 1 h between these two clocks. This delay enables the activation of metabolic pathways and enzymatic systems in the liver, which can then reach their peak and thus prepare for the increase in nutrient levels coming from the stomach [29].



The circadian clock does not generate a cycle that only corresponds to a solar day but must be able to align the phases of the cycle with the phases of the day. This process of optimal synchronization with the environment is called entrainment and takes place through periodic stimuli that act on the circadian clock. The literature lists periodic stimuli called “zeitgeber” [30], which would literally mean “time giver” in German. The most important “zeitgeber” is light, since light gives a photo signal for day or night, as well as for changing seasons (Figure 2).



The information about the light is transmitted to SCN neurons via intrinsically photosensitive retinal ganglion cells, which contain the pigment melanopsin [31]. The signal is transmitted through the retinohypothalamic tract (RHT) [32]. Furthermore, there is evidence that rods and cone opsins, as well as heme proteins, biliverdin, and bilirubin, may play a role in the transmission of light information to SCN [33]. The information from the retina does not contribute to the vision. The main task of “zeitgebers” is to induce phase shifts in the body rhythms, either promoting or obstructing them [34].



The main circadian clock consists of two oscillatory systems that respond to the appearance of dawn or dusk [35]. In oscillatory systems, there is a different expression pattern of specific genes called “clock genes”, as shown in Figure 2. “Clock genes” are located both in brain cells and in most peripheral tissues, including skin and mucosal cells [36].



Core circadian clock genes encode the synthesis of proteins that are omnipresent in the production and regulation of circadian rhythms. Clock proteins achieve this through interdependent transcriptional/translational feedback loops that involve the rhythmic transcription of specific “clock” genes and the interaction of the proteins they encode [37].



There are four important proteins (Figure 3) in the cytoplasm of SCN neurons: aryl hydrocarbon receptor nuclear translocator-like (ARNTL; also known as BMAL1) and circadian locomotor output cycles coat (CLOCK) which are activators, while period circadian protein homolog 1, 2, and 3 (PER1, PER2, and PER3, respectively) and cryptochrome 1 and 2 (CRY1 and CRY2, respectively) [38] are transcription inhibitors. Additional components, such as retinoic acid-related orphan receptor ROR1 and ROR2 and REV-ERBs (also known as NR1D1), form secondary feedback loops [39,40]. Circadian rhythm gene feedback maintains circadian oscillations in a single cell at transcriptional and posttranscriptional levels, and these oscillations are stimulated by the alternation of light and darkness. The entire process of gene activation and expression within the loop takes about 24 h, and transcription factors are involved that affect gene expression and trigger a series of physiological changes driven by gene oscillations, which are controlled by the clock in SCN [41,42]. Heterodimers of the transcription factors ARNTL and CLOCK bind to the regulatory elements of the promoters and enhancers (E-regions of DNA) of the PER and CRY genes and stimulate their expression and expression of other clock-controlled genes (CCGs). While the amount of PER and CRY proteins slowly increases in the cytoplasm at night, their heterodimers are formed. Phosphorylated PER-CRY heterodimers are transferred to the nucleus, where they inhibit the ARNTL-CLOCK protein complex [43]. In this way, the transcription of PER and CRY genes is reduced during the day, while the level of PER and CRY proteins is reduced due to their degradation by the ubiquitin system. PER-CRY heterodimers bind directly to the ARNTL-CLOCK complex, and since PER2 contains histone deacetylase, the structure of chromatin changes leading to interruption of transcription. Furthermore, the PER-CRY heterodimer interacts with RNA-binding proteins and helicases, which are important for stopping transcription regardless of interaction with the ARNTL-CLOCK complex. Moreover, PER-CRY heterodimers regulate the transcription of various nuclear hormone receptors [44,45].



On the other hand, the DNA-binding domains of the nuclear receptors REV-ERB are closely related to those of the ROR subfamily nuclear receptors and bind to the same target sequences (Figure 3) [46]. BMAL1-CLOCK heterodimers activate ROR and REV-ERB. Since these receptors have the same target sequences, they compete for the ROR response element (RORE), a binding site located in the promoter region of BMAL1. Depending on which of the competing protein wins, this binding leads to either activation or inhibition of BMAL1 transcription. The activation of BMAL1 transcription occurs when RORs are bound, while REV-ERBs suppress BMAL1 transcription [47,48]. This secondary feedback loop is essential for the rhythmic expression of BMAL1 [48,49].



In addition to light, food intake, activity, as well as social factors (such as an alarm clock) also act as a “zeitgeber”. Zeitgebers allow people to function optimally at certain periods of the day because the predictability of certain activities during the day allows our brain and body to prepare for them in appropriate cycles. Figure 4 summarizes the most pronounced activities of individual processes and secretions of substances in the human body.



Problems with circadian rhythm alignment can be observed in night shift workers, resulting in an increased risk of errors and accidents, reduced productivity, health risks, such as the increased risk of cancer, depression, sleep disorders, gastrointestinal, metabolic, and cardiovascular disorders, weakened immune response, and even shortened life expectancy [50]. Shift workers have been shown to very often develop glucose intolerance, diabetes, hypertension, and in some cases even cancer [51,52].



Given the increased risk of chronic disease associated with shift work, it is critical to access and understand helpful interventions that can minimize the effect of risk factors. A literature review by Neil-Sztramko et al. [53] showed that pharmacological interventions, such as the use of hypnotics do not provide better outcomes of chronic disease in shift workers. On the other hand, Neil-Sztramko et al. [53] as well as Crowther et al. [54] suggested that non-pharmacological interventions, such as fast-forward rotating shifts, timed use of bright light and light-blocking glasses, and targeted health behaviors including physical activity and nutrition, resulted in favorable outcomes [53]. Furthermore, subjective sleep quality is improved by complementary therapies such as massage, touch therapy, and transcutaneous electrical acupoint stimulation [54]. It is extremely important to maintain the synchronicity of biological clocks, which means being exposed to appropriate zeitgebers at the right time and for long enough to maintain optimal functioning and adequate sleep-wake cycles. Maintaining mood, cognitive processing, brain, and behavior function also depend heavily on appropriate biological clock function [55].





4. Circadian Blood Pressure Fluctuations


Until fifteen years ago, the conventional homeostatic assumption was valid that blood pressure and heart rate have a constant value for 24 h unless the body is exposed to exercise, stress, or other environmental influences. However, studies involving outpatient all-day blood pressure measurement [56] indicated the existence of significant fluctuations in blood pressure during the day in both normotensive and hypertensive patients [57,58,59,60].



When it was introduced, allostasis was explained by physiological fluctuations in blood pressure, as the fluctuation of blood pressure within 24 h is indeed the perfect example of allostatic control [3]. On a 24-h basis, blood pressure changes dramatically and continuously to adapt individuals to everyday environmental conditions. Therefore, there is not only one “homeostatic” blood pressure, but many stable blood pressure states [61], which is precisely the property of blood pressure that defines its hidden adaptability [62]. Blood pressure fluctuations are seamless and are influenced by temperature [63], temporary physicochemical stressors, such as work requirements and childcare [64], or when people think of emotionally charged memories [65]. Changes in blood pressure also occur in response to the intake of salt [66], alcohol, nicotine, and caffeine [67].



Models of Circadian Blood Pressure Fluctuations


With the development and application of ambulatory blood pressure measurement, the presence of significant fluctuations in blood pressure levels during the day was detected. Furthermore, it was observed that in normotensive patients, but also in hypertensive patients, both systolic and diastolic blood pressure decreases during the night [59,60,68]. Blood pressure drop values range from 10% to 20% and are estimated at an average of 15%. In relation to this phenomenon, all patients can be divided into two groups, i.e., their so-called dipping status is determined (Figure 5) [59,60,61,62].



The first group consists of patients whose blood pressure drops by more than 10% at night, and this group of patients is collectively referred to as “dippers”. On the other hand, some patients have no pressure drop at night or who have a pressure drop below 10%; these patients are referred to as “non-dippers”. More recently, the classification has been extended to include two further groups: “extreme-dippers” who have a nocturnal blood pressure drop of more than 20% and “rising/inverse dippers” in which systolic blood pressure is higher at night than during the day [69]. A schematic representation of blood pressure fluctuations in these categories is given in Figure 5.





5. Chronotherapy and Chronopharmaceutics


Chronotherapy can be defined as the targeted administration of drugs at a given time, regardless of whether they are drugs with the time-modified or immediate release of the active pharmaceutical ingredient (API). The timing of administration of such drugs is adjusted so that the concentrations of their API in serum and tissues are in accordance with the known circadian rhythm of the disease or the symptoms for which they are intended. In this way, it is possible to increase the effectiveness and to reduce or eliminate the side effects of the drug [70].



Chronotherapeutics or chronotherapeutic drug delivery systems (CDDSs) can release the required amount of API at the appropriate site of action and at an exact time according to chronobiology and inherent mechanisms. CDDSs are primarily formulated for bedtime administration since diseases affected by circadian rhythms are usually worse in the middle of the night or early morning. CDDSs release API following sigmoid release profile with a specific lag time adapted to the condition [71]. An ideal chronotherapeutic dosage form should have an integrated, time-controlled, and site-specific drug delivery system, regardless of the site of administration [12].



Chronotherapy of hypertension should be adjusted to the specific circadian rhythm of the patient’s hypertension. Particular attention should be paid to the treatment of a sudden rise in blood pressure in the morning to try to normalize high blood pressure during the day and at night, and to correct the “non-dipper” status to dipper status, as the latter is associated with a reduced risk of severe hypertension on peripheral organs. Numerous studies have been conducted on the efficacy of various groups of antihypertensives at certain times of the day. Angiotensin-converting enzyme (ACE) inhibitors include benazepril, captopril, enalapril, imidapril, lisinopril, perindopril, quinapril, trandolapril, and zofenopril and have a greater effect on blood pressure during sleep than during waking. Furthermore, this group of antihypertensives normalizes circadian blood pressure rhythm by influencing the normalization of the patient’s dipping status when administered instead of the morning before bedtime [18,68,72,73,74,75]. Better efficacy in lowering blood pressure when administered at bedtime instead of in the morning has also been shown for angiotensin-II receptor blockers, of which irbesartan, olmesartan, telmisartan, and valsartan have been investigated so far [68,76,77,78,79]. Similar results have been shown for α-adrenergic receptor antagonists [80]. When it comes to β-adrenoreceptor antagonists, findings were similar, but it has also been shown that a decrease of a sudden rise in blood pressure in the morning may occur when an additional dose of carvedilol is administered in the evening. The same effect was not observed when an additional dose of this antihypertensive was administered in the morning [81]. A similar result was found for nebivolol [82].



In contrast to other groups of antihypertensives, calcium channel blockers (amlodipine [83], cilnidipine [84], diltiazem [85], isradipine [86], nifedipine [87], nisoldipine [88], and nitrendipine [89]) are the only ones that reduce blood pressure equally, regardless of the time of administration.



CDDSs can be one of the solutions for the chronotherapy of hypertension apart from the application of conventional dosage forms at a specific time of day. They enable more uniform control of blood pressure for 24 h. In addition, the administration of these drugs once a day has a particular advantage in terms of the convenience of administration to patients. Chronotherapeutics are designed to regulate blood pressure over 24 h and to harmonize the circadian rhythm of hypertension with the circadian rhythm of normal blood pressure in humans.



In addition to these advantages, the chronopharmaceutical approach to the treatment of hypertension, but also of other diseases, has certain disadvantages. The most common deficiency is the unpredictable and decreased bioavailability, the possibility of lack of action due to technological errors in the development of these forms, as well as higher economic costs in their development and production [12].



When formulating dosage forms, several approaches ensure the release of the API in accordance with the chronotherapeutic requirements. Systems with the pulsatile release of the API are particularly suitable for use in chronotherapy.




6. Pulsatile Antihypertensives Delivery Systems Approved for Use


There are currently four pulsatile release antihypertensives approved for use by the Food and Drug Administration (FDA). These are COVERA-HS® and Verelan® PM (containing verapamil), Cardizem® LA (containing diltiazem), and Innopran XL® (containing propranolol) [12]. The first approved system for the chronotherapeutic treatment of hypertension and stable angina pectoris with the pulsatile release was COVERA-HS® (Pfizer Inc., New York, NY, USA) [90,91] (Figure 6a). It contains verapamil, a calcium channel blocker, as an API. The FDA approved this drug in 1996. Release of an API is delayed and occurs 4–5 h after ingestion and is recommended to be taken in the evening, before bedtime. The drug release phase is prolonged with the peak plasma concentration (Cmax) occurring approximately 11 h after administration, with the lowest concentrations occurring approximately 4 h after bedtime dosing while the patient is sleeping. Steady-state pharmacokinetics determined in healthy volunteers is reached by the third or fourth day of dosing. Consumption of a high-fat meal just prior to dosing at night has no effect on the pharmacokinetics of COVERA-HS. The pharmacokinetics were also not affected by whether the volunteers were supine or ambulatory for the 8 h following dosing [92]. This is a formulation that works on the principle of an osmotic pump. This formulation is based on OROS® Push-PullTM technology (ALZA Corporation, Mountain View, CA, USA). The osmotic formulation consists of a two-part tablet core, one containing a “pushing” polymer and the other an API. The tablet core is completely coated with a semipermeable membrane, containing tiny openings made by a laser, that connects the core to an external medium. A hydrophilic polymer coating the core, located below the semipermeable membrane, helps to prolong the lag time. As water penetrates, the API dissolves, and the “push” compartment swells. Consequently, the drug solution is pumped at a constant rate through the openings of the semipermeable membrane, as shown in Figure 6a [93].



Verelan® PM (Lannett Company Inc., Philadelphia, PA, USA) is another pulsatile release system of verapamil (Figure 6b). The FDA approved the use of Verelan® PM in 1999 [76]. This formulation releases verapamil after 4–5 h but uses CODASTM technology (Elan Drug Technologies, Athlone, Ireland). This dosage form consists of capsules filled with pellets, which are coated with polymers to control the release of the API. The coating consists of a combination of water-soluble and water-insoluble polymers. Whereas the hydrosoluble polymer forms a channel system after dissolution through which the drug is released, the hydrophobic polymer represents a release barrier and thus controls it [12].



Cardizem® LA (Bausch Health US LLC, Bridgewater, NJ, USA) (Figure 6c) is a system with a pulsatile release of diltiazem. Diltiazem is also a calcium channel blocker. Cardizem® LA was approved for use by the FDA in 2003. It is dosed once a day, either morning or evening [76]. This system consists of two types of pellets. Some are uncoated and allow immediate release of diltiazem, while others are coated and achieve delayed release of diltiazem. The pellets are coated with a polymer mixture of Eudragit® S100 and Eudragit® L100 (Evonik Industries AG, Darmstadt, Germany). The pellets are then compressed into a tablet that releases diltiazem with a lag period, recording the maximum plasma concentration 11–18 h after administration [94].



Innopran XL® (ANI Pharmaceuticals, Inc., Baudette, MN, USA) (Figure 6d) contains propranolol, a non-selective β-adrenergic receptor blocker. This drug was approved by the FDA in 2003 [76]. Diffucaps® technology (Adare Pharmaceuticals, Inc., Vandalia, OH, USA) was used to make this system. Innopran XL® consists of a capsule filled with pellets. The pellets consist of an inert core onto which a layer of API has been applied. Then, two coatings are applied to the API layer. The outer coating delays the release of propranolol, while the inner coating controls the release of this drug. This chronotherapeutic approach allows the plasma drug concentrations to vary throughout the day according to physiological needs, mimicking circadian rhythms and reaching maximum concentrations when disease symptoms are most pronounced and most dangerous [12].




7. Future Directions


Since hypertension is such a serious health problem worldwide, research into novel therapeutic approaches for hypertension is continuing with some exciting and promising new options. It can be said that research is focused in two directions, one “targeting the clock”, the second “targeting the time” [40].



Targeting the molecular clock in humans is complicated, especially in the case of acute, unexpected diseases where interventions can only be initiated after the index event, but some studies have shown promising results. Small-molecule modifiers, such as REV-ERB inhibitors, can put the molecular circadian clock into a positive state and prevent cardiac damage in animal models [95,96]. Many substances are available that influence the phase, amplitude, and period of the circadian rhythm, which hopefully will allow therapies for clock-targeting in the near future [97].



In terms of “targeting the time”, some notable studies on pulsatile release formulations have been published in the literature. Researchers have taken the advantage of the possibilities of using silica-based ordered mesoporous materials (SMMs). SMMs have a high surface area, high pore volume, and narrow mesopore channels that allow the uptake of drugs into their mesostructures, which can be locally released afterward. These channels can serve as reservoirs for drugs and can be closed by various stimuli-responsive release systems [98].



Qu et al. used three hexagonal silica materials, SBA-15, MCM-4116, and MCM-4112, with different pore sizes and morphologies. MCM-4116 with the highest surface area could be loaded with the highest amounts of the drug (33.99% w/w). Release rates could be controlled by pore sizes and morphologies of SMMs as well as channel lengths. This is of particular importance as captopril is readily soluble and therefore susceptible to dose dumping and burst release [99]. Another study used silylation of MCM-41 by trimethylsilyl groups to sustain the release of captopril. Results showed that as silylation decreased, the drug release rate decreased proportionally [100].



Mesoporous silica nanoparticles (MSNs) were tested as nanocarriers for poorly water-soluble valsartan (VAL) to enhance its oral bioavailability and thus antihypertensive activity. Synthetized MSNs were functionalized by post-synthesis with aminopropyl groups (AP-MSN) and coated with pH-sensitive polymer Eudragit L100-55 (AP-MSN-L100-55) for pH-dependent sustain release of anionic VAL. Functionalized MSNs showed the highest entrapment efficiency (59.77%) due to strong ionic interaction with VAL. In vitro dissolution of M-MSN (MSN-VAL and AP-MSN-VAL-L100-55 mixed equally) at physiological conditions demonstrated immediate release (MSN-VAL fraction) followed by sustained release (AP-MSN-VAL-L100-55 fraction) of 96% VAL in 960 min. The dramatic improvement in dissolution was attributed to the amorphization of crystalline VAL by MSNs as demonstrated by DSC and PXRD studies. MSN, AP-MSN, and AP-MSN-L100-55 showed no noticeable cytotoxicity. Pharmacokinetic study of M-MSN confirmed a 1.82-fold increase in bioavailability compared to commercial VAL tablets in fasting male rabbits. Blood pressure measurement in rats showed that the morning dosing of commercial VAL tablets effectively controlled blood pressure for just over 360 min whereas the effect of M-MSN lasted for over 840 min [101].



Another approach in trying to improve the bioavailability of VAL included the use of nanocrystals as nanocarriers. VAL nanocrystals were prepared by sonication—anti-solvent precipitation method and lyophilized to obtain a dry powder. Nanocrystals were directly compressed to minitablets and coated to achieve pulsatile VAL release. Pharmacokinetic profiles of optimized and commercial formulations were compared in a rabbit model. The dissolution extent of VAL was markedly enhanced with both nanocrystals and minitablets as compared to pure VAL irrespective of the pH of the medium. Core minitablet V4F containing 5% w/w polyplasdone XL showed the quickest release of VAL, over 90% within 15 min. Coated formulation CV4F showed two spikes in release profile after successive lag times of 235 and 390 min. The pharmacokinetic study revealed that the bioavailability of optimized formulation (72.90%) was significantly higher than the commercial VAL tablet (30.18%). The accelerated stability studies showed no significant changes in physicochemical properties, release behavior, and bioavailability of CV4F formulation. The formulation was successfully designed to achieve enhanced bioavailability and dual pulsatile release. Bedtime dosing will more efficiently control the circadian spikes of hypertension in the morning [102].



The solutions presented in formulating VAL speak in favor of nanocrystals, as nanocrystals provide better bioavailability compared to MSNs (2.41-fold and 1.82-fold, respectively). Nanocrystals offered better release control with dual pulsatile release compared to MSNs. Therefore, nanocrystals could be considered a more promising option in the future if we are talking about nanotechnology.



Another future direction for CDDSs is the use of biodegradable polymers in the formulation of dosage forms of antihypertensives. Pasparakis and Bouropoulos [103] prepared calcium-alginate beads, chitosan-coated alginate beads, and alginate-chitosan mixed beads of water-soluble verapamil. The drug-release kinetics were investigated on both wet beads and dried beads. In all cases, the presence of chitosan significantly slowed the verapamil release rate from the wet beads; on the other hand, the release from the dry alginate and alginate/chitosan mixed particles were not influenced by chitosan in the early stage of the release but increased in the later stage due to the higher swelling of chitosan-containing beads. In vivo studies were not conducted [103]. Furthermore, Thampi et al. prepared calcium alginate-based floating pulsatile captopril beads by ionotropic gelation technique. Results of in vitro drug release in both acidic and phosphate buffer showed a minimum percentage cumulative drug release of 11.13% in the sixth hour in an acidic buffer and a sudden release of 96.49% in the phosphate buffer within 1 h corresponding to sigmoidal release profile [104].



Xylitol, xanthan gum, and guar gum have been used in formulating a combination of amlodipine (AMLO) and telmisartan (TELMI) for antihypertensive drug therapy. This drug combination is commonly available on the market as conventional tablets for bedtime or morning dosing but does not reach peak concentrations in times of crisis in the early morning. AMLO has a tmax of 6–7 h and TELMI 0.5–1.0 h. Therefore, both drugs should release with a lag time of 6–7 h to achieve the desired peak plasma concentration. In this study, the authors successfully designed and developed pulsatile capsules of two antihypertensive drugs to mimic the circadian rhythm of blood pressure and counteract its early morning rise, without causing a steep drop of blood pressure at night. In vitro and ex vivo studies indicated that the designed pulsatile capsules were suitable as a chronotherapeutic delivery system for timed release of antihypertensive drugs and could be tailored to synchronize drug release as needed. This study opens up new possibilities for similar systems that can be used as a platform technology for various other diseases that follow circadian patterns [105].



Two other biodegradable polymers, gellan gum, and low methoxy pectin were used to formulate hollow/porous floating beads to achieve a pulsatile release of captopril. To achieve floating, sodium bicarbonate was added to the formulation. Floating beads showed a two-phase release pattern with initial lag time in the acidic medium followed by rapid pulse release in the phosphate buffer medium with an in vitro release of 96.77% for almost 8 h. The in vivo gastric residence of optimized formulation was subjected to gamma scintigraphy on rabbits to determine the retention of beads for up to 6 h. This approach suggested the use of hollow sodium bicarbonate microparticles as promising floating-pulsatile drug delivery systems for the site- and time-specific release of antihypertensive drugs [106].



In the field of biopolymers, β-cyclodextrin (βCD) occupies a special place, particularly in connection with the formulation of poorly water-soluble drugs and the improvement of their solubility and thus bioavailability. Losartan is a widely used angiotensin II receptor antagonist that has low bioavailability and needs to be taken once or twice daily. To improve its bioavailability, Washington et al. used the host-guest strategy based on βCD. The results suggest that losartan included in βCD showed a typical pulsatile release pattern after oral administration to rats, with an increase in plasma levels of losartan. Furthermore, the inclusion substance showed oral efficacy for 72 h, compared to losartan alone, which shows antagonist effect for only 6 h. In transgenic (mREN2)L27 rats, the losartan/βCD complex lowered blood pressure for about six days while losartan alone lowered blood pressure for only two days. In addition, with this host-guest strategy, a greater hypotensive effect, peaking at day 1 after the administration was achieved. While losartan alone lowered blood pressure from 146 ± 3.2 mmHg to 129 ± 4.2 mmHg, the losartan/βCD complex reduced blood pressure from 145 ± 3.0 mmHg to 117 ± 3.6 mmHg. The proposed formulation increased efficacy by reducing the dose or dosing frequency [107].



Similarly, Roy et al. used βCD to formulate a multiparticulate pulsatile release system from the solid dispersion of ramipril to minimize the risk of cardiovascular events associated with an early morning surge in blood pressure. Solid dispersion was prepared by solvent evaporation technique using βCD and polyvinyl alcohol (PVA) as carriers. Release rates showed that the addition of PVA resulted in significant improvement in the solubility of ramipril. The core containing drug was coated with an inner swelling layer of HPMC E5 and Ac-Di-Sol®, which was subsequently coated by an outer enteric coat of ethyl cellulose and Eudragit® L100-55. A higher level of the swelling layer has been observed to improve rapid release, while a higher level of the enteric coat layer increases lag time but delays drug release. In vitro optimized formulation showed 7.42 ± 2.6% drug releases in the first 5 h (lag time) followed by rapid drug release 96.55 ± 2.28% in 5 h. In vivo data showed that Cmax and AUC of optimized formulation significantly increased by 1.43-fold and 8.07-fold, respectively, compared to marketed tablets. Thus, the system may be a promising approach to managing early morning surge in blood pressure with increased solubility and bioavailability of ramipril [108].



Microneedles (MNs) are very interesting and promising for future hypertension therapy. MNs are collections of micrometer-sized needles that can aid the transdermal drug delivery by painlessly and minimally invasively penetrating the protective skin barrier [109]. Of five types of MNs (hollow, solid, coated solid, dissolving, hydrogel [109]), only solid and dissolving MNs have been used to develop a new therapeutic strategy for hypertension. Solid stainless steel MNs have been selected as an option to assist transdermal delivery of propranolol [110], atenolol [111], bisoprolol hemifumarate [111], and amlodipine [112]. Polyvinylpyrrolidone dissolving MNs were used as aids for sodium nitroprusside delivery [113]. Furthermore, MN rollers assisted the delivery of verapamil [112], perindopril erbumine [114], diltiazem hydrochloride [114], atenolol [111], and bisoprolol hemifumarate [111]. All studies performed permeation tests on porcine or rat skin and showed better penetration with MNs. Although great progress has been made with the use of MNs research must continue to ensure the delivery of therapeutic doses of antihypertensives.



The story of the future directions would not be over without the introduction of additive manufacturing technology. In our humble opinion, this is one of the most interesting options for hypertension therapy. In recent years, there has been a great deal of interest in the development of three-dimensional printed (3DP) pharmaceutical products. Of the available 3DP technologies, including powder-based 3D printing, selective laser sintering (SLS), stereolithography (SLA), and fused-filament fabrication, or fused deposition modeling (FFF or FDM), the FFF has proven to be the most promising in the fabrication of pharmaceuticals. FFF printers are inexpensive, portable, and easy to use [115]. FFF works with polymer filaments that move through the printer head and are melted by heating, allowing the device to print objects layer by layer [116].



Kadry et al. [117] used FFF 3DP technology to develop chrono- and pulsatile release tablets of diltiazem. To this end, the authors obtained hydroxypropyl methylcellulose (HPMC) filaments and diltiazem-impregnated HPMC filaments by hot-melt extrusion (HME). 3DP-chrono tablets had diameters of 11.95–13.15 mm and thicknesses of 4.10–5.30 mm. In these tablets, both the caps and bases of the tablets had drug-free layers, and thus the drug-laden fillings were completely encapsulated by a drug-free shell. For pulsatile tablets, the authors printed a tablet with 50% infill density within another tablet, separated by a 0.6 mm thick drug-free shell. The diameters and thicknesses of these tablets were 12.90 mm and 5.75 mm, respectively. The drug was distributed homogeneously across the filament, and the tablet-to-tablet variation of the drug content was within the recommended range of content variability. The observations that set this study apart from published studies are that, by intelligently designing drug-free and drug-laden filaments from a single polymer, 3D printers can be used to produce tablets with desired release profiles, rather than changing polymers every time we want to achieve a specific drug-release pattern. Compared to the published studies, this study is unique in that the oral absorption profiles of the drug from 3D printed tablets accurately mimic the in vitro drug-release profiles, suggesting that the tablets were robust enough to withstand the harsh environment in the stomach and release the drug without losing the built-in structure for controlled drug release. Thus, if translated into clinical products, this approach should bring the future of personalized drug therapy closer to home [117].




8. Conclusions


Research in the area of chronotherapy of hypertension continues, with recent studies supporting a chronotherapeutic approach to treating hypertension with conventional antihypertensives at bedtime [118]. However, the administration of systems with pulsatile release may be even more convenient for patients, having in mind that these delivery systems are specifically designed to adjust drug release to the circadian rhythm of blood pressure. The only disadvantage of using pulsatile release systems is that there are only four approved ones for the treatment of hypertension that contain either calcium channel blockers or β-adrenergic receptor blockers, narrowing down patients for whom they could be used. However, the light at the end of the tunnel brings novel therapeutic approaches in targeting the clock, but more importantly in targeting the time using biodegradable polymers or nanotechnology. Innovation in research is certainly the use of 3DP technologies to obtain tailored release profiles of antihypertensive drugs. It might as well be said that the future of hypertension therapy is in safe hands.
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Figure 1. The stress response and development of allostatic load. The top panel shows the perception of stress and the factors influencing it. The bottom panel illustrates normal allostatic response and allostatic load. Modified from McEwen, 2007 [9]. The image was created with the Adobe Illustrator CC (Version 23.0.1.; Adobe Inc., San Jose, CA, USA, 2019) [10]. 
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Figure 2. Photic and nonphotic zeitgebers in humans and their role on the circadian clock, which consists of peripheral and cellular oscillatory systems. The image was created with the Adobe Illustrator CC (Version 23.0.1.; Adobe Inc., 2019) [10]. 
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Figure 3. Transcriptional feedback loops of the mammalian circadian clock. Circadian locomotor output cycles coat (CLOCK) and brain-muscle-aryl hydrocarbon receptor nuclear translocator-like protein 1 (BMAL1) are transcription factors that form heterodimer and bind to E-boxes in the nucleus to promote the expression of the period circadian protein (PER) and cryptochrome (CRY) genes. Resulting PER and CRY proteins heterodimerize and return to the nucleus to inhibit their expression by binding to and inactivating BMAL1/CLOCK. The image was created with the Adobe Illustrator CC (Version 23.0.1.; Adobe Inc., 2019) [10]. 
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Figure 4. A human circadian clock—an overview of the most pronounced activities of individual processes and secretions of substances in the human body (ACTH—an adrenocorticotropic hormone, FSH—a follicle-stimulating hormone, LH—a luteinizing hormone, PRA—plasma renin activity, TSH—a thyroid-stimulating hormone, GH—growth hormone, PRL—prolactin). The image was created with the Adobe Illustrator CC (Version 23.0.1.; Adobe Inc., 2019) [10]. 
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Figure 5. Schematic representation of the dipping status of patients during the night, including dippers (black), non-dippers (green), extreme dippers (purple), and reverse dippers/risers (violet). The image was created with the Adobe Illustrator CC (Version 23.0.1.; Adobe Inc., 2019) [10]. 
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Figure 6. A schematic representation of approved pulsatile antihypertensives drug systems: (a) COVERA-HS®, (b) Verelan® PM, (c) Cardizem® LA, and (d) Innopran XL® (API—active pharmaceutical ingredient, SR—sustained-release, IR—immediate-release). The image was created with the Adobe Illustrator CC (Version 23.0.1.; Adobe Inc., 2019) [10]. 
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